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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 

3 3 



CHAPTERR 1 

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 relativisti c 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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Chapterr 2 

Dataa acquisition and analysis 

2.11 Data acquisition 
Dataa obtained with the Rossi X-ray Timing Explorer satellite (RXTE, Bradt et al. 
1993)) are used in all the work described in this thesis except that of Chapter 8. 
AA major advantage of RXTE over previous X-ray timing instruments is the large 
sustainablee throughput. There are three instruments on board the RXTE satel-
lite:: the proportional counter array (PCA; Jahoda et al. 1996), the all-sky mon-
itorr (ASM; Levine et al. 1996), and the high energy X-ray timing experiment 
(HEXTE;; Rothschild et al. 1998). The complete manual can be found in Bradt 
ett al. (1993) or in the Technical Appendix available for download at: 
ftp://legacy,ftp://legacy, gsfc. nasa. gov/xte/nra/appendix f/ 

Thee satellite orbits the earth at an altitude of ~600 km in an inclined orbit (in-
clinationn ~ 23°). Therefore, it passes through the South Atlantic Anomaly (SAA) 
inn 6 of the 14—15 daily orbits. During such a passage, lasting typically 10-20 
minutes,, the instruments are put in a safe mode to protect them against the high 
particleparticle flux. Furthermore, unless sources are located near one of the poles of the 
orbitt they wil l be occulted for typically 30 minutes by the earth once each 100 
minutee orbit. By efficient scheduling of the various targets the satellite operation 
stafff  often manages to overlap the earth occupations with the passage of the SAA. 
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2.1.11 ASM 

Thee ASM operates in the 1.5-12 keV energy range and scans the sky while the 
satellitee orientation is stationary. Typically, a source is observed 5-10 times a day. 
Suchh an observation, a dwell, is a ~90 s integration, with a time resolution of 1/8 s 
andd limited energy resolution (3 energy bands). The ASM consists of 3 Scanning 
Shadoww Camera's; a proportional counter with positional sensitivity is placed be-
loww a collimator. The proportional counters (each with an effective area of ^30 
cm2)) view the sky through a coded mask. The ASM provides unequally sam-
pledd data for known sources above the ASM one-day average sensitivity cut-off 
off  ^10 mCrab. Long term source variations, such as transient events and source 
statee changes (e.g. Figure 2.1) can be studied with the ASM. Pointed observations 
withh the PCA instrument are often triggered by source variations observed with 
thee ASM; e.g. the observations of the source 4U 1608-52 used in Chapter 10 were 
triggeredd by the ASM (see the ASM light curve of this source in Figure 2.1). This 
triggeringg usually involves the quicklook ASM data provided by the RXTE team. 
Thiss data is obtained for ~150 sources, among which that of known transients 
andd made available through the world wide web. In case of sudden changes in the 
ASMM count rate indicating a source state change, pointed PCA observations can 
startt several hours after the trigger. 

Thee HEXTE instrument is sensitive to X-rays in the energy range from 15-
2500 keV with a time resolution down to 7/ys. In this thesis no data obtained with 
thiss instrument are used. 

2.1.22 The proportional counter  array 

Thee PCA consists of five coaligned detectors, called proportional counter units 
(PCUs).. The PCUs operate independently, e.g. each detector can be switched off 
orr on separately. Although the PCUs are identical they differ in the details of their 
energyy calibration and background. The PCUs comprise a collimator (1° FWHM) 
andd two gas-filled chambers mounted on top of each other. The first chamber 
iss filled with propane and filters out background electrons. The second chamber 
iss filled with a Xenon/Methane gas and comprises the main X-ray detection part. 
Thiss chamber contains 4 layers of anode grids separated by cathode wires. Per grid 
200 anodes are present. The upper 3 layers are used for X-ray detection. The X -
rayss impacting a Xenon atom trigger a cascade of electrons onto the high voltage 
anodes.. The higher the photon energy, the more electrons are released, and thus 
thee higher the electron pulse-amplitude. The anodes in the grid of the last layer 
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FigureFigure 2.1: The ASM light curve of the transient LMXB 4U 1608-52. Pointed PCA 
observations,observations, such as those used in Chapter 10 have been triggered by ASM observations. 
NoteNote that the first outburst of 4U 1608-52 at day ~0-100 was not fully sampled by the 
ASM. ASM. 

(togetherr with the anodes closest to the detector walls) serve as a discriminator for 
chargedd particles entering through the detector walls. Each PCU has an effective 
areaa of ~1200 cm2 at 10 keV, adding up to ~6000 cm2. The effective energy 
rangee is 2-60 keV, since the detector efficiency decreases rapidly above 60 keV. 

Eachh ASM and PCA event is time-tagged by an on-board computer, called 
thee Experiment Data System (EDS), to an accuracy of ~ \/us. This EDS has 8 
Eventt Analysers (EAs): 6 for the PCA data stream and 2 for that of the ASM. 
Thee EAs work in parallel; each EA 'sees' the whole data stream. The EAs bin the 
individuall  events in time and energy according to criteria set by the guest observer 
andd the RXTE operation staff. Two EAs have preset modes: 

 the Standard 1 data mode provides data in the 2-60 keV band with a 0.125 s 
timee resolution and no energy resolution 
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 the Standard 2 data mode provides data in the same 2-60 keV band with a 
timee resolution of 16 s and high spectral resolution (the pulse amplitude is 
recordedd in 129 channels covering the 2-60 keV energy range). 

Thee modes of the remaining four EAs dedicated to the PCA could be set by the 
guestt observer. For example one of the EAs could be set such that it processes only 
eventss if their energy is between 2-9.7 keV. Another EA can be set to process only 
thosee events with energy between 9.7-60 keV. Combined, these two EAs cover the 
totall  energy range of RXTE. The EA 'event', 'binned', and 'single bit' modes are 
usedd most often. In an event mode all or part of the data is transported to the 
groundd station on an event-to-event basis, e.g. the photon arrival time is recorded 
forr each photon. In a binned mode the exact photon arrival time is lost. The 
eventss are binned with respect to time, photon energy, and detector number. The 
Standardd 1 and 2 mode are examples of binned mode data. Data of the single-bit 
modee consists of a string of zeros and ones. A '0' will be written at each time-bin 
boundary,, while a ' 1' denotes the occurrence of a detector event. The time spacing 
off  the writing of the '0's' (the boundary events which set the time resolution) and 
thee energy range for a detector event can be set. This mode can provide a high 
timee resolution at a low telemetry rate when the photon rate is of the same order 
ass the time bin rate. 

2.22 Analysis 

2.2.11 Power spectra 

Mostt of the work on time variability in this thesis is based on Fourier analysis of 
thee data, although other methods and tools, such as phase dispersion minimization 
(Stellingwerff  1978), acceleration searches (Anderson et al. 1990), Lomb-Scarcle 
searchess (Lomb 1976; Scargle 1982), and the Partial Coherence Recovery Tech-
niquee (Jouteux 2001) were also explored. Fourier analysis is well suited for the 
detectionn and study of (quasi-) periodic and noise phenomena (see van der Kli s 
19899 for a review on Fourier Techniques in X-ray timing). Because RXTE high 
timee resolution data are either equidistantly sampled (or can easily be rebinned in 
equidistantt bins in case of event mode data) a Fast Fourier Transformation (FFT) 
algorithmm can be used. FFTs are best implemented if the number of points to be 
transformedd is a power of 2 (e.g. Press et al. 1992). For several reasons transforms 
off  typically 16 s segments of the data are calculated, although longer transforms 
providee a higher frequency resolution (the frequency resolution is 1/7, where T 
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iss the length of the transform). In practice source variations and/or data gaps limit 
thee length of a transform. If the source varies on a timescale similar to the length 
off  the transform, the power spectral properties would change during a transform, 
whichh is something one would like to avoid. The RXTE data stretches are con-
tinuouss for ~3000 seconds only, limiting the transform to a maximum length of 
20488 s. Power spectra can be calculated using photons of all energies between 
2-600 keV or subsets of that if high time-resolution data is provided in different 
energyy ranges by the EAs. 

Thee power density spectra are averaged and normalized. The convention is to 
eitherr use the normalization introduced by Leahy et al. (1983) or that described in 
vann der Kli s (1995) (rms normalization). In the Leahy normalization powers due 
too Poissonian counting noise have an average value of 2. In the rms normalization 
thee integrated power in the frequency range of interest, P,m, is directly related to 
thee variance in the X-ray intensity (P,̂  = [a/(/)]2, where a is the standard devi-
ation,, i.e., the square root of the variance in the chosen frequency range and (/) is 
thee average source count rate). So, the fractional rms amplitude, o/(/), the mea-
suree of QPO or noise strength, is simply the square root of the integrated power in 
thee rms normalization. Because the quantity o/(I) is dimensionless (it is a frac-
tionall  amplitude of the variability, usually expressed in %), the dimension of the 
powerr density estimates in an rms normalized power spectrum is reciprocal fre-
quency,, i.e., [t] . The unit of power is commonly expressed as ([rms/mean]2/Hz), 
wheree rms/mean stands for o/{7). The signal-to-noise ratio, n, of a power spec-
trall  component in a power spectrum depends on the fractional rms amplitude of 
thee QPO or noise feature (rms), the FWHM, the source and background count 
ratess (5, B, respectively), and the observing time (T0t,s) in the following manner; 
nn = ^S^^FWHM) 112 (van d er ^  1 9 9 8>-

Averagingg multiple power spectra or averaging adjacent bins (degrading the 
frequencyy resolution) reduces the uncertainty of the powers; averaging N power 
spectraa or N bins will reduce the standard deviation of the errors by a factor y/N. 
Ann improvement in the detection level for weak periodic signals wil l only be ob-
tainedd if the frequency of such a component changes less than the frequency res-
olutionn of the power spectra over the time-period spanned by the averaged power 
spectra.. Otherwise the component will be broadened and smeared. Properties of 
quasi-periodicquasi-periodic signals such as the FWHM will also be affected if the frequency 
off  the component varies. Therefore, only power spectra where the power spectral 
componentss are the same within the errors should be averaged. 

Fromm the EXOSAT era it is known that the properties of the power spectra 
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FigureFigure 2.2: Hardness-intensity diagram of the Z source GX 5-1. The spline is plotted in 
grey.grey. To scale the curve length along the spline, the top vertex is assigned the value ' / ' 
andand the middle vertex the value '2'. As an example of manual selection two boxes are 
indicated. indicated. 

dependd strongly on the position of the source along the pattern traced in an X-ray 
color-colorr or hardness-intensity diagram (CD or HID, respectively; Hasinger & 
vann der Kli s 1989). CDs and HIDs are produced using the Standard 2 data. What 
iss called soft color in this thesis is defined as (the logarithm of) the count rate 
ratioo of the 3.5-6.4 to the 2-3.5 keV energy band. Hard color is defined as (the 
logarithmm of) the count rate ratio of the 9.7-16 to the 6.4-9.7 keV energy band. 
Thee intensity is the total count rate in the 2-16 keV energy band (unless otherwise 
stated;; see also the discussion in Chapter 7). 

Ass explained above, due to spectral and intensity variations sources trace out 
branchess or patterns in CDs and HIDs. There are various ways to characterize 
thee source position along such a pattern. One can manually divide the traced 
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patternn into segments (such as the boxes in Figure 2.2), or define curve length 
alongg the curve by drawing a spline through manually selected points in the curve 
(Hasingerr et al. 1990; Hertz et al. 1992; Dieters & van der Kli s 2000; see the spline 
inn Figure 2.2). Provided that besides the Standard 2 data, simultaneous high-time 
resolutionn data is available, each point in a CD or HID corresponds to a specific 
powerr spectrum. Power spectra falling in a curve length range of interest can now 
bee averaged. 

Withh RXTE it has become possible to select the power spectra on the fre-
quencyy of a strong power spectral feature (such as in the case of the HBO in 
GXX 340+0; see Chapter 6). The accuracy with which the centroid frequency of a 
QPOO peak is determined can be estimated as d\, = 2FWHM3/2/Irms2To£s , where 
// is the count rate, rms the QPO fractional rms amplitude and T0bs the integration 
time.. The frequency of a strong QPO peak is determined in, for instance, each 
644 s transform; on that timescale the source power density properties vary littl e in 
mostt cases. Only power spectra with frequencies in a narrow range are averaged. 
Alternatively,, the peaks of the strong QPO are aligned by applying a frequency 
shiftt to the power spectra (see the top right panel in Figure 2.3). Only after the 
powerpower spectra have been shifted they are averaged (using this method sidebands to 
thee lower kHz QPO were found, see Chapter 10). This method has been pioneered 
byy Méndez et al. (1998). Power spectral components varying in frequency in the 
samee way as the strong QPO peak will be aligned. A disadvantage of this averag-
ingg method is that in the average power spectrum only the frequency differences 
betweenn components are meaningful. 

AA similar technique can be applied in a search for X-ray pulsars. The fre-
quencyy of a binary pulsar is smeared by Doppler shifts due to the binary orbital 
motion.. For systems with a known orbital period and ephemeris one can cor-
rectt for a pulsar velocity by stretching the power spectra. The factor by which 
aa power spectra has to be stretched is determined by the velocity of the pulsar 
{factor{factor = 1 —EojzLy Since the pulsar velocity depends on the usually unknown 
massess of the two binary components and on the system inclination, a range of ve-
locitiess has to be scanned. By taking the length of the FFT such that the change in 
frequencyy during a transform is less than the frequency resolution one can collect 
alll  the pulsation power in one frequency bin. To our knowledge this method was 
firstfirst applied in this thesis. In the course of such work on 2A 1822-371, a pulsar 
wass found in this system (Chapter 11). 
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FigureFigure 2.3: (Top panel:) Compilation of two dynamical power spectra of the source 
4U4U 1608-52. Power spectra consecutive in time are stacked next to each other; the grey 
scalescale indicates the Leahy power. The lower kHz QPO frequency clearly changes as a 
functionfunction of time (top left panel). Averaging the power spectra without correcting for the 
frequencyfrequency changes leads to a loss of signal-to-noise, (lower left panel). Correcting for the 
frequencyfrequency change by shifting each power spectrum such that the measured peak frequen-
ciescies are aligned (top right panel) before averaging results in an increase in signal-to-noise 
(lower(lower right panel). 
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TableTable 2.1: Functions and their expressions used in the üts 

Functionn Expression 

P(V)) oc V - 0 6 

p(v)) oc v~aexp-v/Vcut 

P{v)P{v) - v - a (v < vbreak) 
v-PP (v>vbreak) 

aa Vo is the centroid frequency, HWHM is the half-width at half the maximum 
bb vcut is the cut-off frequency 
cc Vbreak is the break frequency 

2.2.22 Fittin g the power  spectra 

Thee averaged power spectra are fit by a composite fit-function. The fit-function 
iss composed of a varying number of Lorentzians, an exponentially cut-off power 
laws,, and/or a power law. Sometimes a broken power law is used instead of a cut-
offf  power law (see for the functional shapes Table 2.1). The composite function 
iss compared with the data using a %2 minimization technique. The actual mini-
mizationmization is performed using a grid-search method (Bevington & Robinson 1992). 
Errorss on the fit-parameters are determined using A^2 = 1.0, corresponding to 
1-aa (single parameter) errors (Press et al. 1992). In cases where power spectral 
componentss were not significantly detected, upper limits of 95% confidence were 
determinedd using A%2 = 2.71. 

Lorentziana a 

Powerr law 

Cut-offf  power law^ 

Brokenn power lawc 
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AA persistent ~ 1 Hz quasi-periodic 
oscillationn in the dipping low-mass 
X-rayy binary 4U1323-62 

Peterr G. Jonker, Michiel van der Klis, & Rudy Wijnands 

AstrophysicalAstrophysical Journal Letters, 1999, 511, L41 

Abstract t 

Wee have discovered a ^ l Hz quasi-periodic oscillation (QPO) in the persistent-
emission,, the dips, and the type I X-ray bursts of the low-mass X-ray binary 
4UU 1323-62. The rms amplitude of the QPO is approximately 9%, only weakly 
dependingg on photon energy. The amplitude is consistent with being constant 
throughoutt the persistent-emission, the dips and the bursts in all but one observa-
tion,, where it is much weaker during one dip. These properties suggest that we 
havee observed a new type of QPO, which is caused by quasi-periodic obscuration 
off  the central X-ray source by a structure in the accretion disk. This can only oc-
curr when the binary inclination is high, consistent with the fact that 4U 1323-62 
iss a dipping source. The quasi-periodic obscuration could take place by partial 
coveringg of an extended central X-ray source by a near-opaque medium, or by 
coveringg of a point source by a medium of suitable characteristics to produce the 
relativelyy energy-independent oscillations. 
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3.11 Introductio n 

Thee low-mass X-ray binary (LMXB) 4U 1323-62 shows both type I X-ray bursts 
andd periodic dips. The bursts and dips were discovered with the EXOSAT satellite 
(vann der Kli s et al. 1984,1985a,b). The periodic dips in the light curves of dipping 
LMXB ss are thought to be caused by periodic obscuration of the central source by 
aa structure formed in an interplay between the gas stream from the companion 
andd the accretion disk (White & Swank 1982; White et al. 1995); the period of the 
dipss is the orbital period. 

Inn 4U 1323-62, the dip period is 2.93 hours and the dips last ~50 minutes (van 
derr Kli s et al. 1985a,b; Parmar et al. 1989). From the burst properties and peak 
fluxes,, and from the absence of eclipses the distance of the source is inferred to 
bee 10-20 kpc, and the inclination < 80°. The energy spectrum fits an absorbed 
powerr law with energy spectral index a = 0.53 , and NH = 22 

atomss cm"2. 
Inn non-dipping LMXBs, numerous QPO phenomena have been reported, at 

frequenciess of several Hertz to > 1200 Hz (van der Kli s 1995, 1998 for reviews). 
Soo far observations of any < 100 Hz QPO phenomena in dipping LMXBs have 
beenn lacking (kHz QPOs were recently reported in 4U 1916-05 by Barret et al. 
(1997).. In this Letter we report the discovery of ~1 Hz QPOs in the dipper 
4UU 1323-62. The frequency as well as the amplitude of the QPO is approximately 
constantt thoughout the bursts, dips, and persistent-emission. This is the first QPO 
reportedd to persist both through type I X-ray bursts and the persistent-emission, 
andd the first < 100 Hz frequency QPO in a dipper. 

3.22 Observations and analysis 

4UU 1323-62 was observed five times with the proportional counter array (PCA; 
Jahodaa et al. 1996) on board the RXTE (Rossi X-ray Timing Explorer; Bradt et al. 
1993)) satellite on 1997 April 25, 26, and 27 (see Table 3.1). The total amount 
off  good data was 80 ksec. During each observation one or two bursts and one or 
twoo dips were observed, resulting in a total of seven type I X-ray bursts and eight 
dipss (some of which were only partially observed). Two bursts in observation 3 
showedd a secondary burst ~500 s after the primary one. These last approximately 
300 s, rise quikly up to count rates of 370 c/s (2-60 keV; this is ~21% of the 
primaryy burst peak count rate) and 650 c/s (~37%) and decrease slowly. A burst in 
observationn 2 took place during a dip. The dips lasted ~60 minutes, slightly longer 
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TableTable 3.1: > 
observation observation 

Number r 

1 1 
2 2 
3 3 
4 4 
5 5 

LogLog of the observations. The average persistent-emission count rate of each 
isis given in column 5. 

Observation n 

20066-02-01-00 0 
20066-02-01-03 3 
20066-02-01-01 1 
20066-02-01-04 20066-02-01-04 
20066-02-01-02 2 

Date e 

255 April 1997 
266 April 1997 
266 April 1997 
277 April 1997 
277 April 1997 

Timee (UTC) 

22:03-03:56 6 
05:06-09:41 1 
22:02-03:55 5 
05:08-09:42 2 
23:12-03:54 4 

Persistentt emission 
2-600 keV (c/s/5PCU) 

106 6 
104 4 
95 5 
102 2 
94 4 

thann those reported by Parmar et al. (1989). The mean background-subtracted 
persistentt 2-60 keV count rate changed littl e between observations (see Table 3.1). 
Inn observation 4, during 40% of the time only 4 of the 5 PC A detectors were active. 
Al ll  reported count rates are for 5 detectors. 

Dataa were obtained over an energy range of 2-60 keV with 16 s time resolu-
tionn in 129 energy channels, and simultaneously with a time resolution of ljus in 
2555 energy channels. 

Inn Figure 3.1 (top panel), we show part of the light curve of observation 1, 
showingg a dip, a burst, and the persistent-emission. The dip starts <~600 s af-
terr the beginning of the observation and lasts untill ~4300 s. We also show the 
correspondingg hardness curve (lower panel); the hardness is defined as the 16 s 
averagedd ratio of the count rate in the 9.7-16 keV energy band to that in the 2-
7.99 keV band. During the dips the hardness ratio is higher than in the persistent 
emission,, and at the burst start the hardness ratio decreases. 

UsingUsing the light and hardness curves, we divided the data into three different 
categories;; the dips, the bursts and the persistent emission. This led to the defini-
tionn of time intervals during which the source is in one of these three states. When 
analyzingg the data the same time intervals were applied in each energy band. We 
definedd dip ingress by the decrease in count rate and simultaneous increase in 
hardnesss evident in Figure 3.1; dip egress is the inverse. In between dip ingress 
andd egress, the count rate and hardness behavior is erratic during ^60 minutes. 
Sometimess during a dip the persistent-emission count rate and hardness levels are 
brieflyy reached. We still considered those data to be part of the dip. The onset 
off  a burst is characterized by a steep rise in the count rate simultaneously with a 
decreasee in the hardness ratio. We determined the burst decay time by fitting an 
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FigureFigure 3.1: Top: The 2-60 keV, 16-s averaged, background-subtracted light curve begin-
ningning at the start of the first observation (see Table 3.1) showing a dip and a burst. No dead 
timetime corrections have been applied. The statistical uncertainty is typically 5 c/s. Bottom: 
TheThe 16 s averaged hardness curve (9.7-16 keV/2-7.9 see text) of the same data. Typical 
errorserrors in the hardness are 0.03. The arrows indicate the start and end of the dip in both the 
light-light- and hardness curve. 

exponentiall  to the (2-60 keV) decay at a time resolution of l/8th second. The end 
off  the burst was taken as three times the e-folding time after the onset. One burst 
decayy time was 60  2 s, five were consistent with 82 s and one was 92  3 s. 
Inn our power spectral analysis of the bursts concerning the ~1 Hz QPO, we only 
usedd the burst decay interval; in our search for > 100 Hz burst oscillations we also 
usedd the burst rises. 

Wee calculated power spectra separately for the persistent-emission and for the 
dipss using 64-s segments with a time resolution of 1 ms in the 2-60 keV band, as 
welll  as in four energy bands (2-5.0, 5.0-6.4, 6.4-8.6, 8.6-13.0 keV). We applied 
aa similar analysis to the bursts, but using 16-s segments enabling us to obtain 5 
powerr spectra for most of the bursts, and reducing the low frequency component 
inn the power spectra due to the burst profile. 

Inn each energy band all 1/64-512 Hz power spectra corresponding to dips (320 
inn number), or persistent emission (881) were averaged. The power spectra were 
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fittedfitted with a fit  function consisting of a Lorentzian (the QPO), an exponentially 
cut-offf  power law, and a constant to represent the Poisson noise. In case of the 
(1/16-5122 Hz) power spectra calculated from the 16-s segments (32) obtained 
duringg bursts, an extra Lorentzian centered on ~0 Hz was used in order to ac-
countt for the power spectral component due to the burst profile. The errors on the 
fitfit  parameters were determined using A%2 = 1.0 ( l a single parameter), and upper 
limitss by using A^2 = 2.71, corresponding to a 95% confidence level. 

3.33 Results 

Inn the persistent-emission power spectra, we discovered a very significant (31 
o)) ~1 Hz QPO (Figure 3.2). Its frequency was 0.87 1 Hz in observation 
1,, 2, and 3, and 0.77 1 Hz in observation 4 and 5. This shift of ~0.1 Hz 
betweenn observations is not correlated to the changes in the persistent count rate 
levell  (Table 3.1). The QPO was detected during the persistent emission as well 
ass during the dips and the bursts. It can be directly observed in the light curves 
off  the bursts (see Figure 3.3). During a burst the amplitude of the QPO increases 
byy a factor of ~ 10 to keep the fractional amplitude approximately constant (see 
below).. The Poisson counting noise prevented us to directly see the QPO in the 
non-burstt parts of the lightcurve. 

Exceptt during the dip in observation 4 when the fractional rms amplitude was 
onlyy 2.2 % and the FWHM only 0.07 2 Hz, the frequency, 2-60 keV 
fractionall  rms amplitude, and FWHM of the QPO are consistent with being the 
samee for the dips and the persistent-emission in each observation at values of 0.77 
orr 0.87 Hz, 9%, and 0.25 Hz, respectively. To improve the signal to noise, we 
averagedd the power spectra corresponding to the persistent emission and the dips 
acrosss all observations in our further analysis. The FWHM and frequency of the 
QPOO in all the persistent-emission and dip data combined is 0.25 1 Hz and 
0.844 2 Hz, respectively; in the individual energy bands we found numbers 
consistentt with this. In determining the fractional rms amplitudes reported below, 
wee fixed FWHM and frequency to these values. The 2-60 keV fractional rms 
amplitudess in all observations combined have values of 9.1  0.1%, 8.9  0.4%, 
andd 10.9 % for persistent emission, dips, and bursts, respectively. While the 
persistent-emissionn and the dip rms amplitudes are identical within the errors, the 
rmss amplitude of the QPO during the bursts is slightly higher. Systematic errors in 
thee rms normalization due to the trend in the count rate in the 16-s data segments 
causedd by the burst profile, and due to the interaction in the fit  procedure with the 

35 5 



CHAPTERR 3 

0.11 1 10 100 

Frequencyy (Hz) 

FigureFigure 3.2: Power density spectrum of the full (2-60 keV) energy band of the persistent 
emissionemission of all the observations combined showing the ~1 Hz peak. The line drawn 
throughthrough the data points represents the best fit to the data. No dead time corrections have 
beenbeen applied. 

extraa Lorenzian component can probably account for this small difference. We 
estimatee their influence to be of the order of the discrepancy, since with 64-s burst 
powerr spectra, where both of these effects are more prominent, we obtained an 
rmss amplitude of 11.9*0 9%. 

Thee rms amplitude of the QPO only weakly depends on energy (Table 3.2); 
inn the persistent-emission it is consistent with a small increase towards higher 
energies.. The fractional rms amplitudes during the dips, and the bursts are consis-
tentt with this small increase. No time delay was found in the QPO (0.7-0.9 Hz) 
betweenn the 2.8-7.5 keV and 7.5-60 keV energy bands, with a 95% confidence 
upperr limit of 14.5 ms for a soft lag (1.8xl0~2) times the QPO cycle) and an upper 
limi tt of 5.4 ms (6.8xl0~3 times the QPO cycle) for a hard lag. 

Wee seached for kHz QPOs, but none were found with upper limits of 8-
10%% for a fixed FWHM of 25 Hz over a frequency range of 100-1000 Hz in 
alll  persistent-emission and dip data combined. These upper limits do not exclude 
thee presence of kHz QPOs since many other sources have kHz QPO fractional rms 
amplitudess below this (van der Kli s 1998). 
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FigureFigure 3.3: Light curve showing the QPO during a burst. Five points correspond to 1.25 s, 
closeclose to the QPO period. 

TableTable 3.2: Fractional rms amplitudes (in %) of the ~ / Hz QPO. In determining these 
valuesvalues the FWHM and frequency were fixed to 0.25 and 0.84 Hz, respectively. 

Categoryy Energy (keV) 
2-5.00 5.0-6.4 6.4-8.6 8.6-13.0 2-60 

Persistentt 8.0 3 9.9 5 4 4 9.1 1 
Dipss 8.1 9 1 8 8 4 

Burstss 9 9 lO.Oil .0 10.6  1.0 5 

Wee set upper limits on any band-limited noise component by adding an ex-
ponentiallyy cut-off power law to the fit function. Fixing the power law index to 
valuess of 0-1, we derived upper limits of 4.2%-6.4%. 

Wee searched the primary and secondary burst data for high frequency burst 
oscillationss in various ways. In order to increase the sensitivity we averaged the 
burstt rise power spectra of the different bursts using different energy bands (see 
alsoo Miller 1999). No high frequency burst oscillations were found with upper 
limitss from 0.5-s power spectra varying between 24% at the top and 45% near the 
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endd of the burst. 
Forr reference we fitted the persistent-emission energy spectrum of part of ob-

servationn 2 with a model consisting of an absorbed power law and a gaussian line 
att 6.5  0.2 keV with a FWHM of ~1 keV. The fit was good, with a y} per degree 
off  freedom of 36/40. The photon index of the power law was 1.75  0.02, and the 
hydrogenn column density is 22 atoms cm- 2. This spectrum implies 
aa 2-25 keV flux of 1.5xl0_10ergcm-2 s_1. Using a distance of 10 kpc this results 
inn a 2-25 keV luminosity of 1.8xl036 erg s_1. The spectrum is similar to that 
previouslyy found by Parmar et al. (1989), although our photon index is somewhat 
steepen n 

3.44 Discussion 

Wee have discovered a QPO with a frequency of approximately 1 Hz. This QPO 
showss a unique combination of properties; 

1)) it is observed during the bursts, dips and persistent emission with the same 
rmss amplitude (except during the dip in observation 4); 

2)) the rms amplitude of the QPO depends only weakly on photon energy; 
3)) no band-limited noise component was found with upper limits of ~ 5 %. 
Inn all types of LMXBs, QPOs are known to occur with frequencies ranging 

fromm 0.01 to 1200 Hz (see van der Klis 1995, 1998 for reviews). Low frequency 
(0.01-100 Hz) QPOs are known to occur in a number of black hole candidates and 
atolll  sources (see van der Kli s 1995 for a review). Unlike the QPO we found in 
4UU 1323-62, the fractional amplitudes of low frequency QPO in these sources de-
pendd strongly on photon energy, and the QPOs are found to be superimposed on 
aa strong band-limited noise component (Wijnands & van der Kli s 1999). In the Z 
sourcess (the most luminous neutron star LMXBs) low frequency (5-20 Hz) QPOs 
aree also well known (van der Kli s 1995), the so called NBOs. However these 
QPOss occur at or around the Eddington mass accretion rate, which is different 
fromm the case in 4U 1323-62. Perhaps our ~1 Hz QPO is related to that reported 
byy Kommers et al. (1998) in the pulsar 4U 1626-67, which they suggest is caused 
byy a structure orbiting the neutron star. However there is no information on the 
energyy dependence of the 0.048 Hz QPO. We conclude that so far the ^ 1 Hz QPO 
seemss to be in a class of its own. 

Modelss for the ~ 1 Hz QPO must explain why the rms amplitude of the QPO 
iss constant during bursts, dips and persistent-emission. In models involving a 
radiation-dominatedd (inner) disk, we would expect these properties to be different 
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duringg a burst. Therefore, we consider explanations of the QPO in terms of modu-
lationss caused by wave packets of sound waves in the disk (Alpar & Yilmaz 1997) 
andd in terms of fluctuations in the electron scattering optical depth at the critical 
Eddingtonn mass accretion rates (Former et al. 1989) to be unlikely. Furthermore, 
assumingg isotropic emission, the 2-25 keV flux in 4U 1323-62 is too low to pro-
ducee these fluctuations in the way proposed by Former et al. (1989). 

Sincee this QPO is observed in a dipper, we suggest an origin related to the high 
inclinationn at which we observe this system. The ~1 Hz QPO cannot be formed by 
aa ripple in the same structure that is also causing the dips, since the fractional rms 
amplitudee of the QPO should then vary with energy in the same way as the dips. 
Thiss seems not to be the case, since during the persistent emission the spectrum 
iss softer than during the dips, whereas the QPO rms amplitude increases slightly 
withh photon energy. The fact that the QPO properties are the same in and outside 
thee dips also makes this model unlikely. However, quasi-periodic obscuration of 
thee central source by a structure elsewhere in the accretion flow may cause the 
QPO.. If we assume that the QPO is caused by structures orbiting the neutron star 
withh a Keplerian frequency of ~1 Hz, the orbital radius is ~2xl08 cm for a 1.4 
MQMQ neutron star. A limited lifetime of the modulating structures, and/or differ-
entt or shifting radii can cause the modulation of the X-rays to be quasi-periodic 
insteadd of periodic. Using the fact that no eclipses have been observed, we de-
riverive the height above the plane of the structure causing the ~1 Hz QPO to be 
>> 5107 cm for a lower main sequence companion and a neutron star of 1.4 Af©. 
Thiss scale-height is difficult to explain in view of the Shakura-Sunyaev thin a 
diskk model. Recently, Pringle (1996) discussed a model where accretion disks in 
LMXB ss are subject to radiation driven instabilities, causing the accretion disks to 
warp.. If these warps are responsible for the X-ray modulations as observed, the 
radiuss and structure of the warp may change on viscous time scales, which for 
typicall  parameters is on the order of days to weeks (Frank et al. 1992). Scheduled 
observationss of this source will enable us to test this hypothesis. 

Neitherr inverse Compton scattering nor regular Compton scattering can cause 
thee observed X-ray modulation on its own. Both would result in a strong en-
ergyy dependence of the QPO such as has been observed for kHz QPOs in, e.g., 
4UU 0614+09 (Méndez et al. 1997), which is inconsistent with what we observe 
inn 4U 1323-62. However, an intermediate-temperature structure, one containing 
bothh hot and cold electrons, or one combining Compton scattering with absorp-
tionn could cause the observed modulations. 

AA much simpler model is possible in terms of partial covering of an extended 
source.. Quasi-periodic obscuration of part of this central source by an opaque 
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medium,, for example an orbiting bump on the disk's surface, can be responsible 
forr modulations with littl e energy dependence as observed. 
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Discoveryy of a ~ 1 Hz quasi-periodic 
oscillationn in the low-mass X-ray 
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Abstract t 

Wee have discovered a ^ l Hz quasi-periodic oscillation (QPO) in the persistent X-
rayy emission and during type I X-ray bursts of the globular cluster source, dipper 
andd low-mass X-ray binary (LMXB) 4U 1746-37. The QPO properties resemble 
thosee of QPOs found recently in the LMXB dippers 4U 1323-62, and EXO 0748-
676,, which makes 4U 1746-37 the third source known to exhibit this type of 
QPOs.. We present evidence for X-ray spectral changes in this source similar to 
thosee observed in LMXB s referred to as atoll sources. We detect two states, a low 
intensityy and spectrally hard state, and a higher intensity and spectrally soft state. 
Thiss may explain the different spectral characteristics reported for 4U 1746-37 
earlier.. The high intensity state resembles the banana branch state of atoll sources. 
Thee QPOs are only seen in the low intensity state, and are absent when the source 
iss in the banana branch. This strongly suggests that either the accretion disk or 
ann extended central source changes shape between the low intensity state and the 
bananaa branch. Twelve bursts were detected, of which 5 took place while the 
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sourcee was on the banana branch and 7 when the source was in the low intensity 
state.. The bursts occurring on the banana branch had an e-folding time ~3 times 
longerr than those which occurred in the low intensity state. Whereas previously 
detectedd dips showed only a decrease in count rate of ~15%, we found a dip in 
onee observation for which the count rate dropped from ~200 counts per second 
too ^20 counts per second. This dip lasted only ^250 seconds, during which clear 
spectrall  hardening occured. This is the first time strong evidence for spectral 
changess during a dip are reported for this source. 

4.11 Introductio n 

Thee low-mass X-ray binary (LMXB) 4U 1746-37 shows type I X-ray bursts 
(Lii  & Clark 1977) and dips (Parmar et al. 1989b) which recur on the 5.7 hours 
(Sansomm et al. 1993) orbital period. The source is located in the globular cluster 
NGCC 6441. Deutsch et al. (1998) reported the probable detection of the optical 
counterpart.. The dips in dip sources such as 4U 1746-37 are thought to be caused 
byy periodic obscuration of the central source by a structure formed in an interplay 
betweenn the accretion stream from the companion towards the disk and the disk 
itselff  (White & Swank 1982; White et al. 1995; Frank et al. 1987). This structure 
movess through the line of sight fully or partially obscuring the central source once 
perr binary cycle. Often, the X-ray spectral properties change during the dips. 
Spectrall  hardening occurs in 4U 1323-62 (Parmar et al. 1989a), and spectral soft-
eningg in deep dips seen in 4U 1624-49 (Church & Balucinska-Church 1995). In 
4UU 1746-37 no energy dependence was found so far (Sansom et al. 1993). The 
typee I X-ray bursts are observed to have peak luminosities around the Eddington 
luminosityy for the estimated distance to the globular cluster (10.7 kpc; Djorgovski 
1993).. Combined with the fact that the ratio of the X-ray to optical luminosi-
tiess L x/L opt ~ 103, this makes it likely that outside the dips the central source is 
viewedd directly (Parmar et al. 1999). 

Recently,, in two dipping LMXBs, 4U 1323-62 (Jonker et al. 1999) and 
EXOO 0748-676 (Homan et al. 1999), quasi-periodic oscillations (QPOs) with a 
typicall  frequency of 1 Hz were discovered. In EXO 0748-676 these frequencies 
varyy between 0.58-2.44 Hz on timescales ranging from several days to weeks 
(Homann et al. 1999). Observations with intervals of several days to weeks re-
vealedd similar frequency shifts in 4U 1323-62 (Jonker et al. 1999). These QPOs 
aree strong, with fractional rms amplitudes of ~10%, which are the same in the 
persistentt emission, during dips, and during type I X-ray bursts. The rms ampli-

44 4 



DISCOVERYY OF A ^1 HZ QUASI-PERIODIC OSCILLATION IN THE LOW-MASS 
X-RA YY BINARY 4U 1746-37 

tudee of the QPOs does not, or only weakly, depend on the photon energy, unlike 
thatt of various other types of QPO observed from LMXB s (van der Kli s 1995, 
1998).. From these properties, and the fact that the ~1 Hz QPOs are observed in 
highh inclination systems, Jonker et al. (1999) suggested that partial obscuration 
off  the central source by a near-opaque or gray medium in or on the disk cover-
ingg and uncovering the source quasi-periodically at the observed QPO frequency 
couldd explain the QPO properties. The most natural location for such a medium 
wouldd be at the radius where the orbital frequency in the disk is equal to the QPO 
frequency,, which corresponds to a radius of ~ 2 x 108cm for a 1.4M0 neutron star 
(Jonkeretal.. 1999). 

Onn the basis of the timing and spectral properties of LMXB s Hasinger & van 
derr Kli s (1989) defined the atoll and the Z sources. The atoll sources show at least 
twoo states, named after the associated structures in the X-ray color-color diagram 
(CD):: the island and the banana branch. The timing and spectral properties of the 
sourcess in these states are different. In the island state strong band limited noise 
iss present in the power spectra. When the source moves up the banana branch the 
fractionall  rms amplitude of this noise component decreases and simultaneously 
thee rms amplitude of a very low frequency power law noise (VLFN) component 
increases.. The Z sources have higher luminosities and trace out a Z track in the 
CD.. The timing properties are correlated with the position along this track (for a 
completee overview of the timing and spectral properties of the atoll and Z sources, 
seee van der Kli s 1995). 

Inn this Letter, we report the discovery of a ^1 Hz QPO in the source 4U 1746-
37.. We also show that the spectral characteristics and some of the timing proper-
tiess of this source are reminiscent of those of an atoll source. 

4.22 Observations and analysis 

Wee analysed 9 observations of 4U 1746-37 obtained with the proportional counter 
arrayy (PCA) on board the RXTE satellite (Bradt et al. 1993), in 1996 on October 
25,, 27, 31, and in 1998 on June 5, June 6, August 3, November 7, and November 
22.. The total amount of good data analysed was ~129 ksec. A log of the observa-
tionss can be found in Table 4.1. Data were obtained over an energy range of 2-60 
keVV simultaneously with time resolutions of 0.125 s, 16 s, and 1 jus in 1, 129, 
andd 255 energy bins; the Standard 1, Standard 2, and GoodXenon data modes, 
respectively. . 

Thee average persistent emission count rates varied from 66 counts per second 
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TableTable 4.1: Log of the observations. The 5 detector average 2-60 keV persistent emission 
countcount rate of each observation is given in column 6. 

Number r Observation n 
ID D 

Date e Startt time 

(UTC) ) 

Amountt of 
goodd data 

(ksec.) ) 

Persistent t 
emission n 

(c/s) ) 

~222 73 
~177 73 
~211 66 
~66 365 
~155 415 
~33 414 
~255 296 
~77 728 
~133 785 

(observationn 3) to nearly 800 counts per second (observation 9; see Table 4.1). All 
countt rates reported are background subtracted and for five PCA detectors, unless 
otherwisee stated. We observed shallow dips in the lightcurve showing a decrease 
inn count rate of only ~ 15%, and one deep dip with evidence for spectral hardening 
(seee Figure 4.1, and Section 3). During the last part of observation 9 a solar flare 
occured;; we excluded these data from our analysis. 

Sincee the dips were often difficult to distinguish from the persistent emission 
(Sansomm et al. 1993; Parmar et al. 1999), we divided the data into just two 
categories;; non-burst (which combines persistent emission and dip data) and burst 
data. . 

Forr the selection of the burst data the start of a burst was characterized by the 
sharpp increase in flux and simultaneous decrease in hardness. The burst e-folding 
timee was determined by fitting an exponential to the burst decay in the 2-60 keV 
lightcurvee of the Standard 1 data. The end of the burst was chosen to be three 
timess the e-folding time after the onset (see also Jonker et al. 1999). 

Usingg the Good Xenon data, we calculated power spectra of non-burst data 
segmentss of 64 s length and of burst data segments of 16 s length in the energy 
bandss 2-60 keV, 2-6.4 keV, and 6.4—60 keV, with a Nyquist frequency of 512 
Hz.. We also calculated power spectra of segments of 16 s length with a Nyquist 
frequencyy of 2048 Hz in the 2-60 keV band. The power spectra within each 
energyy band were added and averaged for each observation, separately for burst 
andd non-burst data. To search for burst oscillations we also calculated power 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10112-01-01-00 0 
10112-01-01-01 1 
10112-01-01-02 2 
30701-11-01-00 0 
30701-11-01-01 1 
30701-11-01-02 2 
30701-11-02-00 0 
30701-11-03-01 1 
30701-11-04-00 0 

Octoberr 25 1996 
Octoberr 27 1996 
Octoberr 31 1996 

June55 1998 
June55 1998 
Junee 6 1998 

Augustt 3 1998 
Novemberr 7 1998 
Novemberr 22 1998 

00:10:55 5 
03:25:07 7 
08:26:19 9 
00:09:55 5 
14:09:03 3 
07:45:43 3 
03:15:03 3 
08:19:37 7 
11:18:33 3 
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Figuree 4.i: A: Hardness curve (ratio between the count rates in the 9.7-16 keV and the 
2-9.72-9.7 keV bands) of the last part of observation 7 (time zero corresponds to August 3 
14:15:0314:15:03 UTC). B: The simultaneous 2-60 keV, background-subtracted light curve. There 
isis clear spectral hardening during the dip apparent in the lower panel. No dead time 
correctionscorrections were applied (the deadtime fraction was <1.5%). Since the photon-photon 
deadtimedeadtime is completely negligible both in and outside the dip, the deadtime does not 
affectaffect the hardening during the dip. 

spectraa of a length of 1 s with a Nyquist frequency of 2048 Hz. 
Wee constructed a CD from all non43urst Standard 2 data, using four detectors 

(0,, 1, 2, and 3). The hard color in this diagram is defined as the logarithm of the 
ratioratio between the count rates in the 9.7-16.0 keV band and the count rates in the 
6.0-9.77 keV band, and the soft color as the logarithm of the ratio between the 
countt rates in the 3.5-6.0 keV band and the count rates in the 2-3.5 keV band 

4.33 Results 

Inn the non-burst data of October 25 1996 (observation 1), we discovered a QPO in 
thee 2-60 keV band with a frequency, FWHM, and rms amplitude of 1.04 3 
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Hz,, 0.36 9 Hz, and % (6a), respectively (see Figure 4.2). In the 
observationss of October 27 (observation 2) and October 31 (observation 3) 1996, 
wee observed QPOs with similar frequencies, FWHMs and rms amplitudes, albeit 
att a lower significance level (see Table 4.2). 

FigureFigure 4.2: Normalized (van der Klis 1989) power spectrum of observation 1. ThePoisson 
noisenoise has been subtracted. The solid line represents the best üt to the data using two 
componentscomponents in the üt: a Lorentzian at~lHz (the QPO), and a power law. 

Wee measured the QPO properties in the 2-6.4 keV and 6.4-60 keV bands. 
Upperr limits on the presence of the QPO were derived fixing the values of the 
FWHMM and frequency obtained in the 2-60 keV energy band, except for obser-
vationn 2. For this observation we used the values obtained in the 2-6.4 keV band, 
sincee the QPO was not detected at a significance higher than 3a in the 2-60 keV 
bandd (see Table 4.2). Only for observation 1 the QPO was detected at a signif-
icancee higher than 3a in both the 2-6.4 keV and the 6.4-20 keV energy band. 
Withinn the errors the rms amplitude of the QPO in the two energy bands was the 
samee (see Table 4.2). 

Thee QPO was also detected when all 16 s segment power spectra (9 in total) 
off  the decay of the three bursts of observation 1 were combined, at a similar frac-
tionall  rms amplitude . The averaged count rate was ~720 counts 
perr second, i.e., about ten times that in the persistent emission. The frequency 
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TableTable 4.2: The fractional rms amplitudes, frequencies and FWHMs of the QPO in the 
observationsobservations where 4U 1746-37 was observed in the low intensity state. If  no QPO at a 
significancesignificance level higher than 3G was detected, the 95% confidence upper limit is given. 
TheThe FWHM and the frequency were measured in the 2-60 keV band, except for observa-
tiontion 2, where they were measured in the 2-6.4 keV band. 

Observationn rms amplitude rms amplitude rms amplitude VQPO FWHM 
(2-600 keV) (2-6.4 keV) (6.4-20 keV) (Hz) (Hz) 

ÏÏ  7.7% % % 6.7%+f;?% 1.04 3 0.36 9 
22 <7% 6.9%tH% <6.8% 5 2 
33 7.5%+}  ;f% <7.4% <8.7% 6 3 

increasedd significantly with respect to the frequency of the QPO in the persistent 
emissionn to 1.39ijj;?o Hz. The FWHM of the QPO was consistent with being 
thee same as in the persistent emission. In the bursts of observations 2 and 3 no 
significantt QPO was detected, with upper limits on the rms amplitude of 7% to 
8%. . 

Wee fitted a power law to the noise component evident in Figure 4.2. Its rms 
amplitudee integrated over 0.0156-1 Hz varied from % to % 
andd to , from observation 1-3, while the power law index was consis-
tentt with being constant at 0.5 . In the observations 4-9, the noise amplitude 
wass in the range of 1.6%—5.7%. Here, the fractional rms amplitude increased 
withh increasing intensities (see Table 4.1), except for observation 8 were it was 
onlyy 1.6%. The power law indices ranged from 1.7 4 to 2.1 . The rms 
amplitudee of this power law component is slightly higher in the 6.4-20 than in 
thee 2-6.4 keV band. The 6.4-20/2-6.4 keV spectral hardness did not significantly 
dependd on the presence or absence of the QPO. 

Combiningg all non-burst data into a CD, we observed a pattern which resem-
bless the atoll shape (Hasinger & van der Kli s 1989), (Figure 4.3). Two distinct 
partss can be distinguished in the CD, a hard (low intensity, upper part of the dia-
gram)) island-like state, and a softer (higher intensity, lower part of the diagram) 
bananaa branch. The ~1 Hz oscillations were only found when the source was in 
thee upper (hard) part of the diagram (made up of observations 1-3). Upper limits 
onn the presence of a QPO in the range of 0.5-2.5 Hz of l%-2% were derived for 
thee banana part of the diagram (made up of observations 4—9). 

Wee observed a total of 12 type I bursts. One burst in the second observation 
andd two bursts in the third observation showed secondary bursts, occurring several 
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0.255 0.3 0.35 0.4 0.45 0.5 

FigureFigure 4.3: Color-color diagram of4U 1746-37. The hard color is defined as the log of 
thethe 9.7-16.0 keV / 6.0-9.7 keV count rate ratio, the soft color as the log of the 3.5-6.0 
keVkeV / 2-3.5 keV ratio. No dead-time corrections have been applied (the deadtime fraction 
waswas <2%). The data are background subtracted and bursts were removed. The data points 
areare 64 s and 128 s averages for the banana branch (lower part) and for the presumed (see 
text)text) island state (upper part), respectively. Typical error bars are shown for data in the 
hardhard (island) state and for data on the banana branch. 

hunderdd seconds after the first burst and with a 3-4 times lower peak flux (see 
Lewinn et al. 1995). The burst e-folding times ranged from 7.5 to 11.3 seconds 
forr bursts observed in observations 1—3, and from 7.5 to 14.5 for the secondary 
bursts.. The burst e-folding time of 4 of the 5 bursts observed in observation 8 
andd 9 ranged from 27.7-30.1 seconds, while one burst in observation 9 which 
occuredd -^600 seconds after a burst with a 2.3 higher peak flux had an e-folding 
timee of only 3.0 seconds (the peak flux of this very short burst was similar to that 
off  the bursts in the low intensity state). Upper limits on burst oscillations in the 
100-10000 Hz frequency range during the peak and decay of the bursts adding the 
differentt bursts of typically ~15% were derived. 

Onee of the dips observed in observation 7 was different from the others; it 
showedd a simultaneous sharp increase in hard color of ~28%, and drop in count 
ratee from ~200 counts per second to ~21 counts per second. The dip was quite 
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shortt (~250 s), whereas previous dips were shallow (~15%), and exhibited no 
clearr spectral hardening (see Figure 4.1). Due to the uncertainties in the orbital 
ephemeris,, we could not relate the exact time of this deep dip to the dips in the 
otherr observations. 

Upperr limits on the presence of kHz QPOs in the frequency range of 100-
10000 Hz were derived using a fixed FWHM of 50 Hz. The upper limits were in 
thee range of 3.4%-6.5%. 

4.44 Discussion 

Wee discovered a QPO in 4U 1746-37 with a frequency of ~1 Hz, and an rms 
amplitudee of ~7.5%. The QPO was also observed during type I X-ray bursts 
wheree the count rate was a factor of 10 higher, with similar fractional rms ampli-
tudes.. The QPO in 4U 1746-37 was only observed when the source intensity was 
low.. The frequency of the QPO, the weak energy dependence of its rms ampli-
tude,, and the ratio Q between the QPO frequency and its FWHM are similar to 
thee frequencies, the rms amplitude energy dependence, and Q-values (3-4) of the 
QPOss discovered recently in the persistent emission, dips, and during the type I 
X-rayy bursts in the dippers and LMXB s 4U 1323-62 (Jonker et al. 1999) and in 
EXOO 0748-676 at low intensity (Homan et al. 1999). The similarities in QPO 
propertiess and the fact that 4U 1746-37 is a dipper suggest that the ~1 Hz QPO is 
aa general property of high-inclination LMXB s at low intensities, and has a com-
monn origin in these systems. 

Wee found for the first time that 4U 1746-37 showed spectral characteristics 
off  an atoll source; the timing properties of observations 4-9 were consistent with 
bananaa branch behavior reported for atoll sources (van der Kli s 1995). Although 
noo band limited noise was detected, upper limits (1-512 Hz) in the low intensity 
(hard)) state were 20%-28%, whereas they were 2.5%-5.5% when the source was 
onn the apparent banana branch. So, with respect to the band limited noise the tim-
ingg behavior of the source is consistent with that of an atoll source. Also the fact 
thatt on the banana branch the rms amplitude of the power law noise component in-
creasedd as the source moved up in count rate is consistent with the behavior of the 
VLFNN on the banana branch of an atoll source. However, the high (5.9%-7.1%) 
rmss amplitude and low power law index (0.5) of the power law noise component 
whenn the source is at low intensities is not consistent with island-state VLFN. We 
notee that this could be due to effects observable only at high inclinations, simi-
larr to those which cause the dips and the ^1 Hz QPO. In EXO 0748-676 strong 
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powerr law noise (6%-l 1%) with indices 0.5-0.8 was also present. This noise had 
noo or weak dependence on photon energy, just as the ~1 Hz QPOs (Homan et al. 
1999),, suggesting a similar origin for both phenomena. In the one observation of 
EXOO 0748-676 where no QPO was found the rms amplitude of the VLFN was 
lowerr (~4%) and the power law index was ~ 1. The spectral changes we report in 
4UU 1746-37 related to changes in the position along the atoll, probably reflect the 
changingg spectral characteristics reported before for this source (eg. see Parmar 
etal.. 1999). 

Homann et al. (1999) found that the QPO in EXO 0748-676 was present in 
alll  observations except one, where the persistent emission count rate was ~2.5 
timess higher than in the other observations. The fact that the QPO is not detected 
att higher source count rates (and inferred mass accretion rates) may be due to 
changess in the accretion geometry with M. We expect that if we observe 4U 1323-
622 at higher M, the QPO may disappear as well. In 4U 1746-37 the QPO also 
disappearedd when the count rate increased. The rms amplitude dropped by at least 
aa factor of five when the source moved from the low intensity state to the banana 
branch.. This can be accounted for if the size of the central source increased by 
aa factor of 2-3 in radius, decreasing the modulated fraction of the X-rays below 
ourr treshold of l%-2%. If this is the explanation the dip fraction should decrease, 
makingg the dips more shallow. Since in 4U 1746-37 the dips were shallow and 
thee source count rates were low, we were not able to check this prediction for this 
source.. Another possibility is that the structure in or on the disk responsible for 
thee ~ 1 Hz QPO disappeared or decreased in size, or the optical depth of the gray 
mediumm changed. 

Wee found that the burst e-folding time is shorter (^10 s) when the source is 
inn the low intensity state than when the source is on the higher intensity banana 
branchh (~30 s). This is opposite to what was found by van Paradijs et al. (1988) 
forr several sources, van der Kli s et al. (1990) found for 4U 1636-53 that the burst 
durationn was longer (> 20 s) when the source was in the island part of the CD 
thann when the source was in the banana branch (< 10 s). Either the state where 
wee observed the short burst e-folding times is not the product of an island state 
andd high inclination effects as we propose, but a state at a higher mass accretion 
ratee than the banana branch mass accretion rate, or another parameter rather than 
MM is also affecting the burst duration. 

Thee frequency of the QPO was 0.35 Hz higher during the type I X-ray bursts 
thann during the persistent emission of observation 1. Similar increases in the QPO 
frequencyy during bursts were observed in EXO 0748-676 by Homan et al. (1999). 
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Discoveryy of kilohertz quasi-periodic 
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Abstract t 

Wee have discovered two simultaneous kHz quasi-periodic oscillations (QPOs) 
inn the Z source GX 340+0 with the Rossi X-ray Timing Explorer. The X-ray 
hardness-intensityy and color-color diagram each show a full Z-track, with an ex-
traa limb branching off the flaring branch of the Z. Both peaks moved to higher 
frequenciess when the mass accretion rate increased. The two peaks moved from 
2477  6 and 567  39 Hz at the left end of the horizontal branch to 625  18 and 
8200  19 Hz at its right end. The higher frequency peak's rms amplitude (5-60 
keV)) and FWHM decreased from ~ 5% and 383  135 Hz to ~ 2%, and 145  62 
Hz,, respectively. The rms amplitude and FWHM of the lower peak were consis-
tentt with being constant near 2.5 % and 100 Hz. The kHz QPO separation was 
consistentt with being constant at 325 0 Hz. Simultaneous with the kHz QPOs 
wee detected the horizontal branch oscillations (HBO) and its second harmonic, at 
frequenciess between 20 and 50 Hz, and 38 and 69 Hz, respectively. The normal 
branchbranch oscillations were only detected on the upper and middle normal branch, 
andd became undetectable on the lower normal branch. The HBO frequencies do 
nott fall within the range predicted for Lense-Thirring (LT) precession, unless ei-
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therr the ratio of the neutron star moment of inertia to neutron star mass is at least 
4,, \045gcm2/MQ, the frequencies of the HBO are in fact the sub-harmonic oscil-
lations,, or the observed kHz peak difference is half the spin frequency and not the 
spinn frequency. During a 1.2 day gap between two observations, the Z-track in the 
hardness-intensityy diagram moved to higher count rates by about 3.5%. Compar-
ingg data before and after this shift, we find that the HBO properties are determined 
byy position on the Z-track and not directly by count rate or X-ray colors. 

5.11 Introductio n 

GXX 340+0 is a bright low-mass X-ray binary and a Z source (Hasinger & van der 
Kli ss 1989). The Z-track traced out in the X-ray color-color (CD) and hardness-
intensityy diagram (HID) is usually built up of three components, the horizontal 
branchh (HB), the normal branch (NB), and the flaring branch (FB). The mass ac-
cretionn rate (M) is thought to increase from a few tens of the Eddington mass 
accretionn rate when the source is on the HB, to near-Eddington on the NB, and 
super-Eddingtonn on the FB. On the HB and the upper part of the NB of GX 340+0, 
quasi-periodicc oscillations (QPOs) with frequencies of 32-50 Hz, the horizontal 
branchh oscillations (HBOs), were detected by Penninx et al. (1991). On the cen-
trall  part of the NB, QPOs with a typical frequency of 5.6 Hz, the normal branch 
oscillationss (NBOs), were detected by van Paradijs et al. (1988). 

Inn four Z sources, Sco X- l (van der Kli s et al. 1996a, 1997), GX 5-1 (van der 
Kli ss et al. 1996b), GX 17+2 (Wijnands et al 1997a), and Cyg X-2 (Wrjnands et al. 
1998a)) two simultaneous kilo Hertz (kHz) QPOs have been observed, with fre-
quenciess reflecting flux changes on timescales close to the dynamical timescales 
nearr a neutron star. The higher frequency peak (henceforth called upper peak) 
hass been proposed to reflect the Keplerian frequency of blobs of material orbiting 
aroundd the neutron star, at a preferred radius in the disk, such as the sonic radius 
(Mille rr et al. 1998). The lower frequency peak (henceforth called lower peak) is 
thee proposed beat frequency between the frequency of the upper peak and thee spin 
frequencyy of the neutron star. The kHz QPO frequency is observed to increase 
withh increasing M. Similar kHz QPOs are also found in atoll sources. The fre-
quenciess of the kHz QPOs are between 300 and 1200 Hz. (See van der Kli s 1998 
forr a recent overview). 

Inn this Letter we report the discovery of two simultaneous kHz QPOs in the 
ZZ source GX 340+0. A preliminary announcement of these results was already 
madee by Wijnands & van der Kli s (1998). 
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5.22 Observations and analysis 

Wee observed GX 340+0 with the proportional counter array onboard the Rossi X-
rayy Timing Explorer on 1997 Apr. 17, Sept. 21,23,25, and Nov. 1,2,3, and 4. The 
totall  amount of good data obtained was 138 ksec. During 5% of this time only 
threee or four of the five detectors were active. For our CD and HID we used only 
thee data from the three detectors that were always active. In our power spectral 
analysiss we used all available data. The mean five-detector countrate was 6443 
ctss- 1.. The data were obtained using 16s time resolution in 129 photon energy 
bandss (effective energy range 2-60 keV), and simultaneously with 122 /« time 
resolutionn in four bands (2-5.0 keV, 5.0-6.4 keV, 6.4-8.6 keV, and 8.6-60 keV) 
onn Apr. 17 or in two bands for the other dates (2-5.0 keV and 5.0-60 keV). 

Wee calculated power density spectra using the 122 us data divided into 16s 
segments.. To determine the properties of the kHz QPOs we fitted the 95-4096 
Hzz power spectra with a function that consisted of one or two Lorentzians (the 
kHzkHz QPOs) and a constant plus a broad sinusoid (the dead-time modified Poisson 
noise)) (Zhang et al. 1995). The Very Large Event window (van der Kli s et al. 
1997)) was set to 55 //s, SO that its effect on the Poisson noise is small and could 
bebe incorporated in the sinusoid. To determine the properties of the HBO, we 
fittedfitted the 0.125-126.5 Hz power spectra using a function which consisted of the 
summ of a constant, one or two Lorentzian peaks, and two exponentially cut-off 
power-laww components. The errors were determined using A%2 = 1.0 (1 a single 
parameter)parameter) and upper limits using A%2 = 2.71, corresponding to a 95% confidence 
level.. Upper limits on the kHz QPOs were determined using a fixed FWHM of 
1500 Hz. When only the lower peak was detected, the upper limit on the upper 
peakk was determined by setting the frequency to the value of the frequency of the 
lowerr peak plus the mean frequency difference between the two peaks. Upper 
limitss on the HBO were determined by keeping the FWHM fixed at 10 Hz. 

Inn the HID and CD, the hard color is defined as the logarithm of the 9.7-16.0 
keV/6.4-9.77 keV countrate ratio. The soft color is defined as the logarithm of the 
3.5-6.44 keV/2-3.5 keV countrate ratio. The intensity is defined as the logarithm 
off  the countrate in the 2-16.0 keV band. The HID and CD are background-
correctedd but no dead-time correction was carried out. The dead-time correction 
factorr was ~ 2%. In order to measure the position along the Z-track, we use 
thee Sz parametrization (e.g. Wijnands et al. (1997b)) applied to the HID. In this 
parametrizationn the HB/NB vertex is fixed at Sz = 1.0 and the NB/FB vertex at 
SSzz = 2.0. We selected the power spectra according to Sz, and determined the 
averagee Sz and standard deviation for each selection. 
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Thee track of the Nov. 4 data is shifted towards higher intensity and softer colors 
withh respect to the Z-track in the other data. We therefore determined the HBO 
propertiess for the Nov. 4 data (~18 ksec) separately. To determine the kHz QPO 
propertiess we combined the Nov. 4 data with the rest in order to get a higher signal 
too noise ratio. As the kHz QPOs were only significantly detected in the 5.0-60 
keVV band and the significance did not increase combining the two bands, we used 
onlyy the 5.0-60 keV band in our analysis. 

5.33 Results 

Wee observed a full Z-track in the HID and CD (Figure 5.1). The Z-shape shows 
aa fourth branch beyond the FB. This extra, trailing branch was seen before in 
GXX 340+0 (Penninx et al. 1991) and GX5-1 (Kuulkers et al. 1994; Wijnands 
&&  van der Kli s 1998). Detailed examination of the HB/NB vertex in the HID 
revealedd that the 1997 Nov. 4 data were shifted to higher count rates (~ 3.5%) 
andd softer colors (^0.5%) than the other data. Due to this shift, which occurred 
duringg a 1.2 day gap between two observations, the HB/NB vertex in the HID is 
broadened.. Due to the size of the dots in Figure 5.1 this is not visible. This shift 
wass also seen in EXOSAT data of GX 340+0 (Kuulkers & van der Kli s 1996). 

Wee detected kHz QPOs in the 5.0-60 keV band (Figure 5.2). The lower kHz 
peakk was detected at Sz values up to 1.04, the upper peak up to Sz = 0.95 (Fig-
uree 5.3). The lower peak had a frequency of 247  10 Hz at Sz = 0.47 and in-
creasedd to 625  18 Hz at Sz = 1.04, its rms amplitude remained about constant 
att values near 2%, and its FWHM varied between 30 and 160 Hz with no clear 
correlationn with Sz. The frequency of the upper peak was 567  39 Hz at Sz = 0.47 
andd increased to 820  19 Hz at Sz = 0.95, while its rms amplitude decreased from 
5.11 % to , and its FWHM from 383  135 Hz to 145 2 Hz. The 
FWHMM ratio did not significantly depend on Sz. When both peaks were detected, 
thee peak separation was consistent with being constant at a value of 325  10 Hz. 
Wee did not detect significant kHz QPOs in the 2-5.0 keV bands, with upper limits 
off  2.8% and 2.3% at Sz = 0.58 and 2.7% and 2.8% at Sz = 0.87 for the lower and 
upperr peaks, respectively, while in the 5.0-60 keV band the peaks were found with 
aa rms amplitude of 1.5% and 4.4% at Sz = 0.58 and 1.6% and 2.8% at Sz = 0.87, 
respectively. . 

Simultaneouslyy with the kHz QPO, the HBO and its second harmonic were 
detected.. When we used the same Sz selections as in the fitting of the kHz QPOs 
thee HBO sometimes showed double peaks, especially at low Sz. This was caused 
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FigureFigure 5.1: Hardness-intensity (left) and color-color diagram (right) of GX 340+0. The 
hardhard color is defined as the logarithm of the 9.7-16.0 keV / 6.4-9.7 keV count rate ratio 
andand the soft color as the logarithm of the 3.5-6.4 keV/ 2-3.5 keV countrate ratio. The 
three-detectorthree-detector countrate is measured in the 2-16.0 keV band. The data was background 
subtractedsubtracted but no dead-time correction was applied. The typical error bars are visible in 
thethe HID and CD in points in the extra trailing branch. 

byy the steep dependence of the HBO frequency on Sz and its narrow peak width. 
Thereforee up to Sz = 0.7, we used narrower S, selections in fitting the HBO to 
preventt the HBO peak from moving too much within the selection. The HBO 
frequencyy increased from 19.43 3 Hz at Sz = 0.43 to 49.92 1 Hz at 
SSzz = 1.05. Then it remained constant up to Sz = 1.25 (Figure 5.3 b). The rms 
amplitudee in the 5.0-60 keV energy band of the HBO decreased smoothly from 
9.11 % at the left side of the HB (Sz = 0.43) to 1.8 % on the NB (Sz = 
1.25).. For higher Sz selections, no HBO was detected, with upper limits of ~ 2% 
rms.. The FWHM increased from 2.9 1 Hz to 15.3 2 Hz. We did not 
findfind a clear dependence on Sz of the rms amplitude and FWHM of the second 
harmonic.. Due to the presence of a broad noise component around the frequency 
off  the second harmonic it was difficult to determine the properties of either one of 
thee two components. 

Wee found that the HBO frequency vs. Sz relation of the Nov. 4 data was offset 
withh respect to that of the other data (Figure 5.4 left), due to the shift in the vertex 
off  the Nov. 4 data, which along the HB, corresponds to a shift in Sz of ~ 0.05, 
equall  to the offset in the Sz vs. \'HBO plot (Figure 5.4, left). If we correct for the 

59 9 



CHAPTERR 5 

SS =0.8 7 

10000 200 0 300 0 

Frequenc yy  (Hz ) 

4000 0 

FigureFigure 5.2: Typical power density spectra of GX 340+0; the power is in units of frac-
tionaltional amplitude squared per Hz. The kHz QPOs are at frequencies of 452 and 753 Hz, 
respectively,respectively, at Sz = 0.87. The rise in the power density of the left plot towards higher 
frequenciesfrequencies is caused by instrumental dead-time effects on the Poisson noise. 

changee in Sz by measuring Sz on Nov. 4 from the HB/NB vertex appropriate for 
thatt date, the HBO frequencies, rms amplitude, and FWHM of the Nov. 4 data 
andd the HBO frequencies, rms amplitude, and FWHM of the other data as a func-
tionn of Sz are the same (Figure 5.4, right). This strengthens previous conclusions 
(Kuulkerss et al. 1994) that Sz, not count rate, is the better measure for M. 

Wee also detected the NBOs, between Sz ~ 1.1 and Sz ~ 1.8. These will be 
moree extensively discussed elsewhere. 
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5.44 Discussion 

Wee have discovered kHz QPOs in the Z source GX 340+0. The frequencies of 
bothh the lower and upper peak increased as the source moved along the HB to the 
HB/NBB vertex. The peak separation was consistent with being constant. This is 
similarr to what was found in GX 17+2 (Wijnands et al. 1997a), CygX-2 (Wi-
jnandss et al. 1998a), and GX5-1 (van der Kli s et al. 1996b; Wijnands et al. 
1998b).. Only in ScoX-1 (van der Kli s et al. 1997) and perhaps in the atoll source 
4UU 1608-52 (Méndez et al. 1998) the peak separation was found to decrease with 
increasingg M. If this decrease in Sco X- l is in some way related to the source 
approchingg the Eddington critical luminosity (White & Zhang 1997; Miller et al. 
1998),, this could mean that if we were able to detect the kHz QPOs in GX 340+0 
andd the other Z sources (further) up the NB we might also see the peak separation 
decrease. . 

Thee lower peak reaches the so far lowest "kHz" QPO frequency found in any 
loww mass X-ray binary, 247 Hz. The maximum frequency reached by the up-
perr peak, 820 Hz, is also rather low. Using the sonic-point model (Miller et al. 
1998)) to explain the upper peak kHz QPO frequency, we found lower limits on 
thee mass of the neutron star of Mneutr > O.6M0 for a neutron star radius of 4M, 
andd Mneutr > 1.2M0 for a neutron star radius of 7M. (The implicit assumptions 
madee in calculating these lower limits are: Schwarzschild spacetime metric, non-
rotatingg radiating layer, and photons remove angular momentum from the disk 
materiall  only in one scattering event.) We note that the frequencies of the kHz 
QPOss seem to confirm the idea (e.g. Kuulkers et al. 1994) that GX 340+0 is more 
similarr in appearance to GX5-1 (Wijnands et al. 1998b), than to Sco X- l (van 
derr Kli s et al. 1997), and GX 17+2 (Wijnands et al. 1997a) (frequencies higher 
thann 1000 Hz). 

Anyy straightforward beat-frequency model predicts the upper peak to be nar-
rowerr than, or as narrow as the lower peak. We find in GX 340+0 that the upper 
peakk is usually broader than the lower peak. In fact, the upper peaks found in 
GXX 340+0 were very broad with ^ up to 0.67 at Sz = 0.43. Therefore, a straight-
forwardd beat-frequency interpretation of the two peaks in GX 340+0 is difficult. 
Inn GX 340+0, GX5-1 (Wijnands et al. 1998b), and GX17+2 (Wijnands et al. 
1997a)) the upper peak FWHM decreases as a function of Sz. To explain this be-
haviorr one could involve scattering in a rapidly variable medium (Méndez et al. 
1998).. The effect of this scattering should become less as M increases. 

Althoughh the behavior of the kHz QPOs as a function of inferred M in GX 340+0 
iss similar to that found in other Z sources, the HBO behavior is rather different. 
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FigureFigure 5.3: (A) Frequencies of the kHz QPOs, (B) frequencies of the HBO and its har-
monic,monic, (C) rms amplitude of the upper kHz QPO, (D) rms amplitude of the HBO, (E) rms 
amplitudeamplitude of the lower kHz QPO, and (F) FWHM of the HBO, as a function ofSz. The 
errorerror bars on S- are standard deviations. 

Thee FWHM of the HBO increased as the rms amplitude decreased, which is un-
likee what is seen in other Z sources. In Cyg X-2 Wijnands et al. (1997b) found the 
FWHMM to be well-correlated to the rms. In GX 17+2 the FWHM remained about 
constantt while the rms amplitude decreased (Homan private comm.). In previous 
observationss of GX 340+0 (Penninx et al. 1991, Table 2) the behavior is consistent 
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withh our findings. In observations of Kuulkers & van der Kli s (1996) the FWHM 
doess not show a clear relation as a function of the rms amplitude. Exactly the 
samee behavior (as we reported for GX 340+0) was found in GX 5-1 (Lewin et al. 
1992;; Wijnands et al. 1998b). This suggests that an extra parameter in addition 
too M determines the timing properties. Another indication of this is that there are 
differencess between the Z sources in the position on the Z-track where the NBO 
aree found. In GX 17+2 (Penninx et al. 1990), and ScoX-1 (van der Kli s et al. 
1987)) the NBO were detected up the FB, e.g. Sz > 2. In CygX-2 they were de-
tectedd up to the NB/FB vertex (Wijnands et al. 1997b), while in GX 340+0 and 
GXX 5-1 the NBO were detected up to Sz = 1.8. 

Recently,, it has been proposed that the HBO frequency may reflect the gen-
erall  relativistic Lense-Thirring (LT) precession frequency at the inner edge of a 
warpedd accretion disk (Stella & Vietri 1998). If the upper peak is interpreted as 
aa Keplerian frequency in the inner part of the disk, there is a quadratic relation 
betweenn the LT precession frequency and the upper peak frequency. Applying 
thiss theory to our observations and assuming the peak difference to be the neutron 
starr spin frequency, the LT predictions for the HBO frequency are too low by at 
leastt a factor of 2. The same discrepancy by a factor of 2 has been reported for the 
ZZ source GX 17+2 (Stella & Vietri 1998). There are several ways out, but each 

-*-- * * -

X X 
X X 

X X 

X X 

0.44 0.6 0.8 1 1.2 0.4 0.6 0.8 1 1.2 

FigureFigure 5.4: Left: The HBO frequencies of the November4 data (circles) and the other 
datadata (X-es). Right: The frequencies of the HBO for the November4 data corrected for 
thethe shift (circles) and the other data (X-es). The error bars in the frequency are smaller 
thanthan the size of the symbols, (see also Section 3 paragraph 4). 
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appearss to create serious difficulties. 1/M (with I the moment of inertia of the 
neutronn star and M its mass) may be a factor of 2 higher than presently thought, 
however,, no sensible equation of state appears to be able to produce such values 
off  I/M. The kHz QPO peak difference may not be equal to the neutron star spin 
frequencyy but to half the spin frequency, however, at least in atoll sources this 
seemss to contradict the results obtained from burst QPO (Strohmayer et al. 1996). 
Thee HBO may not be the fundamental frequency but the harmonic of the predicted 
LTT frequency, however, in none of the Z sources there is any evidence of excess 
powerr at frequencies half the HBO frequencies. 
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Abstract t 

Wee present an analysis of ^390 ksec of data of the Z source GX 340+0 taken dur-
ingg 24 observations with the Rossi X-ray Timing Explorer satellite. We report the 
discoveryy of a new broad component in the power spectra. The frequency of this 
componentt varied between 9 and 14 Hz, and remained close to half that of the hor-
izontall  branch quasi-periodic oscillations (HBO). Its rms amplitude was consis-
tentt with being constant around ~5%, while its FWHM increased with frequency 
fromm 7 to 18 Hz. If this sub-HBO component is the fundamental frequency, then 
thee HBO and its second harmonic are the second and fourth harmonic component, 
whilee the third harmonic was not detected. This is similar to what was recently 
foundd for the black hole candidate XTE J1550-564. The profiles of both the 
horizontal-- and the normal branch quasi-periodic oscillation peaks were asym-
metricc when they were strongest. We describe this in terms of a shoulder com-
ponentt at the high frequency side of the quasi-periodic oscillation peak, whose 
rmss amplitudes were approximately constant at ~4% and ~ 3 %, respectively. The 
peakk separation between the twin kHz quasi-periodic oscillations was consistent 
withh being constant at 8 Hz but a trend similar to that seen in, e.g. Sco X- l 
couldd not be excluded. We discuss our results within the framework of the various 
modelss which have been proposed for the kHz QPOs and low frequency peaks. 
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6.11 Introductio n 

GXX 340+0 is a bright low-mass X-ray binary (LMXB) and a Z source (Hasinger 
&&  van der Kli s 1989). The Z-shaped track traced out by Z sources in the X-ray 
color-colorr diagram or hardness-intensity diagram (HID) is divided into three 
branches:: the horizontal branch (HB), the normal branch (NB), and the flaring 
branchh (FB). The power spectral properties and the HID of GX 340+0 were pre-
viouslyy described by van van Paradijs et al. (1988) and Kuulkers & van der Kli s 
(1996)) using data obtained with the EXOSAT satellite, by Penninx et al. (1991) 
usingg data obtained with the Ginga satellite, and by Jonker et al. (1998) using 
dataa obtained with the RossiX-ray Timing Explorer (RXTE) satellite. An extra 
branchh trailing the FB in the HID has been described by Penninx et al. (1991) 
andd Jonker et al. (1998). When the source is on the HB or on the upper part of 
thee NB, quasi-periodic oscillations (QPOs) occur with frequencies varying from 
20-500 Hz: the horizontal branch quasi-periodic oscillations or HBOs (Penninx et 
al.. 1991; Kuulkers & van der Kli s 1996; Jonker et al. 1998). Second harmonies 
off  these HBOs were detected by Kuulkers & van der Kli s (1996) and Jonker et 
al.. (1998) in the frequency range 73-76 Hz and 38-69 Hz, respectively. In the 
middlee of the NB, van Paradijs et al. (1988) found normal branch oscillations 
(NBOs)) with a frequency of 5.6 Hz, Recently, Jonker et al. (1998) discovered 
twinn kHz QPOs in GX 340+0. These QPOs have now been seen in all six origi-
nallyy identified Z sources (Sco X-l , van der Kli s et al. 1996; Cyg X-2, Wijnands 
ett al. 1998a; GX 17+2, Wijnands et al. 1997a; GX 349+2, Zhang et al. 1998; 
GXX 340+0, Jonker et al. 1998; GX 5-1, Wijnands et al. 1998b; see van der Kli s 
1998,, 2000 for reviews), but not in Cir X- l , which combines Z source and atoll 
sourcee characteristics (Oosterbroek et al. 1995; Shirey et al. 1999; see also Psaltis 
ett al. 1999a). 

Inn the other class of LMXBs, the atoll sources (Hasinger & van der Kli s 1989), 
kHzz QPOs are observed as well (see van der Kli s 1998, 2000 for reviews). Re-
cently,, also HBO-like features have been identified in a number of atoll sources 
(4UU 1728-34, Strohmayer et al. 1996; Ford & van der Kli s 1998; Di Salvo et al. 
2001;GX13+l,Homanetal.. 1998; 4U 1735^*4, Wijnands et al. 1998c; 4U 1705-
44,, Ford et al. 1998a; 4U 1915-05, Boirin et al. 2000; 4U 0614+09, van Straaten 
ett al. 2000; see Psaltis et al. 1999a for a summary). Furthermore, at the highest 
inferredd mass accretion rates, QPOs with frequencies near 6 Hz have been discov-
eredd in the atoll sources 4U 1820-30 (Wijnands et al. 1999b), and XTE J1806-246 
(Wijnandss & van der Kli s 1999b; Revnivtsev et al. 1999), which might have a sim-
ilarr origin as the Z source NBOs. 
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Att low mass accretion rates the power spectra of black hole candidates, atoll, 
andd Z sources show similar characteristics (van der Kli s 1994a,b). Wijnands & van 
derr Kli s (1999a) found that the break frequency of the broken power law which 
describess the broad-band power spectrum, correlates well with the frequency of 
peakedd noise components (and sometimes narrow QPO peaks) observed in atoll 
sourcess (including the millisecond X-ray pulsar SAX Jl808.4—3658; Wijnands & 
vann der Kli s 1998; Chakrabarty & Morgan 1998), and black hole candidates. The 
ZZ sources followed a slightly different correlation. In a similar analysis, Psaltis 
ett al. (1999a) have pointed out correlations between the frequencies of some of 
thesee QPOs and other noise components in atoll sources, Z sources, and black 
holee candidates, which suggests these phenomena may be closely related across 
thesee various source types, or at least depend on a third phenomenon in the same 
manner.. Because of these correlations, models describing the kHz QPOs which 
alsoo predict QPOs or noise components in the low-frequency part of the power 
spectrumm can be tested by investigating this low-frequency part. 

Inn this paper, we study the full power spectral range of the bright LMXB and Z 
sourcee GX 340+0 in order to further investigate the similarities between the atoll 
sourcess and the Z sources, and to help constrain models concerning the formation 
off  the different QPOs. We report on the discovery of two new components in the 
powerpower spectra of GX 340+0 with frequencies less than 40 Hz when the source is 
onn the left part of the HB. We also discuss the properties of the NBO, and those 
off  the kHz QPOs. 

6.22 Observations and analysis 

Thee Z source GX 340+0 was observed 24 times in 1997 and 1998 with the propor-
tionall  counter array (PCA; Jahoda et al. 1996) on board the RXTE satellite (Bradt 
ett al. 1993). A log of the observations is presented in Table 6.1. Part of these data 
(observationss 1, 9-18) was used by Jonker et al. (1998) in the discovery of the 
kHzz QPOs in GX 340+0. The total amount of good data obtained was ^390 ksec. 
Duringg ~19% of the time only 3 or 4 of the 5 PC A detectors were active. 

Thee data were obtained in various modes, of which the Standard 1 and Stan-
dardd 2 modes were always active. The Standard 1 mode has a time resolution of 
1/88 s in one energy band (2-60 keV). The Standard 2 mode has a time resolution 
off  16 s and the effective 2-60 keV PC A energy range is covered by 129 energy 
channels.. In addition, high time resolution data (with a resolution of 244 /is or 
betterr for the 2-5.0 keV band and with a resolution of 122 jus or better for the 
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TableTable 6.1: Log of the observations. 

Numberr Observation Date & Total on source 
IDD Start time (UTC) observing time (ksec.) 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20 0 
21 1 
22 2 
23 3 
24 4 

20054-04-01-00 0 
20059-01-01-00 0 
20059-01-01-01 1 
20059-01-01-02 2 
20059-01-01-03 3 
20059-01-01-04 4 
20059-01-01-05 5 
20059-01-01-06 6 
20053-05-01-00 0 
20053-05-01-01 1 
20053-05-01-02 2 
20053-05-01-03 3 
20053-05-02-00 0 
20053-05-02-01 1 
20053-05-02-02 2 
20053-05-02-03 3 
20053-05-02-04 4 
20053-05-02-05 5 
30040-04-01-00 0 
30040-04-01-01 1 
30040-04-01-02 2 
30040-04-01-03 3 
30040-04-01-04 4 
30040-04-01-05 5 

1997-04-177 13:26:21 
1997-06-066 06:05:07 
1997-06-066 21:39:06 
1997-06-077 11:15:05 
1997-06-077 23:48:56 
1997-06-088 07:51:04 
1997-06-099 00:09:03 
1997-06-100 01:22:46 
1997-09-2101:04:06 6 
1997-09-233 04:09:30 
1997-09-255 01:30:29 
1997-09-255 09:37:51 
1997-11-011 22:38:58 
1997-11-022 03:32:07 
1997-11-022 19:42:00 
1997-11-033 01:50:07 
1997-11-044 01:59:34 
1997-11-044 16:18:27 
1998-11-133 23:52:00 
1998-11-144 13:55:00 
1998-11-144 21:03:00 
1998-11-155 13:48:00 
1998-11-155 20:57:00 
1998-11-155 09:53:00 

19.8 8 
34.7 7 
8.1 1 
22.1 1 
21.6 6 
22.9 9 
17.5 5 
22.0 0 
17.5 5 
11.5 5 
8.4 4 
19.3 3 
9.5 5 
9.0 0 
12.7 7 
13.9 9 
11.1 1 
7.2 2 
16.7 7 
17.3 3 
28.1 1 
17.1 1 
17.0 0 
2.6 6 

5.0-600 keV range) were obtained for all observations. 
ForFor all observations except observation 1, which had only 4 broad energy 

bands,, and observation 22, for which technical problems with the data occurred, 
wee computed power spectra in five broad energy bands (2-5.0, 5.0-6.4, 6.4-8.6, 
8.6-13.0,, 13.0-60 keV) with a Nyquist frequency of 256 Hz dividing the data in 
segmentss of 16 s length each. We also computed power spectra for all observa-
tionss using 16 s data segments in one combined broad energy band ranging from 
5.0-600 keV with a Nyquist frequency of 4096 Hz. 
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Too characterize the properties of the low-frequency part (1/16-256 Hz) of the 
powerr spectrum we experimented with several fit functions (see Section 6.3) but 
finallyfinally  settled on a fit function that consisted of the sum of a constant to repre-
sentt the Poisson noise, one to four Lorentzians describing the QPOs, an exponen-
tiallyy cut-off power law component, P <*  \~aexp{—\/vcut) to describe the low 
frequencyy noise (LFN), and a power law component to represent the very low fre-
quencyy noise (VLFN) when the source was on the NB. 

Too describe the high frequency part (128 to 4096 Hz or 256 to 4096 Hz) of the 
powerpower spectrum we used a fit  function which consisted of the sum of a constant 
andd a broad sinusoid to represent the dead-time modified Poisson noise (Zhang 
1995),, one or two Lorentzian peaks to represent the kHz QPOs, and sometimes 
aa power law to fit  the lowest frequency part (< 150 Hz). The PC A setting con-
cerningg the very large event window (Zhang 1995; van der Kli s et al. 1997) was 
sett to 55 jus. Therefore, its effect on the Poisson noise was small and it could be 
incorporatedd into the broad sinusoid. The errors on the fit parameters were de-
terminedd using Ax2=1.0 ( l a single parameter). The 95% confidence upper limits 
weree determined using A%2=2.71. 

Wee used the Standard 2 data to compute hardnesses and intensities from the 
threee detectors that were always active. Figure 6.1 shows three HIDs; one (A) 
forr observations 1 and 9-18 combined (data set A), one (B) for observation 2-8 
combinedd (data set B), and one (C) for observation 19-24 combined (data set C). 
Thee observations were subdivided in this way because the hard vertex, defined as 
thee HB-NB intersection, is at higher intensities in data set C than in data set A. 
Thee hard vertex of data set B falls at an intermediate intensity level. 

Wee assigned a value to each power spectrum according to the position of the 
sourcee along the Z track using the Sz parameterization (Dieters & van der Kli s 
2000;; Wijnands et al. 1997b) applied to each HID separately. In this parametriza-
tion,, the hard vertex (defined as the HB-NB intersection) is assigned the value Sz 

== 1.0 and the soft vertex (defined as the NB-FB intersection) is assigned Sz = 2.0. 
Thus,, the distance between the hard and soft vertex defines the length scale along 
eachh branch. Since for HID C we only observed part of the Z track, we used the 
positionn of the soft vertex of HID A in HID C. From the fact that the soft vertex 
off  the HID B was consistent with that from HID A, we conclude that the error 
introducedd by this is small. 

Thee shifts in the position of the hard vertex prevented us from selecting the 
powerpower spectra according to their position in an HID of all data combined. We 
selectedd the power spectra according to the Sz value in each of the three sepa-
raterate Z tracks, since Jonker et al. (1998) showed that for GX 340+0 the frequency 
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FigureFigure 6.1: Hardness-intensity diagrams for observations 1 and 9-18 (A), 2-8 (B), and 
19-2419-24 (C) (see Table 6.1). The hard color is deüned as the logarithm of the 9.7-16.0/6.4-
9.79.7 keV count rate ratio. The intensity is defined as the three-detector count rate measured 
inin the 2-16.0 keV band. The data were background subtracted but no dead-time correc-
tiontion was applied. The dead-time correction was less than 1.5%. 

off  the HBO is better correlated to the position of the source relative to the in-
stantaneouss Z track than to its position in terms of coordinates in the HID. The 
powerr spectra corresponding to each Sz interval were averaged. However, em-
ployingg this method yielded artificially broadened HBO peaks, and sometimes the 
HBOO profile even displayed double peaks. The reason for this is that in a typical 
Szz selection interval of 0.05 the dispersion in HBO frequencies well exceeds the 
statisticall  one, as shown in Figure 6.2. While the relation between Sz and HBO 
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200 21 

HBOO frequency (Hz) 

FigureFigure 6.2: The Sz value of ~ 150 individual 16 s length power spectra from observation 
11 plotted against their fitted HBO frequency. The line represents the best linear fit. The 
y}y}redred is 1.75 for 144 degrees of freedom, the linear-correlation coefficient is 0.83. 

frequencyy is roughly linear, the spread is large. 
Forr this reason, when the HBO was detectable in the 5.0-60 keV power spec-

tra,, we selected those power spectra according to HBO frequency rather than on 
Szz value. In practice, this was possible for all data on the HB. To determine 
thee energy dependence of the components, the 2-5.0, 5.0-6.4, 6.4-8.6, 8.6-13.0, 
13.0-600 keV power spectra were selected according to the frequency of the HBO 
peakk in the 2-60 keV power spectrum, when detectable. 

Thee HBO frequency selection proceeded as follows. For each observation we 
constructedd a dynamical power spectrum using the 5-60 keV or 2-60 keV data 
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FigureFigure 6.3: The dynamical power spectrum of part of observation 1 showing the 1/16-60 
HzHz range, with a frequency resolution of 0.5 Hz in the energy band 5-60 keV. The grey 
scalescale represents the Leahy normalized power (Leahy et al. 1983). Data gaps have been 
omittedomitted for clarity. Clearly visible is the HBO at ~ 18 to ~ 50 Hz and the LFN component 
atat low (< 10 Hz) frequencies. 

(seee above), showing the time evolution of the power spectra (see Figure 6.3). Us-
ingg this method, we were able to trace the HBO frequency in each observation as a 
functionn of time. We determined the maximum power in 0.5 Hz bins over a range 
off  2 Hz around the manually identified QPO frequency for each power spectrum, 
andd adopted the frequency at which this maximum occurred as the HBO frequency 
inn that power spectrum. This was done for each observation in which the HBO 
couldd be detected. 

Thee 18-52 Hz frequency range over which the HBO was detected was divided 
inn 16 selection bins with widths of 2 or 4 Hz, depending on the signal to noise 
level.. For each selection interval the power spectra were averaged, and a mean Sz 

valuee was determined. 
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Thee HBO selection criteria were applied to all data along the HB and near the 
hardd vertex. When the source was near the hard vertex, on the NB, or the FB, we 
selectedd the power spectra according to the Sz value. An overlap between the two 
methodss occurred for data near the hard vertex; both selection methods yielded the 
samee results for the fit parameters to well within the statistical errors (see Section 
6.3).. Separately, for each set of observations (A,B, and C) we also determined the 
kHzz QPO properties according to the Sz method. 

6.33 Results 

Usingg the fit function described by Jonker et al. (1998) which consisted of two 
Lorentzianss to describe the HBO and the second harmonic of the HBO, and a 
cut-offf  power law to describe the LFN noise component, we obtained poor fits. 
Comparedd with Jonker et al. (1998) we combined more data, resulting in a higher 
signall  to noise ratio. First we included a peaked noise component (called sub-
HBOO component) at frequencies below the HBO, since a similar component was 
foundd by van der Kli s et al. (1997) in Sco X-l . This improved the *£ d of the 
fit.. Remaining problems were that the frequency of the second harmonic was not 
equall  to twice the HBO frequency (similar problems fitting the power spectra on 
thee HB of Cyg X-2 were reported by Kuulkers et al. 1999), and the frequency 
off  the sub-HBO component varied erratically along the HB. Inspecting the fit 
showedd that both the fit to the high frequency tail of the HBO, and the fit to its sec-
ondd harmonic did not represent the data points very well. Including an additional 
componentt in the fit  function representing the high frequency tail of the HBO 
(calledd shoulder component after Belloni et al. 1997 who used this name) resulted 
inn a better fit  to the HBO peak, a centroid frequency of the HBO second harmonic 
moree nearly equal to twice the HBO frequency, and a more consistent behavior of 
thee frequency of the sub-HBO component (which sometimes apparently fitted the 
shoulderr when no shoulder component was present in the fit  function). 

Wee also experimented with several other fit  function components to describe 
thee average power spectra which were used by other authors to describe the power 
spectraa of other LMXBs. Using a fit  function built up out of a broken power law, 
too fit the LFN component, and several Lorentzians to fit  the QPOs after Wijnands 
&&  van der Kli s (1999a) results in significantly higher y}red values than when the 
fitfit  function described in Section 6.2 was used (%led=  1.66 for 205 degrees of free-
domm (d.o.f.) versus a %%d= 1-28 with 204 d.o.f.). We also fitted the power spectra 
usingg the same fit function as described in Section 6.2 but with the frequency of 

75 5 



CHAPTERR 6 

thee sub-HBO component fixed at 0 Hz, in order to test whether or not an extra 
LFN-lik ee component centred around 0 Hz was a good representation of the extra 
sub-HBOO component. Finally, we tested a fit  function built up out of two cut-off 
powerr laws; one describing the LFN and one either describing the sub-HBO com-
ponentt or the shoulder component, and three Lorentzians, describing the HBO, its 
secondd harmonic, and either the sub-HBO or shoulder component when not fitted 
withh the cut-off power law. But in all cases the y}red values obtained using these 
fitfit  functions were significantly higher (for the 24-26 Hz selection range values 
off  1.52 for 205 d.o.f., 1.62 for 204 d.o.f., and 2.00 for 205 d.o.f. were obtained, 
respectively). . 

Settlingg on the fit  function already described in Section 6.2, we applied an 
F-testt (Bevington & Robinson 1992) to the %2 of the fits with and without the ex-
traa Lorentzian components to test their significance. We derived a significance of 
moree than 8 ö for the sub-HBO component, and a significance of more than 6.5 a 
forr the shoulder component, in the average selected power spectrum correspond-
ingg to HBO frequencies of 24 to 26 Hz. In Figure 6.4 we show the contribution of 
alll  the components used to obtain the best fit  in this power spectrum. 

Thee properties of all the components used in describing the low-frequency 
partt of the average power spectra along the HB are given in Figure 6.5 as a func-
tionn of Sz. When the HBO frequency was higher than 32 Hz, the sub-HBO and 
shoulderr component were not significant. We therefore decided to exclude these 
twoo components from the fit function in the HBO frequency selections of 32 Hz 
andd higher. WTien this affected the parameters determined for the remaining com-
ponentss in the fit  function, we mention so. Splitting the total counts into different 
photonn energies reduced the signal to noise in each energy band and therefore 
thesee effects were more important in the fits performed to determine the energy 
dependencee of the parameters. 

6.3.11 The LFN component 

Thee fractional rms amplitude of the LFN decreased as a function of Sz (Fig 6.5 
A),, with values ranging from 10% to 2.2% (5.0-60 keV). Upper limits on the LFN 
componentt were calculated by fixing the power law index at 0.0. The power law 
indexx of the LFN component increased from ~ 0 at Sz ~ 0.5 to ~ 0.4 around Sz= 
0.9;; when the source moved on to the NB the index of the power law decreased to 
valuess slightly below 0.0 (Fig 6.5 B). The cut-off frequency of the LFN component 
increasedd as a function of Sz. For Sz > 1.0 the cut-off frequency could not be 
determinedd with high accuracy (Fig 6.5 C). 
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FigureFigure 6.4: Leahy normalized power spectrum showing the different components used 
toto fit the 5.0-60 keV power spectrum. The full line represents the LFN component, 
andand the constant arising in the power spectrum due to the Poisson counting noise; the 
dasheddashed line represents the sub—HBO component; the dotted line represents the HBO; the 
dashed-dotteddashed-dotted line represents the shoulder component; and the dash-three dots-dash line 
representsrepresents the harmonic of the HBO. 
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FigureFigure 6.5: (A) Rms amplitude of the low-frequency noise (LFN); (B) power law index 
ofof the LFN; (C) cut-off frequency of the LFN; (D) rms amplitude of the noise component 
atat frequencies below the HBO frequency (sub-HBO component); (E) FWHM of the sub-
HBOHBO component; (F) frequency of the sub-HBO component; (G) rms amplitude of the 
HBO;HBO; (H) FWHM of the HBO; (I) frequency of the HBO; (J) rms amplitude of the shoul-
derder component used to describe the HBO; (K) FWHM of the shoulder component; (L) 
frequencyfrequency of the shoulder component; (M) rms amplitude of the harmonic of the HBO; 
(N)(N) FWHM of the harmonic; (O) frequency of the harmonic. The points represent data 
selectedselected according to the HBO selection method and the bullets represent the data selected 
accordingaccording to the Sz selection method (parameters measured in the 5.0-60 keV band, see 
text).text). The two methods overlap starting around Sz ~1.0. 
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Thee LFN fractional rms amplitude depended strongly on photon energy all 
acrosss the selected frequency range. The rms amplitude increased from 5% at 2-
5.00 keV to more than 15% at 13-0-60 keV (Sz=0.48). The power law index, a, of 
thee LFN component was higher at lower photon energies (changing from 0.3-0.5 
alongg the HB at 2-5.0 keV) than at higher photon energies (changing from -0 .2-
0.22 along the HB at 13.0-60 keV). The cut-off frequency of the LFN component 
didd not change as a function of photon energy. 

6.3.22 The HBO component 

Thee fractional rms amplitude of the HBO decreased as a function of Sz (Fig 6.5 
G),, with values ranging from 10% to 1.7% over the detected range (5.0-60 keV). 
Upperr limits on the HBO component were determined using a fixed FWHM of 15 
Hz.. The frequency of the HBO increased as a function of Sz but for Sz >1.0 it 
wass consistent with being constant around 50 Hz (Fig 6.5 I). 

Thee ratio of the rms amplitudes of the LFN and the HBO component, of inter-
estt in beat frequency models (see Shibazaki & Lamb 1987) decreased from ~1 at 
ann Sz value of 0.48 to ~ 0.6 at Sz values of 0.8-1.0. The ratio increased again to 
aa value of ~0.9 at Sz =1.05 when the source was on the NB. 

Thee HBO rms amplitude depended strongly on photon energy all across the 
selectedd frequency range. The rms amplitude increased from 5% at 2-5.0 keV to 
~16%% at 13.0-60 keV (at Sz=0.48) (see Figure 6.6 [dots] for the HBO energy de-
pendencee in the 26-28 Hz range). The increase in fractional rms amplitude of the 
HBOO towards higher photon energies became less as the frequency of the HBO 
increased.. At the highest HBO frequencies the HBO is relatively stronger in the 
8.4-13.00 keV band than in the 13.0-60 keV band. The ratio between the fractional 
rmss amplitude as a function of photon energy of the HBO at lower frequencies and 
thee fractional rms amplitude as a function of photon energy of the HBO at higher 
frequenciess is consistent with a straight line with a positive slope. The exact fit pa-
rameterss depend on the HBO frequencies at which the ratios were taken. This be-
haviorr was also present in absolute rms amplitude (= fractional rms amplitude * Ix, 
wheree Ix is the count rate), see Figure 6.7. So, this behavior is caused by actual 
changess in the QPO spectrum, not by changes in the time-averaged spectrum by 
whichh the QPO spectrum is divided to calculate the fractional rms spectrum of the 
HBO.. The FWHM and the frequency of the HBO were the same in each energy 
band. . 

79 9 



CHAPTERR 6 

CU U 
XI I 
u u 

"a. . 
c c 
o o 
en n 

22 5 10 20 50 

Photonn energy (keV) 

FigureFigure 6.6: The figure shows the typical energy dependence of the rms amplitude of the 
HBOHBO (bullets) and NBO (squares) as measured in the frequency range 26-28 Hz for the 
HBO,HBO, and as measured in the Sz 1.0-1.9 range for the NBO. 

6.3.33 The second harmonic of the HBO 

Thee rms amplitude of the second harmonic of the HBO decreased as a function 
off  Sz (Fig 6.5 M) from 5.2% to 3.6% (5.0-60 keV). Upper limits on the second 
harmonicc of the HBO were derived using a fixed FWHM of 25 Hz. The frequency 
off  the second harmonic of the HBO was consistent with being twice the HBO 
frequencyy when the sub-HBO and the shoulder component were strong enough to 
bee measured (see Fig 6.5 O, and Figure 6.8). When these two extra components 
couldd not be determined significantly, due to the limited signal to noise, and we 
thereforee omitted them from the fit function (as explained above), the frequency of 
thee second harmonic of the HBO was clearly less than twice the HBO frequency 
(seee Figure 6.8). 

Thee rms amplitude of the second harmonic of the HBO was also energy de-
pendent.. Its rms amplitude increased from less than 4% in the 2-5.0 keV, to more 
thann 9% in the 8.6-13 keV band. The FWHM of the second harmonic varied er-
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FigureFigure 6.7: The absolute rms amplitude of the HBO at ~20 Hz divided by the absolute 
rmsrms amplitude of the HBO at ~50 Hz as a function of the photon energy. 

raticallyy in the range of 10-50 Hz. This is not necessarily a property of the second 
harmonicc since the HBO shoulder component which was not significant by them-
selvee was omitted from the fit function. This may have influenced the fit to the 
FWHMM of the second harmonic when it was weak. Its frequency was consistent 
withh being the same in each energy band. 

6.3.44 The sub-HBO component 

Thee centroid frequency (Fig 6.5 F) and FWHM (Fig 6.5 E) of the Lorentzian 
att sub-HBO frequencies increased from 3 Hz to 0 Hz and from 
7.11 6 Hz to 3 Hz, respectively, as the source moved up the HB from Sz = 
0.488 to 0.67. The rms amplitude of this component did not show a clear relation 
withh Sz; its value was consistent with being constant around 5% (Fig 6.5 D). 
Upperr limits on the sub-HBO component were determined using a fixed FWHM 
off  15 Hz. The frequency of the sub-HBO component is close to half the frequency 
off  the HBO component. The fact that the ratio between the HBO frequency and 
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FigureFigure 6.8: The frequencies of the four Lorentzian components used to describe the av-
erageerage 5.0-60 keV power spectra, as a function of the HBO frequency. Shown are from 
lowlow frequencies to high frequencies; the sub-HBO component (stars), the HBO (bullets), 
thethe shoulder component (open circles), and the second harmonic of the HBO (squares). 
TheThe solid line represents the relation v = 0.5 *  VHBO, the dashed-dotted line represents 
vv = 1.0 * VffBO, and the dotted line represents v = 2.0 *  VHBO- Errors in the HBO fre-
quencyquency are in some cases smaller than the symbols. 

thee sub-HBO frequency is not exactly 2 but ~ 2.2 may be accounted for by the 
complexityy of the data and therefore its description. 

Wee detected the sub-HBO component in the three highest energy bands that 
wee defined over an Sz range from 0.48-0.65. Its rms amplitude is higher in the 
highestt energy band (~7% in 13.0-60 keV, and less than 5% in 6.4-8.6 keV) and 
decreasedd as a function of Sz, while the FWHM and the frequency increased from 
6-122 Hz, and 9-15 Hz, respectively. 
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6.3.55 The HBO shoulder  component 

Att an Sz value of 0.48 (the left most part of the HB) the frequency of the shoulder 
componentt was higher than the frequency of the HBO, and the frequency sepa-
rationn between them was largest (Fig 6.5 L and Figure 6.8). Both the frequency 
off  the shoulder and the HBO increased when the source moved along the HB, but 
thee frequency difference decreased. The FWHM of the shoulder component in-
creasedd from 2 Hz to 3 Hz and then decreased again to 0 Hz as the 
frequencyy of the HBO peak increased from 7 Hz to 4 Hz (Fig 6.5 
K).. From an Sz value of 0.61 to 0.67 the frequency was consistent with being con-
stantt at a value of 32 Hz. The rms amplitude was consistent with being constant 
aroundd 4% (5.0-60 keV), over the total range where this component could be de-
tectedd (Fig 6.5 J), but the data is also consistent with an increase of fractional rms 
amplitudee with increasing HBO frequency. Upper limits on the HBO shoulder 
componentt were determined using a fixed FWHM of 7 Hz. 

Inn the various energy bands the HBO shoulder component was detected seven 
timess in total; once in the 2-5.0 keV band, three times in the 6.4-8.6 keV band, 
andd three times in the in the 8.6-13.0 keV band, with rms amplitudes increasing 
fromm ~ 3% in the 2-5.0 keV band to ~6% in the 8.6-13.0 keV band, and a FWHM 
off  ~10 Hz. Upper limits of the order of 3%-4%, and of 5%-7% were derived in 
thee two lowest and three highest energy bands considered, respectively. These are 
comparablee with or higher than the rms amplitudes of this component determined 
inn the 5-60 keV band. 

6.3.66 The NBO component 

Thee NBOs were not observed when the source was on the HB, with an upper limit 
off  0.5% just before the hard vertex (for an Sz value of 0.96). They were detected 
alongg the entire NB and they evolved into a broad noise component on the FB. 
Thee properties are listed in Table 6.2. The rms amplitude of the NBO gradually 
increasedd while the source moved from the upper NB to the middle part of the 
NBB where the rms amplitude is highest. On the lower part of the NB the NBO 
rmss amplitude gradually decreased. Upper limits on the NBO components were 
determinedd using a fixed FWHM of 5 Hz. 

Ass the NBO got stronger towards the middle of the NB the profile of the NBO 
becamee detectably asymmetric (see Figure 6.9); between Sz=1.25 and 1.54 the 
NBOO was fitted using two Lorentzians. The FWHM of the NBO as a function 
off  the position along the NB was first decreasing from ^10 Hz at Sz= 1.038 to 
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TableTable 6.2: Properties of the NBO Med using one or two Lorentzians, as a function ofS, 
inin  the 5.0-60 keV band. 

Sz z 

0.966 3 
1.044 3 
1.144 3 
1.255 3 
1.355 3 
1.466 3 
1.544 3 
1.655 3 
1.755 3 
1.855 4 
1.955 4 
2.055 3 
2.155 3 

NBO O 

VNBO VNBO 

(Hz) ) 
8" " 
6.22 4 
5.744 7 
4.988 7 
5.400 5 
5.655 5 
5.677 2 
5.99 2 
6.11 3 
7.11 8 
6.33 9 
5.66 4 
4+3 3 
4-10 0 

FWHM M 
(Hz) ) 
5fl l 

2 2 
6.33 3 
2.22 2 
2.22 2 
2.55 2 
2.99 5 
5.33 7 
5.22 9 
6.77 6 

3 3 
4 4 

22+15 5 
Z Z - 8 8 

Rms s 

(%) ) 
<0.5 5 
1.88 2 

1 1 
2.88 3 
4.11 3 
4.00 2 
3.33 5 

1 1 
2.44 2 
2.11 2 
1.77 3 
2.66 4 
c,, 2+1-6 

shoulder r 

^shoulder ^shoulder 

(Hz) ) 

--
8" " 
8a a 

6.77 3 
7 7 
1 1 

77 5+1-4 
8 8 

8a a 

--
--
--
--
--

FWHM M 
(Hz) ) 

--
5° 5° 
5a a 

5.00 4 
7 7 

8.55 7 

9t\ 9t\ 
5° ° 

--
--
--
--
--

Rms s 

(%) ) 
--
<< 1 
< 2 2 
3.11 3 
2.66 4 
2.55 4 
2.88 6 
<2.3 3 

--
--
--
--
--

Total l 

^weighted ^weighted 
(Hz) ) 

--
--
--
5.277 7 
5.744 5 
5.877 5 

8 8 

--
--
--
--
--
--

Totall  rms 

<%) ) 
--
--
--
4.22 8 
4.99 0 
4.77 9 
4.33 6 

--
--
--
--
--
--

aa Parameter fixed at this value 

aroundd 2.5 Hz on the middle part of the NB (Sz values from 1.25-1.54), and then 
increasedd again to ^ 5 Hz on the lowest part of the NB. 

Duee to the fact that the NBO profiles had to be fitted using two Lorentzians 
inn part of the data, the behavior of the NBO frequency as a function of Sz is also 
nott determined unambiguously. Therefore, we weighted the frequencies of these 
twoo Lorentzians according to one over the square of the FWHM. The FWHM 
weightedd average of the two centroid frequencies of the two Lorentzians used to 
describee the NBO was consistent with a small increase as a function of Sz from 
5.277 7 Hz at SZ=L25 to 8 Hz at Sz=1.54. 

Wee combined all power spectra with an Sz between 1.0 and 1.9 in order to 
investigatee the energy dependence of the NBO. The rms amplitude of the NBO 
increasedd as of function of photon energy (see Figure 6.6 [squares]). 

6.3.77 KHz QPOs 

Usingg the HBO frequency selection method in all data combined, the frequency 
off  the kHz QPO peaks increased from 197+̂  Hz to 5651̂  Hz and from 5 3 5^ 
Hzz to 840  21 Hz for the lower and upper peak, respectively, while the frequency 
off  the HBO increased from 20.55  0.02 Hz to 48.15  0.08 Hz. Using the Sz 

selectionn method on the three data sets we defined in Section 6.2 (Figure 6.1), 
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FigureFigure 6.9: Typical Leahy normalized power spectrum on the the NB showing the NBO in 
thethe energy band 5.0-60 keV (in the Sz 1.2-1.5 range). The asymmetry of the profile is 
clearlyclearly visible; the drawn line represents the best ut model, using two Lorentzian peaks. 
TheThe dotted line and the dash-dotted line represent the two Lorentzians. 

wee found that the relation between the kHz QPO and the HBO is consistent with 
beingg the same in all three data sets (Figure 6.10 upper panel). The same relation 
wass found when we combined all data and selected the power spectra according 
too the HBO frequency. 

Upperr limits on the kHz QPOs were determined with the FWHM fixed at 150 
Hz.. When only one of the two kHz QPO peaks was detected the upper limit 
onn the other peak was determined by fixing the frequency at the frequency of the 
detectedd peak plus or minus the mean difference frequency between the two peaks, 
dependingg on whether the lower or the upper peak was detected. The properties 
off  the kHz QPOs as determined in all data combined when selected according to 
thee HBO frequency are listed in Table 6.3. 

Thee kHz QPO peak separation was consistent with being constant at 8 
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FigureFigure 6.10: Upper panel: Relation between the lower and upper kHz QPO peak frequen-
ciescies and the HBO frequency, as measured using all the data selected according to their 
HBOHBO frequency in the 5-60 keV energy band (filled large squares), and using data from 
observationsobservations 1, and 9-18 combined (bullets; see Jonker et al. 1998), data from obser-
vationsvations 2-8 combined (stars), and data from observations 19-25 combined (diamonds) 
selectedselected according to the Sz selection method. The error bars on the HBO frequency are 
smallsmall compared to the size of the data points, and are therefore omitted. Lower panel: 
TheThe peak separation vs. upper kHz QPO frequency as measured when selected accord-
inging to HBO frequency. The solid, dashed, and dash-dotted lines represent the predicted 
relationsrelations between the peak separation and the Keplerian frequency in the Stella & Vietri 
(1999)(1999) model fora neutron star mass of 1.4, 2.0, and2.2MQ, respectively. 
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TableTable 6.3: Properties of the kHz QPOs as determined in all 5.0-60 keV data combined, 
selectedselected according to the HBO frequency. 

VHBOO (HZ) 

20.555 2 
23.166 2 
25.022 2 
27.044 2 
28.811 3 
30.944 4 

3 3 
33.099 2 
36.822 5 
40.000 6 
43.811 7 
48.155 8 

Upper r 
kHzz v (Hz) 

535+K5 5 

5522 0 
6055 4 
6255 2 
6144 7 
7099 7 
7022 7 
7299 3 
720+̂  ^ 
8099 4 
8022 6 

1 1 

FWHMM upper 
peakk (Hz) 
334+11» » 
-*-*^—17 2 2 

3 3 
4 4 
6 6 

T } Q + " 8 8 

1899 0 
8 8 
1 1 

2 0 9 ^f f 
866 9 
6 2+ 30 0 

1 1 

Rmss upper 
peak(%) ) 

44 2+ÜM 

3.33 4 
3.66 4 
3.33 3 
3.11 6 
3.44 4 
2.77 2 
2.77 3 
33 5+2"7 

: , -o.5 5 
ii  Q + 0 .2 

1.88 3 
1.22 3 

Lower r 
kHzz v (Hz) 

i97+*> > 
2522 7 
2466 0 

1 1 
275a a 

2966 2 
3511 9 
390" " 
382° ° 
4522 7 

8 8 
5655 2 

FWHMM lower 
peakk (Hz) 

171+]F F 
8 8 

208+ '̂ ' 
633 5 
150° ° 

8 8 
1521*1 1 
150° ° 
150° ° 
355 7 

1 1 
69+ 46 6 w_w_29 29 

Rmss lower 
peak(%) ) 

33 1+3-7 

2.77 5 
11 8 +1 - 0 

2.00 3 
<1.4 4 
2.55 4 
2.44 5 
<2.4 4 
<2.4 4 
1.22 3 

2 2 
1.11 2 

aa Parameter fixed at this value 

Hzz over the observed kHz QPO range (Figure 6.10 lower panel), but a decrease 
towardss higher upper peak frequencies similar to that found in Sco X- l (van der 
Kli ss et al. 1997), 4U 1608-52 (Méndez et al. 1998), 4U 1735 4̂ (Ford et al. 
1998b),, 4U 1702^29 (Markwardt et al. 1999), and 4U 1728-34 (Méndez & van 
derr Kli s 1999) cannot be excluded. The FWHM of neither the lower nor the 
higherr frequency kHz QPO peak showed a clear relation with frequency. The rms 
amplitudee of the lower and upper kHz QPO peak decreased from 3.1% to 1.1%, 
andd from 4.2% to 1.2%, respectively when the HBO frequency increased from 
20.555 to 48.15 Hz. 

6.44 Discussion 

Inn the present work we combined all RXTE data presently available for the Z 
sourcee GX 340+0 using our new selection method based on the frequency of 
thee HBO peak. This allowed us to distinguish two new components in the low-
frequencyy part of the power spectrum. 

Thesee two extra components were strongest when the source was at the lowest 
countt rates on the HB (see Figure 6.1), between Sz = 0.48-0.73, i.e., at the lowest 
inferredd M. The frequency of one of these components, the sub-HBO component, 
iss close to half the frequency of the HBO component. The frequency ratio was 
consistentt with being constant when the frequency of the sub-HBO changed from 
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99 to 14 Hz. A similar feature at sub-HBO frequencies has been reported by van 
derr Kli s et al. (1997) in Sco X- l . Since the frequency of this component is close 
too twice the predicted Lense-Thirring (LT) precession frequency for rapidly ro-
tatingg neutron stars (Stella & Vietri 1998), we shall discuss the properties of this 
componentt within this framework. 

Thee other component we discovered, the HBO shoulder component, was used 
too describe the strong excess in power in the HBO profile towards higher frequen-
cies.. If this shoulder component is related to the HBO and not to a completely dif-
ferentt mechanism which by chance results in frequencies close to the frequency of 
thee HBO, it can be used to constrain the formation models of the HBO peak. We 
demonstratedd that both the HBO and the NBO have a similar asymmetric profile. 
Inn the NBO this was previously noted by Priedhorsky et al. (1986) in Sco X- l . 
Wee shall consider the hypothesis that the formation of this shoulder is a common 
featuree of the two different QPO phenomena, even if the two peaks themselves 
perhapss occur due to completely different physical reasons. 

Ourr results on the kHz QPOs based on more extensive data sets at three dif-
ferentt epochs and using the new HBO selection method are consistent with those 
off  Jonker et al. (1998). We discuss the properties of the kHz QPOs within the 
frameworkk of precessing Keplerian flows (Stella & Vietri 1999), the sonic point 
modell  (Miller et al. 1998), and the transition layer model described by Osherovich 
&&  Titarchuk (1999), and Titarchuk et al. (1999). 

6.4.11 Comparison with other  observations 

Inn various LMXBs, QPOs have been found whose profiles are clearly not sym-
metric.. Belloni et al. (1997) showed that for the black hole candidate (BHC) 
GSS 1124-68 the QPO profiles are asymmetric, with a high frequency shoulder. 
Dieterss et al. (1998) reported that the 2.67 Hz QPO of the BHC 4U 1630-47 was 
alsoo asymmetric with a high frequency shoulder. In the Z source Sco X- l the 
NBOO profile was also found to be asymmetric (Priedhorsky et al. 1986). It is clear 
thatt asymmetric shapes of the QPO profiles are frequently observed in LMXBs 
andd are not restricted to either the black hole candidates or the neutron star sys-
tems. . 

Inn the BHCs GS 1124-68 (Belloni et al. 1997) and XTE J1550-564 (Homan 
ett al. 2001) several QPOs were discovered which seem to be harmonically re-
latedd in the same way as we report for GX 340+0, i.e. the third harmonic is not 
detected,, while the first, the second and the fourth harmonic are. If this implies 
thatt these QPOs are the same, models involving the magnetic field of the neutron 
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starr for their origin could be ruled out. The time lag properties of the harmonic 
componentss of the QPOs in XTE J1550-564 are complex and quite distinctive 
(Wijnandss et al. 1999a). In GX 340+0 no time lags of the harmonic components 
couldd be measured, but the time lags measured in the HBO in the similar Z source 
GXX 5-1 (Vaughan et al. 1994) are quite different. 

Inn order to study in more detail the relationship found by Wijnands & van 
derr Kli s (1999a) between the QPOs and the noise break frequency in the power 
spectrumm of LMXBs, we fitted the LFN component using a broken power law. To 
determinee the value for the break frequency we fixed the parameters of all other 
componentss to the values found when using a cut-off power law to describe the 
LFN.. Wijnands & van der Kli s (1999a) reported that the Z sources did not fall 
onn the relation between the break and QPO frequency established by atoll sources 
andd black hole candidates. They suggested that the Z source LFN is not similar to 
thee atoll HFN but the noise component found in Sco X- l at sub-HBO frequencies 
is.. By using the centroid frequency of that peaked noise component as the break 
frequencyy instead of the LFN break frequency, the HBO frequencies did fall on 
thee reported relation. On the other hand, we find that using the sub-HBO fre-
quencyy instead of the HBO frequency together with the LFN break frequency, the 
ZZ source GX 340+0 also falls exactly on the relation. Therefore, the suggestion 
madee by Wijnands & van der Kli s (1999a) that the strong band-limited noise in 
atolll  and Z sources have a different origin is only one of the two possible solu-
tionss to the observed discrepancy. Our proposed alternative solution is that the Z 
andd atoll noise components are the same, but that it is the sub-HBO in Z sources 
whichh corresponds to the QPO in atoll sources. An argument in favour of the noise 
componentss in Z and atoll sources being the same is that the cut-off frequency of 
thee LFN component increased as a function of Sz, in a similar fashion as the fre-
quencyy associated with the atoll high frequency noise (van der Kli s 1995; Ford & 
vann der Kli s 1998; van Straaten et al. 2000). 

Followingg Psaltis et al. (1999a) we plotted the sub-HBO frequency against 
thee frequency of the lower-frequency kHz QPO. The sub-HBO does not fall on 
thee relation found by Psaltis et al. (1999a) between the frequency of the HBO and 
thee lower-frequency kHz QPO frequency. Instead the data points fall between the 
twoo branches defined by the HBO-like QPO frequencies vs. the lower kHz QPO 
frequencyy at high frequencies (see Psaltis et al. 1999a). 
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6.4.22 HBO - kHz QPO relations 

Lense-Thirrin gg precession frequency 

Stellaa & Vietri (1998) recently considered the possibility that the HBO is formed 
duee to the LT precession of the nodal points of sligthly tilted orbits in the inner 
accretionn disk, but as they already mentioned the Z sources GX 5-1 and GX 17+2 
didd not seem to fit in this scheme. For reasonable values of I/M, the neutron 
starr moment of inertia divided by its mass, the observed frequencies were larger 
byy a factor of ~2 than the predicted ones. Jonker et al. (1998) showed that for 
GXX 340+0 the predicted frequency is too small by a factor of 3, if one assumes 
thatt the higher frequency peak of the kHz QPOs reflects the Keplerian frequency 
off  matter in orbit around the neutron star, and that the mean peak separation re-
flectsflects the neutron star spin frequency. Using the same assumptions Psaltis et al. 
(1999b)) also concluded that a simple LT precession frequency model is unable to 
explainn the formation of HBOs in Z sources. 

Detailedd calculations of Morsink & Stella (1999) even worsen the situation, 
sincee their calculations lower the predicted LT frequencies. They find that the LT 
precessionn frequencies are approximately a factor of two too low to explain the 
noisee components at frequencies ~ 20-35 Hz observed in atoll sources (4U 1735— 
44,, Wijnands et al. 1998c; 4U 1728-34, Strohmayer et al. 1996; Ford & van der 
Kli ss 1998). Stella & Vietri (1998) already put forward the suggestion that a mod-
ulationn can be produced at twice the LT precession frequency if the modulation 
iss produced by the two points where the inclined orbit intersects the disk plane 
(althoughh they initially used this for explaining the discrepancy of a factor of 
twoo between the predicted and the observed LT precession frequencies for the Z 
sources). . 

Thee sub-HBO peaked noise component we discovered could be harmonically 
relatedd to the HBO component. If the sub-HBO is the second harmonic of the 
fundamentall  LT precession frequency, as needed to explain the frequencies in the 
frameworkk of the LT precession model where the neutron star spin frequency is 
approximatelyy equal to the frequency of the kHz QPO peak separation, the HBO 
mustt be the fourth and thee harmonic of the HBO must be the eighth harmonic com-
ponent,, whereas the sixth and uneven harmonics must be much weaker. This poses 
strongg (geometrical) constraints on the LT precession process. On the other hand, 
iff  the HBO frequency is twice the LT precession frequency, which implies a neu-
tronn star spin frequency of ~900 Hz (see Morsink & Stella 1999), the frequency 
off  the sub-HBO component is the LT precession frequency, and the frequency of 
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thee second harmonic of the HBO is four times the LT precession frequency. In 
thatt case only even harmonics and the LT precession frequency are observed. 

Magnetosphericc beat frequency and radial-flow models 

Inn this section, we discuss our findings concerning the QPOs and the LFN compo-
nentt in terms of the magnetic beat frequency model where the QPOs are described 
byy harmonic series (e.g. Shibazaki & Lamb 1987). 

Iff  the sub-HBO frequency is proven not to be harmonically related to the 
HBO,, the sub-HBO peak might be explained as an effect of fluctuations entering 
thee magnetospheric boundary layer periodically. Such an effect will be strongest 
att low HBO frequencies since its power density wil l be proportional to the power 
densityy of the LFN (Shibazaki & Lamb 1987). If it is the fundamental frequency 
andd the HBO its first overtone then the magnetospheric beat frequency model pro-
posedd to explain the HBO formation (Alpar & Shaham 1985; Lamb et al. 1985) is 
nott strongly constrained. 

Withinn the beat frequency model the high frequency shoulder of the HBO peak 
cann be explained as a sign of radial drift of the blobs as they spiral in after crossing 
thee magnetospheric boundary layer. Shibazaki & Lamb (1987) describe another 
mechanismm which may produce a high frequency shoulder. Interference between 
thee LFN and the QPO caused by a non uniform phase distribution of the blobs wil l 
alsoo cause the QPO to become asymmetric. This effect will be strongest when the 
LFNN and the QPO components overlap, as observed. Finally, an asymmetric initial 
distributionn of frequencies of the blobs when entering the magnetospheric bound-
aryy layer may also form an asymmetric HBO peak. 

Thee changes in the power law index of the LFN as a function of photon energy 
cann be explained by varying the width or the steepness of the lifetime distribution 
off  the blobs entering the magnetic boundary layer (Shibazaki & Lamb 1987). The 
decreasee in increase of both the fractional and absolute rms amplitude of the HBO 
ass a function of energy towards higher frequencies (Figure 6.7) also constrains the 
detailedd physical interactions occurring in the boundary layer. 

Formerr et al. (1989) proposed that the NBO is caused by oscillations in the 
electronn scattering optical depth at the critical Eddington mass accretion rate. How 
aa high frequency shoulder can be produced within this model is not clear. Both the 
HBOO and the NBO shoulder components were detected when the rms amplitude 
off  the HBO and the NBO was highest. In case of the NBO, this may be a result 
off  the higher signal to noise. Since the rms amplitude of the NBO shoulder com-
ponentt is consistent with being ~2/3 of the NBO rms amplitude (see Table 6.2), 
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combiningg more observations should increase the range over which this shoulder 
componentt is detected, if this ratio is constant along Sz. In case of the HBO the 
twoo components seem to merge. While the fractional rms amplitude of the HBO 
shoulderr component increased that of the HBO decreased. When the fractional 
rmss amplitudes were comparable, the HBO was fitted with one Lorentzian. The 
rmss amplitude of both shoulder components increased in a similar way as the rms 
amplitudess of the NBO and the HBO with photon energy. So, the formation of 
thesee shoulder components seems a common feature of both QPO forming mech-
anisms. . 

Radiall  oscillations in a viscous layer 

Inn Sco X- l , Titarchuk et al. (1999) interpreted the extra noise component in the 
powerr spectra (van der Kli s et al. 1997) as due to radial oscillations in a vis-
couss boundary layer (Titarchuk & Osherovich 1999). If the noise component in 
Scoo X- l is the sub-HBO component in GX 340+0, the model of Titarchuk & Os-
herovichh (1999) can be applied to the frequencies and dependencies we found for 
thee sub-HBO component in GX 340+0. Fitting our data to the relation between 
thee frequency of the extra noise component and the Keplerian frequency, using 
thee parameters and parametrization given by Titarchuk et al. (1999), we obtained 
aa value of C# = 15 for GX 340+0. This value is much larger than the value ob-
tainedd for Sco X- l (9.76). According to Titarchuk & Osherovich (1999) a higher 
CNCN value implies a higher viscosity for the same Reynold's number. 

6.4.33 KHz QPOs and their  peak separation 

Recently,, Stella & Vietri (1999) have put forward a model in which the formation 
off  the lower kHz QPO is due to the relativistic periastron precession (apsidal mo-
tion)) of matter in (near) Keplerian orbits. The frequency of the upper kHz QPO 
peakss is the Keplerian frequency of this material. The peak separation is then 
equall  to the radial frequency of matter in a nearly circular Keplerian orbit, and 
iss predicted to decrease as the Keplerian frequency increases and approaches the 
predictedd frequency at the marginally stable circular orbit. This model can explain 
thee decrease in peak separation as observed in various sources (see Section 6.3.7). 

Beatt frequency models stating that the upper kHz QPO peak is formed by Ke-
pleriann motion at a preferred radius in the disk (e.g. the sonic point radius, Miller 
ett al. 1998), whereas the lower kHz QPO peak formed at the frequency of the beat 
betweenn the neutron star spin frequency and this Keplerian frequency, cannot in 
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theirr original form explain the decrease in peak separation in these two sources. 
AA relatively small extension of the model (Lamb & Miller 2001) can, however, 
producee the observed decrease in peak separation. 

Osherovichh & Titarchuk (1999) developed a model in which the kHz QPOs 
arisee due to radial oscillations of blobs of accreting material at the magnetospheric 
boundary.. The lower kHz QPO frequency is in their model identified with the 
Kepleriann frequency. Besides this QPO two eigenmodes are identified whose fre-
quenciess coincide with the upper kHz QPO peak frequency and the frequency of 
thee HBO component in the power spectra of Sco X- l (Titarchuk & Osherovich 
1999).. Interpreting our findings within this framework did not result in stringent 
constraintss on the model. 

Wee found that the peak separation is consistent with being constant (Fig-
uree 6.10 A and B), but neither a decrease towards higher M as in Sco X- l , 
4UU 1608-52, 4U 1735^*4, 4U 1702-429, and 4U 1728-34 nor a decrease to-
wardss lower M, as predicted by Stella & Vietri (1999) can be ruled out. If the 
modell  of Stella & Vietri turns out to be the right one the mass of the neutron star 
mostt likely is in the range of 1.8 to 2.2 M 0 (see Figure 6.10 B). This is in agree-
mentt with the mass of Cyg X-2 derived by Orosz & Kuulkers (1999), and with the 
massess of the neutron stars derived when interpreting the highest observed kHz 
QPOO frequencies as due to motion at or near the marginally stable orbit (Kaaret 
ett al. 1997; Zhang et al. 1997). 
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brightt X-ray binary GX 5-1 
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Abstract t 

Wee report on a detailed analysis of data obtained over nearly four years with the 
RossiRossi X-ray Timing Explorer of the Z source GX 5-1. From a spectral analysis 
usingg a hardness-intensity diagram it was found that the source traced out the 
typicall  Z-shaped pattern. The study of the power spectral properties showed that 
whenn the source moved on the Horizontal Branch towards the Normal Branch 
thee fractional rms amplitudes and timescales of all variability decreased, while 
theirr FWHMs increased. The frequency separation of the two kHz QPO peaks 
decreasedd from 344  12 to 232  13 while the frequency of the lower and upper 
kHzz QPO increased from 0 Hz to 6 Hz and 0 Hz to 2 
Hz,, respectively. At low frequencies, besides the horizontal branch oscillation 
(HBO)) and its second harmonic, two additional broad Lorentzian components 
weree needed to obtain acceptable fits. These broad Lorentzians have Q-values of 
~ l - 22 and have frequencies 0.5 and 1.5 times the HBO frequency. When inter-
pretedd as being related to the HBO, they seem to favor disk models for the HBO 
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overr the magnetic beat-frequency model. The frequency of the Normal Branch 
Oscillationss changed slightly and non-monotonically while on the Normal Branch 
betweenn ~6 Hz at both ends and 5 Hz near the middle of the branch. It 
evolvedd into a flat-topped noise component on the Raring Branch. We compared 
thee timing properties of the some of the Z sources. We also compare the tim-
ingg properties and color-color diagrams (CDs) of GX 5-1 with those of the back 
holee candidate XTE J1550-564 and the atoll source 4U 1608-52. The CDs are 
strikinglyy similar when a color scheme is used that is commonly employed in 
blackk hole studies. However, this is a degeneracy as the CDs turn out to be more 
complicatedd when colors common in neutron star studies are employed. Apart 
fromm some remarkable similarities between the CD of XTE J1550-564 and that 
off  4U 1608-52, several differences can be seen between these CDs and that of 
GXX 5-1. Conclusions on spectral states or properties based solely on the use of 
CDss using the "black hole scheme" should be regarded with caution. 

7.11 Introductio n 

Low-masss X-ray binaries (LMXBs) are systems where the compact object, either 
aa neutron star or a black hole, accretes matter from a companion with a mass of 
lesss than 1 M©. The neutron-star LMXB systems are subdivided on the basis of 
thee pattern they trace out in an X-ray color-color or hardness-intensity diagram 
(CDD or HID, respectively) in atoll and Z sources (Hasinger & van der Kli s 1989). 
Thee X-ray flux measurements combined with the knowledge of the distance have 
shownn that Z sources have a high luminosity (~L£^) and accrete at a rate close 
too the Eddington accretion rate, whereas atoll sources have typical luminosities 
andd inferred accretion rates 5-100 times lower (e.g. see the compilation of source 
luminositiess by Ford et al. 2000). The three branches of the Z traced out in a CD 
orr HID by Z sources are called (from top to bottom); Horizontal Branch, Normal 
Branch,, and Flaring Branch. 

Studiess of the X-ray variability of Z sources revealed two types of quasi-
periodicc oscillations (QPOs) with frequencies less than 100 Hz (Horizontal Branch 
oscillations;; HBO and Normal Branch oscillations; NBO), twin kHz QPO peaks, 
andd three types of rapid flickering ("noise"), the very low-frequency noise (VLFN), 
thee low-frequency noise (LFN), and the high-frequency noise (HFN) (see van der 
Kli ss 1995,2000, for reviews). The properties of noise features and the HBOs, such 
ass the central frequency and the fractional rms amplitude, are strongly correlated 
withh the position of a source along the Horizontal Branch. These correlations, to-
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getherr with the observed increase in the ultra-violet flux in the Z source Sco X- l 
(Vrtilekk et al. 1991) when the source moves from the Horizontal Branch via the 
Normall  Branch to the Flaring Branch lend support to the idea that the mass ac-
cretionn rate increases from the Horizontal Branch via the Normal Branch to the 
Flaringg Branch (see van der Kli s 1995). However, recent observations (Wijnands 
ett al. 1996; Di Salvo et al. 2000; Homan et al. 2001a), together with problems 
notedd before (most notably secular motion of the Z track; Kuulkers et al. 1994) 
showw that the situation may be more complex (e.g. van der Kli s 2001). 

KHzz QPOs have now been seen in just over twenty LMXBs, including all Z 
sourcess (van der Kli s 1998, 2000). Potentially they can provide a key to mea-
suree the basic properties of neutron stars (spin rates and perhaps magnetic field 
strengths,, radii and masses) and thereby constrain the equation of state of ultra-
densee matter, and to verify untested general relativistic effects by tracing space-
timee just above the neutron star surface (e.g. Kluzniak 1993; Miller et al. 1998; 
Kaarett et al. 1997; Zhang et al. 1997, 1998; Stella & Vietri 1998, 1999; Psaltis & 
Normann 2001). The discovery of kHz QPOs in GX 5-1 was reported by Wijnands 
ett al. (1998). The HBOs were discovered by van der Kli s et al. (1985), and the 
NBB Os in GX 5-1 by Lewin et al. (1992). The source was also detected at radio 
(Braess et al. 1972) and infrared wavelengths (Jonker et al. 2000a). 

Inn this paper we present an analysis of all RXTE observations of GX 5-1 ob-
tainedd before 2001. We show for the first time the kHz QPO separation frequency 
iss not constant in GX 5-1. We show that besides the two harmonically related 
low-frequencyy QPOs found previously on the Horizontal Branch, two additional 
harmonicallyy related broad Lorentzian components are needed to obtain a good 
fit.fit.  We discuss the power spectra and color-color diagrams of the black hole can-
didatee XTE J1550-564, the Z source GX 5-1, and the atoll source 4U 1608-52, 
andd conclude that there are some remarkable similarities and differences which 
havee not been appreciated in the past due to differences in analysis conventions 
betweenn in particular neutron stars and black hole candidates. 

7.22 Observations and analysis 

GXX 5-1 was observed 76 times in the period spanning July 27 1996 to March 3 
20000 with the proportional counter array (PCA: Jahoda et al. 1996) on board the 
RossiRossi X-ray Timing Explorer (RXTE) satellite (Bradt et al. 1993). A log of the 
observationss is presented in Table 7.1. The total observing time was ~564 ksec. 
Duringg ^40% of the time only a subset of the 5 detectors was active. Two short 
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TableTable 7.1: Log of the observations ofGX5-l used in this analysis. 

Obs. . 
No. . 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20 0 
21 1 
22 2 
23 3 
24 4 
25 5 
26 6 
27 7 
28 8 
29 9 
30 0 
31 1 
32 2 
33 3 
34 4 
35 5 
36 6 
37 7 
38 8 

Observation n 
ID D 

10257-05-01-00 0 
10257-05-02-00 0 
10061-02-01-00 0 
10063-01-01-00 0 
10063-02-01-00 0 
10061-02-02-00 0 
10061-02-03-00 0 
20055-01-01-00 0 
20055-01-02-00 0 
20055-01-03-00 0 
20053-02-01-00 0 
20053-02-01-04 4 
20053-02-02-00 0 
20053-02-01-02 2 
20053-02-01-03 3 
20053-02-01-01 1 
20O55-01-O4-0O O 
20055-011 -05-00 
30042-01-01-00 0 
30042-01-02-00 0 
30042-01-03-00 0 
30042-01-04-00 0 
30042-01-02-01 1 
30042-01-05-00 0 
30042-01-06-00 0 
30042-01-07-00 0 
30042-01-08-01 1 
30042-01-08-00 0 
30042-01-09-00 0 
30042-01-10-00 0 
30042-01-11-01 1 
30042-01-11-00 0 
30042-01-12-00 0 
30042-01-13-00 0 
30042-01-14-00 0 
30042-01-15-00 0 
30042-01-16-00 0 
30042-01-17-00 0 

Da le* * 
Stann time (UTC) 

21-07-199623:42 2 
24-10-19966 20:02 
02-11-199608:34 4 
03-11-19966 20:10 
03-11-19966 20:30 
06-11-19966 21:19 
16-11-19966 00:55 
15-02-19977 08:32 
12-04-19977 19:00 
29-05-19977 19:18 
30-05-19977 09:28 
06-06-19977 00:28 
25-07-19977 05:19 
25-07-19977 11:43 
25-07-19977 18:23 
25-07-19977 21:41 
28-07-19977 18:21 
21-09-19977 12:29 
22-08-19988 10:36 
14-09-19988 00:25 
25-09-19988 03:28 
08-10-19988 08:18 
09-10-19988 03:30 
14-10-19988 00:17 
26-10-19988 04:58 
30-10-19988 05:23 
02-11-19988 06:34 
03-11-19988 03:18 
04-11-19988 05:01 
08-11-19988 06:36 
08-11-19988 10:01 
09-11-19988 06:38 
10-11-19988 00:07 
10-11-19988 06:40 
11-11-19988 03:16 
20-11-19988 16:10 
21-11-19988 00:10 
21-11-19988 11:47 

Amountt of good 
dataa (ksec) 

~~ 0.14 
Omitted d 
~~ 14.5 
Omitted d 

-- 10 
~~ 14.8 
-- 15.4 
-4.8 8 
-4.8 8 
-5 .3 3 

~~ 17.6 
-5.2 2 
-9.2 2 

-- 13.1 
-5.2 2 
-8 .3 3 
-4 .8 8 
-4.6 6 

-- 11.3 
-2 .8 8 
-9.6 6 
-4.6 6 
-5 .7 7 
-- 10.5 
-9 .7 7 
-5 .9 9 
-3 .0 0 
-- 11.9 
-6 .1 1 
-2 .7 7 
-- 1.3 
-8 .6 6 
-- 10.3 
-- 11.2 
-- 10.4 
-5 .4 4 
-23.4 4 
-- 13.9 

Obs. . 
No. . 

39 9 
40 0 
41 1 
42 2 
43 3 
44 4 
45 5 
46 6 
47 7 
48 8 
49 9 
50 0 
51 1 
52 2 
53 3 
54 4 
55 5 
56 6 
57 7 
58 8 
59 9 
60 0 
61 1 
62 2 
63 3 
64 4 
65 5 
66 6 
67 7 
68 8 
69 9 
70 0 
71 1 
72 2 
73 3 
74 4 
75 5 
76 6 

Observation n 
ID D 

30042-01-18-00 0 
30042-01-19-00 0 
30042-01-20-00 0 
4O018-02-01-O5 5 
40018-02-01-00 0 
40018-02-01-10 0 
40018-02-01-02 2 
40018-02-01-03 3 
40018-02-01-06 6 
40018-02-01-01 1 
40018-02-01-04 4 
40018-02-02-00 0 
40018-02-02-02 2 
40018-02-02-10 0 
40018-02-02-03 3 
40018-02-02-04 4 
40018-02-02-05 5 
40018-02-02-12 2 
40018-02-02-21 1 
40018-02-02-14 4 
40018-02-02-01 1 
40018-02-02-20 0 
40018-02-02-06 6 
40018-02-02-08 8 
40018-02-02-13 3 
40018-02-02-07 7 
40018-02-02-17 7 
4OO18-02-O2-22 2 
40018-02-02-15 5 
40018-02-02-11 1 
40018-02-02-23 3 
40018-02-01-07 7 
40018-02-02-16 6 
40018-02-01-08 8 
40018-02-02-09 9 
40018-02-02-18 8 
40018-02-02-24 4 
40018-02-02-19 9 

Date& & 
Startt time (UTC) 

21-11-19988 22:35 
22-11-19988 06:35 
22-11-19988 09:47 
01-03-200014:26 6 
01-03-20000 23:29 
02-03-200004:29 9 
02-03-200006:16 6 
02-03-200012:14 4 
02-03-20000 14:05 
02-03-20000 15:28 
02-03-200017:11 1 
03-03-20000 00:00 
03-03-20000 07:24 
03-03-200013:48 8 
03-03-20000 23:23 
04-03-200005:56 6 
04-03-20000 13:51 
04-03-20000 15:37 
05-03-20000 00:57 
05-03-20000 04:14 
05-03-20000 06:07 
05-03-20000 12:02 
05-03-20000 13:43 
05-03-20000 15:19 
05-03-20000 16:58 
06-03-20000 00:57 
06-03-20000 02:33 
06-03-20000 04:09 
06-03-20000 05:45 
06-03-20000 07:17 
06-03-20000 09:07 
06-03-20000 10:30 
06-03-20000 13:40 
06-03-200015:16 6 
06-03-20000 16:52 
07-03-200000:53 3 
07-03-200004:04 4 
07-03-200005:38 8 

Amountt of good 
dataa (ksec) 

- 1 2 .0 0 
- 6 .8 8 
- 3 .5 5 
-- 1.0 
- 26 .0 0 
- 2 .3 3 
- 5 .5 5 
- 2 .6 6 
-- 1.9 
- 2 .7 7 
-- 14.6 
- 7 .6 6 
-- 13.9 
- 2 .7 7 
- 26 .0 0 
- 17 .0 0 
- 2 .3 3 
-- 1.6 
-23 .1 1 
- 2 .7 7 
- 2 .4 4 
- 2 .4 4 
- 2 .3 3 
- 2 .4 4 
-- 14.8 
-- 1.9 
- 3 .5 5 
- 3 .4 4 
- 3 .5 5 
- 3 .7 7 
- 2 .7 7 
-- 1.9 
- 2 .2 2 
- 2 .2 2 
-- 14.9 
- 7 .2 2 
- 3 .6 6 
-- 11.1 

observationss (2 and 4) were omitted from our analysis due to data overflows. Data 
weree always obtained in a mode providing 16 s time-resolution and a high spec-
trall  resolution (129 channels covering the effective 2-60 keV range; the Standard 
22 mode). In addition, a variety of high time-resolution modes was used in the 
variouss observing campaigns; for all observations data with a time resolution of 
att least 2_ 1 ] s were obtained in the energy band spanning 2-60 keV. 

Fromm the Standard 2 data we computed HIDs. We only used data obtained 
withh the two detectors (proportional counter units 0 and 2) that were always oper-
ationall  since each detector has a slightly different energy response. The hardness, 
orr hard color, and intensity are denned as the logarithm of the 10.2-17.5 / 6.5-
10.22 keV count rate ratio and as the count rate in the 2.5-17.5 keV band of a 16 s 
average,, respectively (RXTE energy channels 25-44 / 14-24 and 3^4, respec-
tively).. The high voltage setting of the PC A detectors was changed on March 
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222 1999 (i.e., the gain changed). Combined with the finite energy resolution this 
forcedd us to use somewhat different energy boundaries in our computation of the 
HIDD for data obtained after March 22 1999 (i.e., 10.1-17.6 keV / 6.6-10.1 keV 
forr the hard color and 2.6-17.6 keV for the intensity for observations 42-76. We 
usedd RXTE energy channels 20-36 / 11-19 and 2-36, respectively). Besides the 
gainn change the energy response of the detectors changed slowly with time. These 
variouss changes have been partially corrected for using the Crab pulsar as a ref-
erence,, under the assumption that the spectrum of the Crab pulsar does not vary. 
Thiss correction is only perfect if the spectral shape of GX 5-1 is equal to that 
off  the Crab (the steps involved in this correction were outlined in Di Salvo et al. 
20011 and Jonker et al. 2001). So, a small systematic error is introduced both by 
thee correction for the drift in detector response and the slightly different energy 
boundariess which we used as a result of the gain change. Together with the sec-
ularr variation of the source (see e.g. Kuulkers et al. 1996) this led us to compute 
55 separate HIDs combining observations 1-7, 8-18, 19-26, 27'-41, 42-76 (see 
Figuree 7.1 left panel; Table 7.1). 

Inn Figure 7.1 (right panel) the 5 HIDs are overplotted. The source was found 
onn the Horizontal Branch, Normal Branch, and Raring Branch in four of the five 
HIDs;; for the HID of observations 42-76 the source was not found on the Horizon-
tall  Branch. The Z tracks were parameterized by fitting a spline through manually 
selectedd points along the track in each of the 5 HIDs separately. The position of 
thee source along the track is characterized by a parameter called Sz representing 
curvee length along the track (see Hasinger et al. 1990; Hertz et al. 1992). The 
SSzz values are determined using the logarithm of the colors and count rate (Wij-
nandss et al. 1997b) and normalized by assigning the hard vertex (the Horizontal 
Branch-Normall  Branch junction) the value ' 1' and setting the soft vertex (the 
Normall  Branch-Flaring Branch junction) to '2'. We applied this parameteriza-
tionn to the HID obtained from each of the subsets. The track traced out by the 
sourcee during observations 42-76 only covers part of the Z. In order to calculate 
thee Sz values along this track we assumed that the hard vertex in that data set was 
att the same position relative to the soft vertex as in the HID of observations 27^41. 

UsingUsing the high time-resolution data we calculated power-density spectra (2-
600 keV) of data stretches of 16 s, up to a Nyquist frequency of 2048 Hz, using 
aa Fast Fourier Transformation algorithm. The power spectra were normalized to 
fractionall  rms amplitude squared per Hz, added, and averaged according to their 
positionn along the Z track (the selection method will be described in detail below). 
Duee to the relatively low amplitude of the variability in the high frequency part 
off  the power spectrum, simultaneous fits of the entire frequency range would not 
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FigureFigure 7.1: Left panel: Hardness-intensity diagrams for observations 1-7, 8-18, 19-26, 
27-41,27-41, 42-76. Right panel: Hardness-intensity diagram of all observations combined. 
TheThe hard color is the logarithm of the 10.2-17.5/6.5-10.2 keV count rate ratio for obser-
vationsvations 1-41 and that of the 10.1-17.61 6.6-10.1 keV count rate ratio for observations 
42-76.42-76. The intensity is the 2.5-17.5 keV (observations 1-41), and the 2.6-17.6 keV (ob-
servationsservations 42-76) count rate. The data were background-subtracted and corrected for 
changeschanges in the energy response of the PCA detectors (see text), but no deadtime correc-
tionstions were applied (the deadtime correction is <4%). Typical error bars (not including 
systematicsystematic errors) are shown at the bottom right of the figure in the right panel. 

constrainn the properties of the high frequency part. Therefore, we fitted the low 
(1/16-1288 Hz) and high (~ 128-2048 Hz) frequency part of the power spectra sep-
arately.. The low-frequency part of the average power spectra was fit with a func-
tionn consisting of an exponentially cut-off power law to describe the noise at low 
frequenciess (LFN) and at most five Lorentzians to fit  the QPOs. The component 
arisingg in the power spectrum due to the Poisson counting noise was subtracted. 
Forr values of Sz > 1.0 a power law was added to the fit  function to fit  the very low-
frequencyy noise (VLFN). The function used to describe the high-frequency part 
off  the average power spectrum was built up out of two Lorentzians describing the 
kHzz QPOs. Contrary to when we fit  the low-frequency part, the continuum due to 
Poissonn noise was not subtracted prior to fitting, therefore we included a constant 
too account for this Poisson noise. Sometimes also a power law component was 
addedd to account for the slope of the underlying continuum, caused by the high 
frequencyy tail of one of the low-frequency components. The high frequency tail 
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didd not systematically influence our fit-parameters. 
Fromm previous studies of GX 5-1 and other Z sources it is known that the 

frequencyy of the QPOs on the Horizontal Branch (the HBOs and the kHz QPOs) 
increasess with Sz (Wijnands et al. 1998; Dieters & van der Kli s 2000; Jonker et al. 
2000b;; Homan et al. 2001a). For all but the HID of observations 42-76 (when the 
sourcee was not found on the Horizontal Branch or the upper part of the Normal 
Branchh and therefore no HBOs were present in the power spectra; see Figure 7.1 
leftleft panel) we studied the relation between Sz and HBO frequency. These rela-
tions,, plotted in Figure 7.2, have two notable properties. First, the relation found 
forr observations 27^-1 is clearly offset from the other relations. This is an ef-
fectt of secular motion of the source during the gap in between the observations 
27-355 and 36-41. During the first 9 observations (27-35) the source was found 
onn the Horizontal Branch, whilst, after a 9 day gap, during observations 36-41 
thee source traced a part of the Horizontal Branch close to the Normal Branch, the 
Normall  Branch, and the Flaring Branch. We checked the vertices of the 5 HIDs to 
searchh for additional evidence of secular motion but in view of the uncertainties 
involvedd in their manual selection, we conclude that the vertices of the 5 HIDs 
weree not significantly different. The second notable property involves the jump in 
HBOO frequency near Sz ~ 1 (see also plots in Wijnands et al. 1998). To investi-
gatee the nature of the jump further we plotted the hard color vs. the frequency of 
thee HBO. A discontinuity in the rate of change in frequency as a function of hard 
colorr was also observed in the hard color vs. frequency plot at a frequency of ~50 
Hz.. Therefore, the jump in frequency when plotted vs. Sz is not an artefact of the 
SSzz parameterization. We investigated whether a similar jump was present in the 
frequenciess of the kHz QPOs, but we lacked the signal-to-noise to conclude on 
this. . 

Inn order to combine all power spectra with similar HBO frequencies, we 
shiftedd all Sz-HBO frequency relations to one "parent" relation. To this end, we 
fittedfitted a polynome to the relation between Sz and HBO frequency for each of the 
HIDss separately. We included only measurements for Sz < 1.0 in the fit. The 
orderr of the polynome was determined such that the reduced %2 of the fit  was ~ 1. 
Thee parent relation for Sz<  1.0 is the best linear fit  to the Sz-HBO frequency re-
lationn for all the HIDs combined (VHBO = 9.9 + 36.8 x Sz,paretU; the drawn line in 
Figuree 7.2). The shifting procedure works as follows: given the Sz value (SZ)jnjtiai) 
obtainedd from the HID corresponding to the observation the power spectrum is 
calculatedd from, the HBO will have a certain predicted frequency which follows 
fromm the Sz-HBO frequency relation found for that HID. That predicted HBO fre-
quencyy corresponds, given the Sz-HBO frequency parent relation, to a SZ)Parent-
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FigureFigure 7.2: The Sz-HBO frequency relation measured for four different HIDs. The Sz-
HBOHBO frequency relation found for the HID of the observations 27-41 (diamonds) is 
clearlyclearly offset with respect to the relations found for the other HIDs (dots represent ob-
servationsservations 1-7, open circles observations 8-18, and triangles observations 19-26). The 
drawndrawn line is the parent relation to which all the relations are scaled (see text). Error bars 
areare shown for each measurement; the error on the HBO frequency is in most cases smaller 
thanthan the size of the symbols. 

Thiss SZ)Parent is then assigned to the power spectrum instead of SZ!jnjtjai (the change 
off  Sz corresponds to a horizontal shift in Figure 7.2). This shifting procedure was 
donee for each 16 s power spectrum separately. Finally, all power spectra were se-
lectedd according to their SZ5parent values for Sz < 1.0; the selection bin width was 
0.1.. For Sz>  1.0 the unshifted values obtained from each separate HID were used 
inn the selection, since both the secular motion and the effects of the changes in 
thee response move the Z track in a direction nearly perpendicular to the Normal 
Branch.. Here the selected bin width was 0.05. The selected power spectra were 
averagedd and fitted with the function described above. 
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Thee errors on the fit parameters were determined using A% = 1.0 ( la, single 
parameter).. The error on Sz is the standard deviation of the distribution of Sz 

valuesvalues in one selection bin. In cases where components were not significantly 
detected,, 95% confidence upper limits were determined using A%2 = 2.71. The 
full-widthh at half maximum (FWHM) of the Lorentzians was fixed at 10 Hz in 
casee an upper limit was determined to the sub-HBO, its third harmonic or the 
secondd harmonic of the HBO, and at 30 Hz in case of the first harmonic (which is 
thee fundamental) of the HBO. The frequency of the component for which an upper 
limi tt was determined was not fixed but restricted to a range of values around that 
expectedd on the basis of the observed trends. Upper limits to thee presence of kHz 
QPOss were determined using a FWHM of 75 Hz. 

7.33 Results 

7.3.11 Spectral states 

Thee source was found on the Horizontal Branch, Normal Branch and Flaring 
Branch.. Note the clear "Dipping Flaring Branch" trailing the Raring Branch (see 
Figuree 7.1, see also Kuulkers et al. 1994). GX 5-1 was found to reside most of-
tenn on the Normal Branch during the time of our observations (see Figure 7.3, 
upperupper panel). The average velocity along the Z track (defined as the average 
off  Vz(i) = ^ j J E ^ j z i ^ ; Wrjnands et al. 1997b; Figure 7.3, lower panel) was 
approximatelyy constant for 0.1 <SZ < 1 but gradually increased for Sz > 1, i.e., 
inn anti-correlation with the time the source spent in each part of the Z diagram, 
althoughh the product of the two is not exactly constant. Note that the average 
velocityy along the Z track also increased towards the lowest Sz values. 

7.3.22 Low-frequency power  spectra 

Wee found two new components in the averaged power spectrum of GX 5-1. One 
off  these components was located at frequencies consistent with half the frequency 
off  the HBO, the so-called sub-HBO. This component was reported before in the 
ZZ sources Sco X- l , GX 340+0, and GX 17+2 with RXTE (Wijnands & van der 
Kli ss 1999; Jonker et al. 2000b; Homan et al. 2001a). The second new component 
hass a frequency which is consistent with three times the frequency of the sub-
HBOO (or 1.5 times the frequency of the HBO; see Figure 7.4). Fitting the average 
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FigureFigure 7.3: Upper panel: Percentage of the total observing time spent in each Sz interval 
asas a function of the S- value. During our observations the source spent most of the time on 
thethe Normal Branch (S- values between 1 and 2). Lower panel: The average velocity (see 
text)text) of the source along the Z track. The average velocity was approximately constant 
forfor Sz < 1 (except towards the lowest Sz values where it increased) but steadily increased 
forfor S->\. 

low-frequencyy (1/16-256 Hz) power spectrum of S, = 0.60 3 with a func-
tionn consisting of a cut-off power law (LFN), and three Lorentzians (sub-HBO, 
HBO,, and 2nd harmonic of the HBO) a %2 of 383 for 209 degrees of freedom 
wass obtained. Adding a fourth Lorentzian component at frequencies ~3 times 
thee frequency of the sub-HBO gave a y} of 314 for 206 degrees of freedom. An 
F-testt (Bevington & Robinson 1992) to the %2 of the fits with and without the 
fourthh Lorentzian revealed that the probability that the reduction in %2 could be 
achievedd by a random process is 6.5 x 10~8, i.e., the significance of the addition 
off  the fourth Lorentzian component is ~ 6a. For the other power spectra where 
thiss component was found a similar value was obtained. Although this component 
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iss too broad to qualify formally as a QPO (since the Q-value is less than 2; see 
Tablee 7.2 and Figure 7.4, right panel), for now we refer to this component as the 
thirdd harmonic to the sub-HBO component (see Figure 7.4). This classification is 
renderedd strong support by the fact that the Q-values of both the sub-HBO and 
itss third harmonic are consistent with being the same (Figure 7.4; right panel). 

Besidess the two new components, the HBO, its second harmonic and the LFN 
weree also detected (see Table 7.2, 7.3). A typical fit (Sz = 0.60 ) showing 
thee contributions of the individual components is presented in Figure 7.5. In four 
off  the Sz selections the HBO was fit with two Lorentzian peaks in order to obtain 
aa good fit (see Table 7.2). This is either related to the fact that the HBO moves in 
frequencyy within the selection, or the HBO profile itself is asymmetric. Whenever 
twoo Lorentzian peaks were used to describe the HBO we obtained the rms and 
FWHMM weighted mean of the two peaks; we used the weighted mean parameters 
inn Figure 7.4 and in Table 7.2. We weighted the frequencies according to one 
overr the square of the FWHM and proportionally to the square of the amplitude. 
Thee FWHMs were weighted proportionally to the square of the amplitude. The 
frequencyy offsets between the two peaks were ignored in the weighing since one 
off  the two Lorentzian peaks contained several times more power than the other. 
Thee powers of the two Lorentzians were added. We would like to remark that the 
jumpp in HBO frequency vs. Sz for each HID (Figure 7.2) has disappeared due to 
thee shifting to Sz>pflrem. 

Thee fractional rms amplitude (integrated between frequencies ranging from 
0-°°)) of all the low-frequency Lorentzian components (excluding the NBO) de-
creasedd as a function of Sz (see Figure 7.6 upper panels; Table 7.2). For Sz = 
1.0—1.55 the frequency and the fractional rms amplitude of the HBO was con-
sistentt with being constant at ~50 Hz and ~2%, respectively. For Sz > 1.5 the 
HBOO was not detected with an upper limit of 1.2%. The FWHM of the Lorentzian 
componentss increased as a function of Sz (see Figure 7.6 lower panels; Table 7.2). 

Thee fractional rms amplitude of the LFN (0.1-100 Hz) decreased from 7.4% 
%% to % as Sz increased from 3 to 1.01 2 (Table 7.3). 

Thee LFN component could not be measured for Sz > 1. The LFN power law in-
dexx increased from 5 to 1 while the cut-off frequency increased 
fromm 5 Hz to ~60 Hz. For Sz > 1 we added a power law to the fit  func-
tionn to represent the power at frequencies below 1 Hz; the very low-frequency 
noisee (VLFN). The VLFN fractional rms amplitude (0.001-1 Hz) increased from 
lesss than 1% at the hard vertex to more than 20% at Sz > 3.0. This increase was 
graduall  for Sz < 2.0 but steep for Sz > 2.0 (see Figure 7.7, Table 7.3). The VLFN 
powerr law index gradually increased to 1.5 and remained constant for Sz < 2.0, 
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FigureFigure 1.4: Left panel: The frequencies of the four Lorentzian components used to üt 
thethe average power spectra for Sz < 1.5, plotted against the frequency of the HBO. The 
lineslines represent 0.5 (dashed line overlaying the crosses), 1.0 (drawn line overlaying the 
filledfilled circles), 1.5 (dashed-dotted line overlaying the plus symbols), and 2.0 (dotted line 
overlayingoverlaying the squares) times the HBO frequency. Error bars are plotted but in several 
casescases they are smaller than the size of the symbols. Right panel: The Q-values of the 4 
harmonics.harmonics. The HBO and its second harmonic have Q-values near 5 over the range where 
theythey are detected simultaneously, thereafter the HBO coherence drops steadily. The up-
valuesvalues of the sub-HBO and its third harmonic are around 1, with only a slight increase 
betweenbetween Sz ~ 0.1 and Sz ~ 0.8. Error bars are omited for clarity but they are a few times 
largerlarger than the size of the symbols. The same symbols as in the left panel have been used. 

forr Sz > 2.0 the power law index was consistent with 2. 

Thee frequency of the NBO decreased from 6.1 3 Hz at Sz = 1.07  0.02 
too 5 Hz at Sz = 1.33 2 before it increased again to 6.1 1 Hz at 
Szz = 1.82 . For Sz > 1.9 its frequency could not be determined with high 
accuracyy since the FWHM increased to 8 Hz. The fractional rms amplitude of 
thee NBO varied between % and % for Sz = 1.07 2 
andd Sz = 1.52 , respectively but it decreased to % at S, = 
1.955 . The somewhat erratic behavior in the fractional rms amplitude of 
thee NBO between Sz=  1.3 — 1.5 can be explained by the fact that the HBO was 
veryy broad and had power in the same frequency range as the NBO. The fractional 
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FigureFigure 7.5: Average 2-60 keV power density spectrum for Sz = 0.60 . The best 
fitfit  and the individual components used in this fit are indicated; the dashed line represents 
thethe LFN, the dotted line the HBO, the dash-dot line the sub-HBO, the solid line its third 
harmonic,harmonic, and the dash-three dots line the second hamonic of the HBO. The component 
arisingarising in the power spectrum due to Poisson noise was subtracted. 

rmss amplitude is anti-correlated with the frequency and FWHM of the NBO (see 
Figuree 7.8). At Sz < 1.0 stringent upper limits on the presence of the NBO were 
derived. . 

Att Sz > 2.0 the NBO was not detected but instead a cut-off power law was 
fittedd to represent the power at frequencies comparable to the NBO frequencies. 
Thiss cut-off power law was peaked (power law index of —0.9  0.2) near the 
softt vertex, with power law index —0.9  0.2 and evolved into a flat-topped 
noisee component at Sz = 2.15  0.05 with a typical power law index of 0.3. The 
cut-offf  frequency increased from 6 Hz to 2 5^ Hz. The fractional rms 
amplitudee (0.001-100 Hz) increased from % at Sz = 2.05 5 to 

%% at Sz = 2.15 . For Sz > 2.15 the fractional rms amplitude was 
consistentt with 1.6%. The noise component became undetectable at an Sz value 
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FigureFigure 7.6: The fractional rms amplitude (2-60 keV; top panel) and the FWHM (bottom 
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thethe size of the symbols. Upper limits on the fractional rms amplitude of components are 
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TableTable 7.3: Best fit parameters of the cut-off power law, the power law, and the NBO 
componentcomponent of the low frequency power spectra (2-60 keV) as a function ofSz. 

Sjj  valuef 

3 3 
0.211 3 
0.311 3 

3 3 
3 3 
3 3 
3 3 
3 3 
3 3 

1.011 3 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
3 3 
2 2 
3 3 
3 3 
5 5 
5 5 
5 5 
8 8 
6 6 
8 8 
5 5 

LFNfrac. . 
rmss amp. 

% % 
3 3 
6 6 
6 6 
6 6 
5 5 
5 5 
7 7 

4.811 9 
2 2 
2 2 

<0.5 5 
<0.5 5 

Powerr law 
index x 

2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 

0.4° ° 
0.4a a 

Cut-off f 
freq. . 
(Hz) ) 

5 5 
1 1 
1 1 
2 2 

2 2 
3 3 
5 5 

l l 
2 2 
2 2 

VLFNfrac. . 
rmss amp. 

% % 

<0.4 4 
<0.5 5 

7 7 
1 1 
2 2 
3 3 

3.11 1 
ii  7+0.6 

4 4 
3 3 
4 4 
1 1 
5 5 
1 1 

2.11 1 
3 3 
4 4 
2 2 
2 2 
1 1 
2 2 

2 2 
2 2 
2 2 
3 3 

Powerr law 
index x 

l " " 
1" " 

l l 
1 1 
! ! 
1 1 

1.9° ° 
2 2 
1 1 
1 1 

1.6" " 
l l 

1.5" " 
1.5° ° 

1 1 
1 1 
1 1 
1 1 
1 1 

1.8° ° 
1 1 
1 1 
1 1 
1 1 

NBOO frac. 
rmss amp. 

* * 

<0.4 4 
<0.7 7 

11 69+0 05 

11 TO_0.09 4 4 
2 2 
2 2 
2 2 

1 1 
2 2 
8 8 

1 1 
3 3 
3 3 
3 3 
4 4 

1.611 4 
3 3 
5 5 
fr r 

f t t 

fr r 

6 6 

<1.2 2 

FWHM M 
NBO O 
(Hz) ) 

10° ° 
!0° ° 

9 9 
9.11 4 

2 2 
1 1 
1 1 
2 2 
2 2 
I I 
2 2 
1 1 
2 2 
2 2 
2 2 
3 3 
5 5 

8.11 8 
fc c 

* * 
* * 
' ' 

0.3" " 

Freq. . 
NBO O 
(Hz) ) 

6.11 3 
9 9 
5 5 
4 4 
3 3 
5 5 
6 6 
4 4 
4 4 
4 4 
5 5 

6.011 5 
6 6 
8 8 

1 1 
2 2 
* * 

* * 
* * 

25+8" " 

aa Parameter fixed at this value b Fitted with a cut-off power law, FWHM stands for power law 
index,, frequency stands for cut-off frequency c The error on Sz is the standard deviation of the 
distributionn of Sz values in the selection bin 

off 6 with an upper limit of 1.2%, where the vertex between the Flaring 
Branchh and the "Dipping Flaring Branch" is at Sz ~ 2.5. The fit parameters of the 
cut-offf  power law are marked with a 'b9 in Table 7.3. 

7.3.33 KHz QPOs 

Thee lower and upper kHz QPO were detected at frequencies ranging from 3 
Hzz to 3 Hz and from 5 Hz to 3 Hz, respectively (dots and 
crosses,, respectively top panel, Figure 7.9 A). The peak separation (Av) was not 
constant;; the fit  of a constant to the peak separation 0 Hz) vs. Sz resulted 
inn a x%d of 7 for 10 degrees of freedom; an unacceptable fit. We tried various 
otherr functions (e.g. see Figure 7.9 bottom panel and Table 7.5). From an F-test 
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FigureFigure 7.7: The fractional rms amplitude (2-60 keV; top panel) and power law index 
(bottom(bottom panel) of the VLFN as a function ofSz. Error bars are plotted but may be smaller 
thanthan the size of the symbols. 

itt was clear that the use of a broken function or a parabola significantly reduced 
thee x2 (~ 3.5a, ~ 3a, respectively) with respect to a constant, indicating that Av 
iss decreasing towards higher S, at a rate that is not constant but increases. The 
dataa indicate a decrease in FWHM of the lower kHz QPO towards larger Sz, but 
thee scatter is large. The FWHM of the upper kHz QPO varies between 100 Hz 
andd 247 Hz; it increases from ~ 100 Hz at Sz ~ 0.1 to ~250 Hz at Sz ~ 0.35 
too decrease gradually to ~100 Hz again at Sz ~ 1 (see crosses Figure 7.9 B top 
panel).panel). The fractional rms amplitude of the lower kHz QPO decreased gradu-
allyy from % to , that of the upper kHz QPO first increased 
slightlyy from % to % to decrease gradually to 0.9%  0.1% 
(seee dots and crosses respectively, Figure 7.9 C top panel). The Sz changed from 
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NBO O 

FigureFigure 7.8: The fractional rms amplitude (2-60 keV; top panel), FWHM (middle panel), 
andand frequency (bottom panel) of the NBO as a function ofSz. Error bars are plotted but 
maymay be smaller than the size of the symbols. Upper limits on the fractional rms amplitude 
ofof the NBO are plotted using symbols without a positive error bar. The negative error bar 
extendsextends to below zero. 

~~ 0.1 — 1.1 over the plotted interval. All fit  results are given in Table 7.4. 
Motivatedd by the results of Homan et al. (2001a) on GX 17+2 we plotted the 

frequencyy of the kHz QPOs and their separation frequency as a function of VHBO 

(Figuree 7.10). Near VHBO ~ 45 Hz the peak separation starts to decrease most 
likelyy due to an increase in the rate at which the frequency of the lower kHz QPO 
increasess with VHBO- This VHBO is consistent with the jump at VHBO ~ 44 - ~ 47 
Hzz in a VHBO VS- SZ plot (see Section 7.2). 
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FigureFigure 1.9: The kHz QPO properties as a function ofSz. The measurements presented in 
thethe top panel are dependent points since data have been used from partially overlapping 
bins.bins. (Top panel A: The frequencies of the lower (dots) and upper kHz QPO (crosses), 
thethe same symbols for the lower and upper kHz QPO are used throughout the figure. Top 
panelpanel B: The FWHM of the kHz QPO pair. Top panel C: The fractional rms amplitude 
(2-60(2-60 keV) of the kHz QPO pair. Bottom panel: The peak separation as a function of S-. 
TheThe dashed-dotted line represents the best fit constant, the drawn line represents the fit to 
thethe data of a parabola, and the dashed line represent a ut using two straight lines joined at 
thethe break with slope fixed to zero below the break at Sz ~ 0.93 (for the fit parameters see 
TableTable 7.5). Error bars are plotted, but the errors in the top panel can be smaller than the 
sizesize of the symbols. 
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FigureFigure 7.10: The kHz QPO properties as a function of the HBO frequency. The dots 
representrepresent the lower kHz QPO and the crosses the upper kHz QPO. The frequency of the 
peakpeak separation is indicated with stars. The rate of increase in lower kHz QPO frequency 
andand therefore also in the peak separation frequency changes near v HBO ~ 45 Hz. 

TableTable 7.5: Fit parameters of different functions describing the peak separation as a func-
tiontion ofSz. The broken functions are two straight lines concatenated at the break. The last 
rowrow contains the j 1 and the degrees of freedom (d.o.f.) of the üt. Note that unlike in the 
toptop panel of Fig 7.9 only independent measurements have been used in the lower panel. 

Zeropoint t 
Slope e 

Quadraticc / break 
Slopee after Break 

X2/d-o.f. . 

Constant t 

z z 

66.88 /9 

Linear Linear 

11 Hz 
-700 0 

39.9/8 8 

Parabola a 

2911 9 Hz 
2599 9 
-2755 0 

15.0/7 7 

Broken n 

44 Hz 
00a a 

SSzz = 6 
3 3 

7.8/7 7 

Broken n 

99 Hz 
5 5 

S,, = 5 
9 9 

5.5/6 6 

aa Parameter fixed at this value 
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7.44 Discussion 
AA detailed analysis of all RXTE observations obtained to date of GX 5-1 was 
presented.. The main result of our high-frequency variability study is that the 
kHzz QPO peak separation is not constant in GX 5-1. The low-frequency power 
spectraa for Sz < 1.0 are complex and can be best described by 4 harmonically 
relatedd Lorentzians, in addition to the low-frequency noise (LFN). Two of these 
Lorentzianss were not known previously in GX 5-1. At Sz > 1.9 a new component 
wass found in the power spectra. Below we discuss these findings and compare the 
timingg properties and color-color diagrams of GX 5-1, the black hole candidate 
XTEE J1550-564, and the atoll source 4U 1608-52. 

7.4.11 KHz QPOs 

Wee showed that the kHz QPO peak separation is not constant. The data is consis-
tentt with a constant peak separation followed by a steep decrease for Sz ~ 1.0, or 
aa parabolic relation between the peak separation and Sz. A decrease in peak sep-
arationn was previously found in Sco X- l (van der Kli s et al. 1997), 4U 1608-52 
(Méndezz et al. 1998), 4U 1728-34 (Méndez & van der Kli s 1999), 4U 1735 4̂ 
(Fordd et al. 1998), 4U 1702 3̂ (Markwardt et al. 1999), and GX 17+2 (Homan 
ett al. 2001a). We found that in GX 5-1 the rate of increase in frequency of the 
lowerr kHz QPO changes near VHBO ~ 45Hz, causing the peak separation to de-
crease. . 

Thee frequencies of the kHz QPOs of GX 5-1 are low in comparison with 
thee other kHz QPO Z sources (the lowest frequencies of the lower and upper kHz 
QPOO we found are 156  23 Hz, and 478 5 Hz, respectively). The lowest upper 
kHzz QPO frequency found so far in an atoll source 0 Hz for 4U 0614+09; 
vann Straaten et al. 2000) is at the low-frequency limit (~500 Hz for the upper 
kHzz QPO; Miller et al. 1998) imposed by the sonic point beat frequency model. 
Thee cause of the lower bound on the Keplerian frequency in the sonic point beat 
frequencyy model is that the radiation drag of the luminosity produced near the 
surfacesurface of the neutron star can only remove the required amount of the specific 
angularr momentum of the gas to make it fall to the neutron star when the gas is 
closee to the neutron star (Miller et al. 1998). Unlike 4U 0614+09, in the case of 
GXX 5-1 QPOs with still lower frequency did not occur because the source was not 
foundd at lower Sz values and not because the QPO disappeared. Therefore, obser-
vationss of kHz QPOs in GX 5-1 at even lower Sz values will provide a strong test 
off  the sonic point beat frequency model. 
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FigureFigure 7.11: The angle 5 (defined by Osherovich & Titarchuk 1999) for GX 5-1 (grey 

diamonds)diamonds) and GX 17+2 (black dots) as a function of the lower kHz QPO frequency. 

Inn the so-called two-oscillator model (Titarchuk et al. 1998) the angle 8 is 
definedd (6 = arcsin[(v2

upper-\
2
lower)-

Q-5(VHBOV'upper/vw)]. where viower is the 
frequencyy of the lower kHz QPO, vupper is the frequency of the upper kHz QPO, 
andd VHBO is the frequency of the HBO; 5 is the angle between the magnetosphere 
equatorr and the disk plane in the model Osherovich & Titarchuk 1999). The 
currentt version of the theory predicts 8 to be constant. However, the measurements 
off  Homan et al. (2001a) for GX 17+2 and the our measurements for GX 5-1 
showw that 5 vs. the frequency of the lower kHz QPO changes is not constant (see 
Figuree 7.11). A fit  of a constant gives 5 = 6.1 2 and a %2 of 377 for 9 d.o.f. 
forr GX 17+2 and 8 = 6.3 1 and a %2 of 95.2 for 9 d.o.f. for GX 5-1. 

7.4.22 Comparison with other Z sources 

Wee have detected a sub-HBO component similar to the component in the Z-
sourcess Sco X- l (Wijnands & van der Kli s 1999), GX 340+0 (Jonker et al. 
2000b),, and GX 17+2 (Homan et al. 2001a). Furthermore, we found a fourth 
Lorentziann component whose frequency was consistent with 1.5 times the fre-
quencyy of the HBO. If we interpret the sub-HBO as the fundamental frequency, 
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thenn the HBO would be the second harmonic, the newly found peak at 1.5 times 
thee HBO frequency the third harmonic, and the second harmonic of the HBO the 
fourthfourth harmonic. In such a scheme the odd harmonics should either be formed 
lesss coherently than the even harmonics, or an additional broadening mechanism 
hass to be invoked which broadens the odd harmonics more than the even harmon-
icss (see Figure 7.4; right panel). This harmonic structure could be explained in 
aa scenario where the HBO is caused by a warped accretion disk with a two-fold 
symmetry.. The warp itself is stable to deviations from its two-fold symmetry, i.e., 
variationss in the warp take place on a timescale long compared to the timescale of 
variationss in the difference between the two sides of the warp, leading to broader 
oddd harmonics. This connects to the models proposed by Stella & Vietri (1998) 
andd Psaltis & Norman (2001). In the magnetic beat-frequency model for the HBO 
(Alparr & Shaham 1985; Lamb et al. 1985) the sub-HBO should reflect differences 
betweenn the two magnetic poles. Differences in the magnetic field configuration 
aree not likely to vary in time rapidly, so the extra broadening of the sub-HBO 
withh respect to the HBO is unexplained. This necessitates the introduction of an 
additionall  broadening mechanism working on the odd harmonics only after their 
formation. . 

Priorr to the detection of the sub-HBO and its third harmonic, the frequency of 
thee second harmonic of the HBO was not measured to be exactly twice the HBO 
frequencyy (Wijnands et al. 1998); with the introduction of the third harmonic of 
thee sub-HBO in the fit  function this discrepancy has disappeared (see Figure 7.4; 
leftleft panel). Power density spectra calculated from data obtained with the EXOSAT 
andd Ginga satellites (Kuulkers et al. 1994; Lewin et al. 1992) were fit  using only 
thee even harmonics (the HBO and its 2nd harmonic) and an additional high fre-
quencyy noise (HFN) component. Now, using the larger collecting area of RXTE 
wee find that the HFN in GX 5-1 is better described by two Lorentzian components 
whichh have centroid frequencies of 0.5 and 1.5 times that of the HBO. 

Thee same function we used for our analysis of GX 5-1 was used in the analysis 
off  the similar Z source GX 340+0 (Jonker et al. 2000b). There no third harmonic 
off  the sub-HBO was found. Instead we found excess power (a shoulder) close 
too the HBO peak, which when fit with a Lorentzian was at a frequency entirely 
inconsistentt with 1.5 times that of the HBO. Reanalysis of those data with the in-
sightss gained by our work on GX 5-1 did not alter this conclusion. In GX 340+0 
bothh the HBO and the NBO peak became asymmetric when they were strongest. 
Similarr behavior was found in GX 5-1, where for Sz < 0.5 four of the five HBO 
measurementss were done using two Lorentzians with centroid frequencies up to 2 
Hzz apart with similar FWHMs but different strengths, indicating that the HBO was 
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asymmetric.. However, unlike in our analysis of GX 340+0 where the data were 
selectedd according to HBO frequency, in the case of GX 5-1 this asymmetry could 
bee an artifact of the selection method as explained in Section 7.3.2. An attempt 
too fit  the average power spectra of GX 17+2 (Homan et al. 2001a) with the same 
fitt function as that of GX 5-1 did not lead to the detection of a third harmonic to 
thee sub-HBO. The asymmetry of the HBO found in GX 340+0 and the third har-
monicc of the sub-HBO found in GX 5-1 could be two different components, one 
off  which is detected in each source because of the special circumstances affecting 
detectionss in each case: the larger amplitude of the HBO in GX 340+0 than in 
GXX 5-1 allows to detect a strong asymmetric (shoulder) component, whereas the 
higherr signal-to-noise in GX 5-1 than in GX 340+0 (due to the fact that GX 5-
11 is several times brighter than GX 340+0) leads to the detection of the broad 
thirdd harmonic. New observations with higher signal-to-noise ratios can reveal 
whetherr both components are present in both sources or whether they represent 
powerr provided by one single component. 

Thee low-frequency power spectra of the three Z sources discussed above 
(GXX 17+2, GX 340+0, GX 5-1) are quantitatively different. In Sco X- l and 
GXX 17+2 a QPO is found when the source is on the Flaring Branch (the FBO; 
Hasingerr et al. 1989; Penninx et al. 1990). Such a QPO is absent in GX 340+0, 
GXX 5-1, GX 349+2, and Cyg X-2. The new component we found in the power 
spectrumm of GX 5-1 with frequencies similar to those of the FBO when the source 
iss on the Flaring Branch is much broader than the FBO in Sco X- l and GX 17+2. 
Thee second harmonic of the HBO is relatively strong in GX 17+2 while for GX 5-
11 and GX 340+0 only weak harmonics have been detected (see Hasinger & van 
derr Kli s 1989; van der Kli s 1989). Furthermore, the fractional rms amplitude of 
thee HBO is highest in GX 340+0, and lowest for GX 17+2. The HBO frequency 
inn GX 17+2 was found to decrease on the Normal Branch (Wijnands et al. 1997a; 
Homann et al. 2001a), whereas in GX 340+0 and GX 5-1 the frequency is con-
sistentt with being constant (Jonker et al. 2000b). Besides the Lorentzians also 
thee LFN properties are different; it is always peaked in GX 17+2 whereas this 
iss never the case in GX 5-1 and GX 340+0 (see Hasinger & van der Kli s 1989; 
vann der Kli s 1989; Homan et al. 2001a; Jonker et al. 2000b). The dependence 
off  the HBO, lower and upper kHz QPO Q-values on Sz is shown in Figure 7.12. 
Thee HBO Q-value decreases gradually for Sz > 0.5, while that of the kHz QPOs 
increases.. This is opposite to what was found for GX 17+2 (Homan et al. 2001a), 
wheree the Q-value of the HBO and that of the kHz QPOs increased as a function 
ofSz. . 
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FigureFigure 7.12: The Q-values of the HBO (diamonds), the lower (crosses), and the upper 
kHzkHz QPO (filled squares) as a function of Sz. The Q-values of both kHz QPOs increase 
withwith increasing Sz, while that of the HBO decreases for Sz > 0.5. Error bars have been 
omittedomitted for clarity. The errors of the diamonds (HBO) are ~ 1.5 rimes the size of the 
symbols.symbols. The errors of the crosses and squares (lower and upper kHz QPO, respectively) 
areare of the order of the amplitude of the scatter in measurements close together in Sz. 

7.4.33 Comparing GX 5-1 with XTE J1550-564 and 4U1608-52 

Inn the power spectra of black hole candidates low-frequency QPOs with har-
monicss are occasionally found in the low, intermediate and very high state (e.g. 
GSS 1124-68, Belloni et al. 1997b; GX 339-4, Méndez & van der Kli s 1997; 
XTEE J1550-564, Sobczak et al. 2000; Homan et al. 2001b). Occasionally, these 
blackk hole candidate QPOs have asymmetric profiles. We found a similar har-
monicc structure of QPOs in the Z source GX 5-1. The Q-values of the harmon-
icss for XTE J1550-564 are similar to those found for GX 5-1: low Q-values 
forr the odd harmonics and high Q-values for the even harmonics (Homan et al. 
2001b).. However, we checked the energy dependence of the QPOs in GX 5-1 and 
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theree are no indications of changes in the Q-values with energy as were found in 
XTEE J1550-564 (Homan et al. 2001b). In general the energy dependence and 
timee lag behavior of the QPOs in GX 5-1 (Vaughan et al. 1999) is different from 
whatt was found in XTE J1550-564 (Wijnands et al. 1999). On the Flaring Branch, 
similarr to the High State in black hole candidates, the fractional rms amplitude of 
thee variability is low, and QPOs are weak or absent (in GX 17+2 and Sco X- l , 
justt as in XTE J1550-564 a QPO with a centroid frequency of ~ 18 Hz is found, 
butt whether they are related is unclear). The similarities between the Horizon-
tall  Branch variability and that of the Intermediate/Low State have been pointed 
outt before (van der Kli s 1994a; van der Kli s 1994b; Wijnands & van der Kli s 
1999).. Furthermore, the trend of a decrease in variability timescale as the source 
approachess the Flaring Branch/High State is the same in black hole candidates as 
inn GX 5-1 and 4U 1608-52 (cf. Homan et al. 2001b;; Méndez et al. 1998). 

Too further investigate the similarities between a black hole candidate (XTE 
J1550-564),, a Z source (GX 5-1), and an atoll source (4U 1608-52) we created 
color-colorr diagrams (CDs) for the three sources in two ways. First, we used 
thee color definitions commonly used for atoll and Z sources (soft and hard color 
weree defined as the logarithm of the 3.6-6.2 / 2.5-3.6 keV and 9.8-16.0 / 6.2-9.8 
keVV count rate ratio, respectively). These CDs are shown in the left panels of Fig-
uree 7.13,7.14, and 7.15. Second, we created CDs in a similar way as van Teeseling 
&&  Verbunt (1994), an approach often used for black hole candidates (Belloni et al. 
1997a;; Homan et al. 2001b; although see also Miyamoto et al. 1991). We defined 
thee hard and soft color as the 9.7-16.0/ 2-6.4 keV and 6.4-9.7/ 2-6.4 keV count 
raterate ratio for observations 1-41, respectively and that of the 9.7-15.8 / 2-6.6 keV 
andd 6.6-9.7 / 2-6.6 keV count rate ratio for observations 42-76, respectively (Fig-
uree 7.13, right panel). In case of the right panels for Figure 7.14 and 7.15 the hard 
andd soft color were defined as the 16.0-19.4 / 2.2-6.2 keV, and 6.5-15.7 / 2.2-6.2 
keVV count rate ratio, respectively. Note that in the right panels the soft color is 
plottedd vs. the hard color, as the convention, introduced by (Ostriker 1977) to plot 
hardd color vs. soft color was abandoned in some of the recent black hole work. In 
thee right panels the points have been connected by a line. Lines bridging different 
partss of the diagrams do not reflect sudden jumps or changes in source state, but 
aree due to gaps introduced by observational windowing. 

AA similar structure as for XTE J1550-564 was found in the CD of GX 5-1 
(Figuree 7.13, 7.14 right panel). The Flaring Branch is now vertical and located 
att the left side of the figure, similar to the High State in XTE J1550-564. The 
Normall  Branch connects to the Flaring Branch and points towards the upper right 
cornerr of the diagram (both the hard color and the soft color increase as the source 
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movess up the Normal Branch). The Horizontal Branch is a continuation of the 
Normall  Branch, with only a slight bend at the Normal Branch-Horizontal Branch 
junction.. (It is interesting to note that there is also no vertex present in GX 17+2 
att the Horizontal- Normal Branch junction at energies above 14.8 keV, Figure 3C 
off  Homan et al. 2001a). The 'Dipping' Flaring Branch is parallel to the Normal 
Branchh but directed towards the lower left corner. The 'Dipping' Flaring Branch 
hass been found in the Z sources Cyg X-2, GX 5-1 and GX 340+0 (Kuulkers 
ett al. 1996; Kuulkers et al. 1994; Jonker et al. 2000b). The CD of the atoll source 
4UU 1608-52 again shows a similar structure as found for XTE J1550-564 (Fig-
uree 7.14, 7.15 right panels). The island state is found in the top right corner of the 
rightright panel of Figure 7.15, whereas the lower banana branch connects to the upper 
bananaa branch in the lower left corner. The upper banana branch seems similar to 
thee black hole candidate High State and the Z source Flaring Branch. 

Thee CD of the black hole candidate XTE J1550-564, plotted using colors typ-
icallyy applied for neutron star sources is reminiscent of that of an atoll source, 
althoughh more structure is observed (Figure 7.14 left panel). The source was first 
foundd in the upper right part of the CD as the outburst started. The path traced by 
thee source as the outburst progressed is indicated with arrows. For a complete de-
scriptionn of the outburst of XTE J1550-564 we refer to Cui et al. (1999), Sobczak 
ett al. (2000), and Homan et al. (2001b). 

Thee similarities between the color-color diagrams of the Z source GX 5-
1,, the atoll source 4U 1608-52, and the black hole candidate XTE J1550-564 
strengthenn the idea that some of the spectral properties of LMXBs originate in the 
accretionn disk and do not depend on the presence of a solid surface. However, our 
analysiss also indicates that differences between spectral properties of the neutron 
starr Z and atoll sources and the black hole candidates do exist (e.g., the left panel 
off  Figure 7.13, 7.14, and 7.15) but may not clearly show up in representations of 
thee CD commonly used for black-hole candidates. 

So,, although the CDs of a Z or atoll source and that of a black hole candidate 
appearr similar in shape when plotted using colors typical for black hole studies, 
theirr appearance is both dissimilar and more complicated when plotted using col-
orss typical for neutron star studies. Whether the complications can be ascribed 
too the unique nature of the sources considered can only be checked by comparing 
moree sources but the conclusion that dissimilar CDs can appear more similar than 
theyy really are in the "black hole" representation can already be drawn. Conclu-
sionss regarding the spectral state or properties of the source based on the colors 
commonlyy used in black hole candidates should be regarded with caution since an 
otherr choice of colors may lead to a qualitatively different CD. 
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FigureFigure 7.13: Left panel: Color-color diagram of observations 19-41 where the soft and 
hardhard color were defined as the logarithm of the 3.6-6.2 / 2.5-3.6 keV and 9.8-16.0 I 
6.2-9.86.2-9.8 keV count rate ratio, respectively. Each dot is a 64 s average. Right panel: Color-
colorcolor diagram of the 6.4-9.7/2-6.4 keV (or 6.6-9.7/2-6.6 keV for observations 42-76; 
softsoft color) count rate ratio vs. the 9.8-16.0 12-6.4 keV (or 9.7-15.8 / 2-6.6 keV for 
observationsobservations 42-76; hard color). Each 512 s average is connected to the next by a line. 
TheThe lines in the right panel indicate what RXTE would have seen if the source spectrum 
hadhad consisted of only a blackbody (top), a thermal bremsstrahlung (middle), or a powerlaw 
(bottom(bottom line) spectrum. Error bars were omitted for clarity. The data were background 
subtractedsubtracted but no deadtime corrections were applied (the deadtime fraction was less than 
4%). 4%). 
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FigureFigure 7.14: Left panel: Color-color diagram ofXTE J1550-564. We used all data ob-
tainedtained with the RXTE satellite of XTE J1550-564 during the interval MJD 51065-51259 
(gain(gain epoch 3); soft and hard colors were defined as in Figure 7.13 (left panel). Each 
dotdot is a 64 s average. The path the source traces as the outburst progresses is indicated. 
TheThe grey dots are the last days of observations just before the gain change. Right panel: 
Color-colorColor-color diagram of the same data as in the left panel. Note that the soft color is 
plottedplotted vs. hard color. The hard and soft color were defined as the 16.0-19.4 / 2.2-6.2 
keV,keV, and 6.5-15.7 / 2.2-6.2 keV count rate ratio, respectively. The data were background 
subtractedsubtracted but no deadtime corrections were applied. Each 64 s average is connected to 
thethe next by a line. A zoom-in of the lower left comer is visible to the right. Error bars 
ofof the data points were omitted for clarity. The arrow indicates the source changes as the 
outburstoutburst progressed. 
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FigureFigure 7.15: Left panel: Color-color diagram of4U 1608-52. We used the same data as 
waswas used by Méndez et al. 1998. Soft and hard colors where defined as in Figure 7.13 
(left(left panel). Each dot is a 64 s average. Right panel: Color-color diagram of the same 
datadata as in the left panel. Note that the soft color is plotted vs. hard color. The hard and 
softsoft color were defined as the 16.0-19'.4 /'2.2-6.2 keV, and 6.5-15.7/2.2-6.2 keV count 
raterate ratio, respectively. The data were background subtracted but no deaddme corrections 
werewere applied (the deadtime was less than 1 %). Each 64 s average is connected to the next 
byby a line. Error bars of the data points were omitted for clarity. The arrow indicates the 
directiondirection of increase in inferred mass accrettion rate. 
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Thee infrared counterpart of the Z 
sourcee GX 5-1 

P.. G. Jonker, R. P. Fender, N.C. Hambly, & M. van der Kli s 

MonthlyMonthly Notices of the Royal Astronomical Society, 2000, 315, Letter 57 

Abstract t 

Wee have obtained UKIRT infrared observations of the field of the bright Galactic Z 
sourcee GX 5-1. From an astrometric plate solution tied to Tycho-ACT standards 
wee have obtained accurate positions for the stars in our field which, combined 
withh an accurate radio position, have allowed us to identify the probable infrared 
counterpartt of GX 5-1. Narrow-band photometry marginally suggests excess 
Bryy emission in the counterpart, supporting its association with an accretion-disc 
source.. No significant variability is observed in a limited number of observations. 
Wee compare the H and K magnitudes with those of other Z sources, and briefly 
discusss possible sources of infrared emission in these systems. 

131 1 



CHAPTERR 8 

8.11 Introductio n 

GXX 5-1 is the second brightest persistent Galactic X-ray source. The source is 
welll  studied in X-rays; it was classified as a Z source on the basis of the pattern 
itt traces in a color-color diagram and its timing properties (Hasinger & van der 
Kli ss 1989). Quasi-periodic oscillations with frequencies of 13-50 Hz, 6 Hz, and 
200-8000 Hz were detected in the X-ray lightcurves (van der Kli s et al. 1985a,b; 
Lewinn et al. 1992; Wijnands et al. 1998, respectively). Naylor et al. (1991) identi-
fiedfied several candidate infrared counterparts of GX 5-1. Since it is located near the 
Galacticc centre, source confusion and heavy optical obscuration hinder the classi-
fication. fication. 

GXX 5-1 is also a radio source (Braes et al. 1972; Grindlay & Seaquist 1986; 
Penninxx et al. 1988; Berendsen et al. 2000), like all Z sources (Hjellming & Han 
1995;; Fender & Hendry 2000). The radio emission is likely to arise in a compact 
jett from the system. The radio counterpart allows for extremely accurate position 
measurements. . 

Studyy of the Z sources has been hampered in most cases by the lack of reliable 
opticall  and/or infrared counterparts. For example, Deutsch et al. (1999) showed 
thatt the proposed infrared counterpart (Tarenghi & Reina 1972) of another per-
sistentlyy X-ray bright Z source, GX 17+2 was not consistent with the position of 
itss radio counterpart. Furthermore, they detected a faint star close to the proposed 
counterpart.. Callanan et al. (1999) reported variability of about 3.5-4 mag in the 
KK band for the latter, providing additional evidence for its classification as the 
counterpart. . 

Inn this Letter, we present United Kingdom Infrared Telescope (UKIRT) in-
fraredd (IR) observations of the X-ray source GX 5-1. We resolve the previously 
reportedd counterparts, and show that the radio position is consistent with only one 
off  them. 

8.22 Observations, analysis and results 

Wee observed the field of GX 5-1 with UKIRT. Observations were taken in H, K, 
andd in a narrow filter around the Brackett Gamma line (Bry) in 1999 May and 
October.. A log of the observations can be found in Table 8.1. The observations 
off  1999, May 23 were obtained using the IRCAM3 camera; the frames consist of 
2566 x 256 pixels with a pixel size of 0.286 arc seconds. The observations of 1999, 
Octoberr 8 and 13 were performed using the UFTI camera; the UFTI frames consist 
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FigureFigure 8.1: Combined images obtained in the K (left) and H (right) bands on May 23, 
19991999 showing the Held of GX 5-1. The labels of the stars are those of Naylor et al. 
(1991). (1991). 

TableTable 8.1: A log of our UKIRT observations ofGX5-l. 

Datee (1999) MJD Filter No. of exposures 

Mayy 23 51321 K, H, Bry 5,5,10 
Octt 8 51459 Bry 9 
Octt 13 51464 K 6 

off  1024 x 1024 pixels, with a pixel size of 0.0909 arc seconds. The Bry narrow 
filterr is centred on the wavelength of the Bry line (2.166 micron; 50% of the 
lightt was obtained in the wavelength range 2.151-2.171 /ym in case of IRCAM3 
observations,, and in the range 2.155-2.177 fjm in case of UFTI observations). The 
nightt was photometric only during the 1999, May 23 observations. The exposure 
timee used in the Bry filter was 100 seconds, and in the H and K filter band a 
100 second exposure was used. On 1999, October 13 an observation time of 100 
secondss was used in the K band. 

8.2.11 Photometry 

Alll  images were dark subtracted. Five (or three in case of the 1999, October 13 
observations)) dithered IR frames were used to calculate a sky image. This dark 
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subtractedd sky image was subtracted from the dark subtracted image after scal-
ingg it to the object image level. The resulting images were flatfielded, where the 
flatfieldd image was obtained by normalizing the combined five (or three) dithered 
images.. The reduced images were aligned and combined. 

Inn Figure 8.1, we show the observed field in both the K and H filter bands. 
Clearlyy visible is that objects 502 and 513, which were blended in the images 
off  Naylor et al. (1991), are resolved into two separate stars. We used three ref-
erencee stars in the field (503, 507, 512 in the images of Naylor et al. 1991, see 
Figuree 8.1) to obtain differential magnitudes of the counterpart. These stars were 
calibratedd by observing the standard star HD 161903 on 1999, May 23. To obtain 
thee differential magnitudes, we used the point spread fitting (psf) routine to both 
thee reference and object stars using the DoPHOT package (Schechter et al. 1993). 
Thee magnitudes derived in this way did not differ significantly from the magni-
tudess derived using aperture photometry. We corrected the magnitudes for the 
airmasss dependent atmospheric extinction in the H and K band. The magnitudes 
wee derived in the H and K bands are listed in Table 8.2. We seached for variability 
onn timescales of ^ 10 minutes and in between the observations, but no significant 
variabilityy was observed in any of the stars listed in Table 8.2. We determined an 
upperr limit on photometric variability on timescales of ^ 10 minutes of 0.6 mag-
nitudess in the H and K band. In Table 8.2 we also list the flux densities obtained 
inn the H and K filter bands, as well as the Bry-K instrumental magnitude differ-
ence.. No standard magnitude in the Bry filter is known for the star HD 161903, 
thereforee we could only calculate instrumental magnitudes in this band. 

Accretionn disks are known to sometimes produce Bry emission lines (eg. Bandy-
opadhyayy et al. 1997, 1999). Therefore, if a strong Bry emission line is present in 
thee accretion disk of GX 5-1 the counterpart could appear brighter in this filter. 
Wee compared the instrumental Bry-K color of the stars 502, 513, and our refer-
encee stars (503, 507, and 512); these are also listed in Table 8.2. Star 513 seems 
too have a smaller instrumental Bry-K color, although the effect is only marginally 
detected.. We also checked for variability in the Bry band, but no significant vari-
abilityy was found on timescales of minutes with an upper limit of 0.45 magnitude. 

8.2.22 Astrometry 

Wee used the higher resolution UFTI images obtained on 1999, October 8 for our 
astrometry.. To define astrometric solutions for the IR frames we used secondary 
astrometricc standards derived from United Kingdom Schmidt photographic plate 
materiall  measured using the precision microdensitometer SuperCOSMOS (eg. 
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TableTable 8.2: The observed magnitudes, üux densities in the H and K band, and the H - K 
colorcolor on May 23,1998. Additionally the Biy - K instrumental magnitude color is given. 

Stars s 

502 2 
503 3 
507 7 
512 2 
513 3 

H H 
magnitude e 

1 1 
1 1 

12.422 6 
11.700 3 
14.11 2 

Fluxx density H 
(mJy) ) 

4.9 9 
4.1 1 
11.0 0 
21.3 3 
2.3 3 

K K 
magnitude magnitude 

1 1 
12.99 1 

12.422 8 
11.288 4 
13.77 2 

Fluxx density K 
(mJy) ) 

6.0 0 
4.5 5 
7.1 1 
20.2 2 
2.2 2 

H-K K 

0.7 7 
0.6 6 
0.0 0 
0.42 2 
0.4 4 

Br^K K 

0.744 8 
0.733 9 
0.988 9 
0.799 4 
0.66 1 

Hamblyy et al. 1998). The global astrometric solution for the Schmidt plate was de-
rivedrived using the Tycho-ACT reference catalogue (Urban et al. 1998), and includes 
correctionn for non-linear systematic effects caused by the mechanical deforma-
tionn of the plates during exposure. We used the "short red"survey plate R5803 
(epochh 1979.5, field number 521). These short exposures, taken at low galactic 
latitudes,, are far less crowded than the sky limited survey plates and reach R~20 
(ass opposed to R~ 22 for the deep survey plates). They are ideal for accurate as-
trometryy of secondary standards as faint as R=20 which overlaps with unsaturated 
objectss on the IR frames. The rms residual per ACT star in the global astrometric 
photographicc plate solution was ~ 0.2 arcsec in both coordinates. A solid-body 
linearr plate solution (ie. 4-coefficient) was derived between 7 stars in common 
betweenn the photographic and IR data, yielding a plate scale of 0.0903 arcsec/pix 
andd rms errors per secondary standard of ~ 0.1 arcsec in either coordinate. We 
estimatee that there will be no systematic zero-point errors in the global IR array 
astrometricc solution larger than ^ 0.25 arcsec. 

Sincee the uncertainty in the radio position is small (<40 mas, Berendsen et al. 
2000)) compared to the estimated uncertainty in the astrometric solution, the over-
alll  uncertainty in the radio-infrared alignment was estimated to be 0.25 arcsec. 
Thee coordinates of the stars 502 and 513 are listed in Table 8.3. Comparing these 
positionss with the accurate radio position of GX 5-1 given by Berendsen et al. 
(2000),, we conclude that of the detected stars, star 513 is the only plausible coun-
terpartt of GX 5-1 (see Figure 8.2). 

8.33 Discussion 

Wee have shown that star 513 of Naylor et al. (1991) is most likely the IR counter-
partt of the low-mass X-ray binary (LMXB) GX 5-1, since its position coincides 
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TableTable 8.3: Positions of the stars 502 and 513 obtained from a global astrometric plate 
solution.solution. The accurate radio position from Berendsen et al. (2000) is also listed. In the 
lastlast collumn the separation (d) between the radio position and the position of star 502 and 
513513 is given. 

Stars s RA A DEC C 

5022 18:01:08.109 
5133 18:01:08.222 

Radioo 18:01:08:233 

-25:04:43.02 2 
-25:04:42.46 -25:04:42.46 
-25:04:42.044 4 

0.25""  ~ 
0.25""  ~ 
0.04" " 

1.9" " 
0.2" " 

FigureFigure 8.2: Logarithmically scaled section of the combined Bry images obtained on 1999, 
OctoberOctober 8. The 3a error in the astrometric solution is shown as a circle centred on the 
radioradio position of GX 5-1. The labels of the stars are those ofNaylor et al. (1991). 

withh the accurate position of the radio counterpart. Furthermore, the Bry-K in-
strumentall  color is smaller for star 513, when compared to the reference stars in 
thee field. This effect, although only marginally detected might be caused by the 
presencee of a Bry emission line in the spectrum of star 513. The presence of an ab-
sorptionn line could result in a higher Bry-K color, which might explain the higher 
valuee obtained for star 507. 

Thee H and K magnitudes we derived are significantly lower than the H and 
KK magnitudes derived by Naylor et al. (1991), but as they mention in their pa-
perr they estimate systematic errors to play a role (although these errors were 
estimatedd to be smaller than the discrepancy with our results). Bandyopadhyay 
ett al. (1999) obtained IR spectra of the stars 502 and 503. Since they did not 
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TableTable 8.4: K band magnitudes, distance estimates, estimates of NH, calculated absolute 
MR,, best estimates of the Porb and spectral type of different Z sources and GX 13+1. 

Stars s 

Scoo X- l 
GXX 17+2 

CygX-2 2 
GX5-1 1 

GXX 340+0 
GXX 349+2 
GXX 13+1 

Kband d 

11.99 ^ 
14.55 3 

18.5 5 
13.88 2 

13.7 7 
17.33 4 

~ 1 45 5 

~ 1 26 6 

D(kpc)1 1 

2.8 8 
7.5 5 

8.0 0 
9.0 0 
11.0 0 
5.0 0 
7.0 0 

NH H (lO^'cnr r 
2.9 9 
17.3 3 

2.8 8 
25.4 4 
50 0 
8.8 8 
25.4 4 

J1J1))1 1 MK K 

-0.5 5 
-1.1 1 
+2.9 9 
-0.9 9 
-2.8 8 
-1.0 0 
0.0 0 
-3.8 8 

Port,(hr) ) 

18.9* * 
--

236.28 8 

--
--

~ 2 25 ' , 0o r l 4 dn n 

--

Companionn Type 

< G 5 I I I ' ( M K > - 1 . 4 ) ) 

--

A99 III 8(MK ~ -0.7) 
--
_ _ 
_ _ 

K55 III 7(MK ~ -3.8) 

1.. Christian & Swank (1997), Sco X-l from Bradshaw et al. (1999); 2.Priv. coram. T. Shabhaz; 
3.Callanann et al. (1999), magnitude when flaring; 4. Miller et al. (1993); 5. Wachter & Margon 
(1996);; 6. Charles & Naylor (1992); 7. Bandyopadhyay et al. (1999); 8.Casares et al. (1998); 
9.. Gottlieb et al. (1975); 10. Barziv et al. (1997); 11. Southwell et al. (1996) 

findd evidence for emission typical of an accretion disk in these two stars, they 
suggestedd that star 513 might be the counterpart of GX 5-1. The counterpart 
(starr 513) did not vary significantly in any of the three filters (H, K, and Bry) we 
used.. Its reddening uncorrected H-K color index is 0.4. Using the conversion 
off  NH = 0.179AV 1022cm-2 (Predehl & Schmitt 1995) and the estimate of NH for 
GXX 5-1 of ~ 2.5 x \022cm~2 (Christian & Swank 1997; see Table 8.4) we obtain 
AyAy ~ 14. Using the relations found by Rieke & Lebofsky (1985) we obtained 
ann intrinsic (H - K)Q = -0.5. This is bluer than stellar (Tokunaga 2000), which 
mayy indicate an overestimate of the extinction. Limiting the intrinsic emission in 
thee near-infrared to be no steeper than the Rayleigh-Jeans tail of a black-body 
impliess Ay <^ 12. 

Inn Table 8.4 we compare the K-band absolute magnitudes of the six Z sources 
pluss the 'hybrid Z/atoll' source GX 13+1, based on the estimated distance and NH 
too each source. There is a rather large range, from as bright as —3.8 for GX 13+1 
too possibly as faint as +2.9 for GX 17+2 if the observed K magnitude in qui-
escencee is as faint as ~ 18.5 (Callanan et al. 1999). Uncertainties in distance 
estimatess and reddening are likely to be significant at a level of about  1 mag-
nitude,, and so cannot account for the broad range. Several different components 
mayy contribute significantly to the emission in the near-infrared; as a guide to 
theirr significance (see below) we have also listed binary orbital periods and, where 
available,, the spectral types of the mass donors in Table 8.4. Thermal emission 
willl  be produced both by the stellar companion and the accretion disc (for a dis-
cussionn of their relativee contributions see also Bandyopadhyay et al. 1997, 1999). 
Wee may expect the accretion-disc contribution to depend on the size of the disc 
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(vann Paradijs & McClintock 1994), which in turn should be a function of the or-
bitall  period of the system. We note that for the three systems with some attempt 
att spectral classification of the mass donor there is a good agreement between 
thee absolute K band magnitudes derived and those expected for the companion 
spectrall  class. This implies that GX 5-1 should contain a relatively bright mass 
donor.. Luminosity class III was found for the companion star in Sco X- l and 
Cygg X-2 (see Table 8.4, and references therein). Following the conjecture made 
byy Hasinger & van der Kli s (1989) that all Z sources have evolved companions, 
wee assume also luminosity class III for GX 5-1. The companion star in GX 5-1 
iss then most likely of spectral type K. 

Theree may also be an additional contribution from infrared synchrotron emis-
sion,, as found in the black hole system GRS 1915+105 (Fender & Pooley 1998 
andd references therein). If at all, this should only occur when the source is radio-
bright.. The Z sources are brightest at radio wavelengths when they are observed 
onn the Horizontal Branch (HB) in the X-ray color-color diagram (Penninx et al. 
1988;; Hjellming & Han 1995). Radio flaring in Z sources typically has amplitudes 
off  a few mJy (Hjellming & Han 1995 and references therein); if the synchrotron 
emissionn has a flat spectrum to the near-infrared we might observe a (reddened) 
contributionn of ;> 1 mJy at times. For GX 5-1 this could cause up to 1 magnitude 
variability.. If star 513 is not the counterpart of GX 5-1, the counterpart must have 
beenn ;> 2.5 magnitudes fainter in the K band at the time of our observations. Fu-
turee spectroscopic observations and/or the detection of variability should confirm 
starr 513 as the counterpart. 

Too conclude, we have most likely identified the IR counterpart of the bright 
Z-typee X-ray source GX 5-1 based upon positional coincidence with the radio 
counterpart,, an identification which is supported by marginal evidence for excess 
Bryy emission. We have discussed the possible origins of IR emission in this sys-
temm and in the other Z sources (and GX 13+1), and suggest that GX 5-1 may 
containn a Kil l mass donor. 
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Abstract t 

Wee report the discovery of a kilohertz quasi-periodic oscillation (kHz QPO) in the 
low-masss X-ray binary (LMXB) 2S 0918-549. The kHz QPO has a frequency of 

99 Hz, a FWHM of 0 Hz, and a fractional rms amplitude of . 
Wee also detected for the first time a type I X-ray burst in this source. The compact 
objectt must therefore be a neutron star. Finally, we were able to classify the source 
ass an atoll source exhibiting the full complement of spectral/timing states of this 
classs (island and banana). From the peak burst flux an upper limit on the persistent 
luminosityy can be derived of 0.5% of the Eddington luminosity, making 2S 0918-
5499 one of the least luminous LMXB s showing a kHz QPO. We compare the 
fractionall  rms amplitudes of the upper kHz QPO across the ensemble of LMXBs. 
Wee find a strong anticorrelation with luminosity. In LMXBs with luminosities 
~~ 100 times lower than those of Z-sources, the fractional rms amplitude is a factor 
~~ 10 larger. 
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9.11 Introductio n 
Observationss with the Rossi X-ray Timing Explorer (RXTE) satellite have re-
vealedd the presence of several quasi-periodic phenomena in the Fourier power 
spectraa of low-mass X-ray binaries (LMXBs). They occur on timescales similar 
too the dynamical timescale near a neutron star, i.e. at frequencies around 1000 Hz. 
Kilohertzz quasi-periodic oscillations (kHz QPOs) have been discovered in more 
thann 20 sources (van der Kli s et al. 1996; Strohmayer et al. 1996b; see for the most 
recentt review van der Kli s 2000). In several LMXB s nearly coherent oscillations 
weree discovered during type I X-ray bursts (Strohmayer et al. 1996b; for a review 
seee Swank 2001); these burst oscillations presumably occur at frequencies close 
too the neutron star spin frequency (Strohmayer et al. 1996b). Recently, another 
highh frequency quasi-periodic phenomenon was discovered in the power spectra 
off  three LMXBs (Jonker et al. 2000). 

Thee kHz QPOs are nearly always found in pairs, although in a few sources so 
farr only one kHz QPO has been found (Zhang et al. 1998; Marshall & Markwardt 
1999;; Homan & van der Kli s 2000). Their frequencies vary over several hundred 
Hzz on timescales of hours to days; in the best studied sources, it is found that the 
frequencyy separation of the twin kHz QPOs, V2 — Vi, decreases monotonically by 
50-1000 Hz over the observed frequency range as the frequency of the kHz QPO 
increasess (see e.g. van der Kli s et al. 1997; Méndez et al. 1998b; Méndez et al. 
1998;; Méndez & van der Kli s 1999); observations of the kHz QPO frequencies in 
thee other sources are consistent with this trend (Jonker et al. 1998; Psaltis et al. 
1998). . 

Variouss models exist for these QPOs. Immediately after their discovery a beat 
frequencyy model was proposed (Strohmayer et al. 1996b), of which the sonic-
pointt model is the most current (Miller et al. 1998; revised by Lamb & Miller 
2001).. Later, Stella & Vietri (1999) proposed the relativistic precession model 
(butt see Markovic & Lamb 2001) and Osherovich & Titarchuk (1999) introduced 
thee two-oscillator model. In the latter model the QPO at Vi (the lower kHz QPO) 
occurss at the Keplerian frequency of material orbiting the neutron star, whereas 
inn the other two models the QPO at V2 (the upper kHz QPO) is the one that is 
Keplerian.. Recently, Psaltis & Norman (2001) proposed the transition layer model 
inn which the twin kHz QPO peaks arise due to disk oscillations at frequencies 
closee to those predicted by the relativistic precession model. 

Inn this Letter, we report the discovery of a kHz QPO and a type I X-ray burst 
inn 2S 0918-549. The source turns out to be one of the least luminous kHz QPO 
sources,, however, the fractional rms amplitude of the QPO is quite high. We 
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TableTable 9.1: Log of the observations of2S 0918-549 used in this analysis. The count rates 
inin  column 5 are the average, background subtracted, 2-60 keV count rates obtained as if 
55 PCUs were always operational. 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 

Observation n 
ID D 

20071-11-01-02 2 
20071-11-01-03 3 
20071-11-01-04 4 
20071-11-01-05 5 
20071-11-01-06 6 
20071-11-01-00 0 
20071-11-01-01 1 
20071-11-01-07 7 
20064-06-01-00 0 
20064-06-02-00 0 
50060-01-01-00 0 
50060-01-01-01 1 
50060-01-01-02 2 

Date& & 
Startt time (UTC) 

02-05-19977 23:57 
03-05-19977 02:15 
03-05-19977 06:42 
03-05-19977 08:26 
04-05-19977 08:27 
04-05-19977 22:41 
05-05-19977 22:16 
09-05-19977 10:10 
15-08-19977 01:38 
21-09-19977 22:51 
12-05-20000 12:24 
14-05-20000 19:43 
15-05-20000 04:59 

Amountt of data 
(ksec) ) 

-4 .2 2 
-2.1 1 
-1.8 8 
-1.4 4 
-1.5 5 

-11.3 3 
-6 .0 0 
-2 .4 4 
-4.8 8 
-5 .0 0 
-30.0 0 
-2.1 1 
-2 .4 4 

Averagee count rate 
cnts/secc (2-60 keV) 

- 36 6 
- 36 6 
-45 5 
- 50 0 
- 53 3 
- 47 7 
- 48 8 
- 54 4 
- 84 4 
- 68 8 
-135 5 
-187 7 
-208 8 

studyy the dependence of the fractional rms amplitudes of the upper kHz QPO on 
sourcee luminosity across the ensemble of LMXBs and show that they are strongly 
anticorrelated. . 

9.22 Observations and analysis 

Wee have used observations obtained with the proportional counter array (PCA; 
Jahodaetal.. 1996) onboard the RXTE satellite (Bradtetal. 1993). A log of the ob-
servationss and the average source count rates at the time of the observation can be 
foundd in Table 9.1. In total ~75 ksec of data were used in our analysis. Data were 
obtainedd in four different modes. The Standard 1 and 2 modes, which are always 
operational,, respectively provide data with a time resolution of 0.125 seconds in 
justt one energy bin and 16 seconds in 129 energy bins covering the effective PCA 
22 to 60 keV range. Additionally, data were obtained using the mode providing the 
highestt time resolution (~ \/is), combined with the full energy resolution RXTE 
cann provide (256 energy bins covering the 2 to 60 keV; the GoodXenon mode). 
Thiss mode saturates on count rates higher than ~8000 counts per second. 

Inn order to follow spectral variations we created color-color diagrams (CDs) 

143 3 



CHAPTERR 9 

byy plotting a soft color vs. a hard color. The soft color was defined as the ratio 
betweenn the count rates in the 3.5-6.4 keV and 2-3.5 keV energy band; the hard 
colorr was defined as that between the 9.7-16.0 keV and 6.4-9.7 keV energy band. 
Thee data were background subtracted but no dead-time corrections were applied 
(thee dead-time is less than ~2%). The colors of the 1997 observations were cor-
rectedd for PC A gain changes, using Crab observations obtained in May 1997, and 
Mayy 2000. Assuming the Crab is constant, observed color changes of the Crab 
betweenn the observations of May 1997 and May 2000 should reflect changes of 
thee instrument's spectral response. The observed changes in Crab were ~6% in 
thee soft color and ~ 1 % in the hard color. The colors were converted to those 
whichh would have been detected by the PCA on May 2000 (cf. Di Salvo et al. 
2001).. Residual color errors due to the differences between the spectra of Crab 
andd 2S 0918-549 are less than the statistical errors. 

Wee calculated Fast Fourier Transforms with a Nyquist frequency of 4096 Hz of 
dataa segmentss of 16 seconds (2-60 keV). The power density spectra were averaged 
andd fitted with a function consisting of Lorentzians (to represent peaks arising in 
thee power spectrum due to QPOs), a constant to account for the power due to 
Poissonn counting statistics, and an exponentially cutoff power law to represent the 
noisee component apparent at low frequencies. Errors on the fit parameters were 
calculatedd using A%2 = 1.0 ( l a single parameter). The 95% confidence upper 
limitss were determined using A%2 = 2.71. 

9.33 Results 

Thee color-color diagram of 2S 0918-549 (see Figure 9.1; left) resembles that of 
ann atoll source. The squares represent the average of 256 s of data from observa-
tionss 1-10, the filled circles are 128 s averages from observation 11, and the open 
circless are 128 s averages from observations 12 and 13. Together with the timing 
propertiess (described below) it is clear that the squares represent the Island state 
andd the open and filled circles the banana branch of an atoll source. 

Thee average power spectrum of observations 1-10 combined (see Figure 9.1, 
right,right, top) shows a strong band limited noise component, which could be de-
scribedd using an exponentially cutoff power law with a fractional rms ampli-
tudee of % (integrated over 0.1-100 Hz, 2-60 keV), a power law index 
off , and a cutoff frequeny of 21 6 Hz. We derived a 95% confidence 
upperr limit on the presence of a kHz QPO with a full-width at half maximum 
(FWHM)) 100 Hz in the range of 300-1200 Hz of ~30% (rms). 

144 4 



DISCOVERYY OF A K H Z QPO IN 2S 0918-549 

Frequencyy (Hz) 

Frequencyy (Hz) 

FigureFigure 9.1: Left: Color-color diagram of2S 0918-549. The data were background sub-
tracted,tracted, the colors of the 1997 observations were converted to the May 2000 observations 
usingusing the Crab as a reference (see text), and the burst was removed. No dead-time cor-
rectionsrections have been applied (the dead-time is ~2%). The squares and circles are 256 s and 
128128 s averages, respectively. Typical error bars are shown for each category. The pattern 
resemblesresembles the Island state (squares) and the banana branch (open and filled circles) of atoll 
sourcessources (see Hasinger & van der Klis 1989). The data in which the kHz QPO was present 
areare represented by filled circles. Right, top: Rms normalized, Poisson noise subtracted 
averageaverage power spectrum of the observations 1-10 (squares). Strong band limited noise 
isis present, establishing the identification of the Island state. The solid line is the best üt 
toto the data with a cut-off powerlaw. Right, bottom: Rms normalized, Poisson noise sub-
tractedtracted average power spectrum of the observations 11-13 (circles). Banana state power 
lawlaw noise and a peaked noise component are present. The solid line is the best üt to the 
datadata with a powerlaw and a Lorentzian component. 
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Wee discovered a kHz QPO at 9 Hz, with a FWHM of 3 Hz, and 
aa fractional rms amplitude of % (2-60 keV) in the average power spec-
trumm of observation 11 (see Figure 9.2). In addition, the average power spectrum 
off  observation 11 (Figure 9.1, right, bottom) shows a peaked noise component 
att a frequency of 2 Hz, with a fractional rms amplitude of , and a 
FWHMM of 6 Hz. To investigate the peak noise component and the kHz QPO 
further,, we also calculated power spectra using data in the 4.0-18.0 keV energy 
band.. The values measured in the 4.0-18.0 keV energy band are the same within 
thee errors, although the significance of the detection of the kHz QPO is somewhat 
higherr (6.1a compared to 5.7 o in the 2-60 keV band). We subdivided the 4.0-
18.00 keV power spectra of observation 11 in two parts. The frequency of the kHz 
QPOO increased from 9 Hz in the first part of observation 11 to 0 Hz 
att the end. The source moved further up the banana branch, from an average hard 
andd soft color of 3 and 1 to 0.431 3 and , 
respectively.. The background subtracted count rate in the 4.0-18.0 keV energy 
band,, the FWHM, and the fractional rms amplitude are consistent with being the 
samee in the two parts. The properties of the peaked noise component were con-
sistentt with being the same in the two selections. 

Noo power spectral components were detected in the average power spec-
trumm of observations 12 and 13 combined. We derived an upper limit on the pres-
encee of a 100 Hz wide kHz QPO of ~13% rms in the range between 300-1200 
Hzz in both the 2-60 keV and the 4.0-18.0 keV energy band, and an upper limit 
off  5%-6% on the presence of a power law component at frequencies in the range 
off  0.1 to 100 Hz in both the 2-60 keV and the 4.0-18.0 keV energy band, with a 
powerr law index of 1.0. 

Duringg observation 11 a type I X-ray burst occurred (see Figure 9.3). This is 
thee first detection of a burst in 2S 0918-549, and establishes the compact object 
ass a neutron star. As apparent in Figure 9.3 the burst profile was complex, with a 
smoothh exponential decay with an e-folding time of 5 s beginning ~ 10 
secondss after the initial rise. Due to the very high count rates of more than 20000 
countss per second (3 detector count rate) the GoodXenon mode saturated. The 
totall  count rate displayed in Figure 9.3 is for the 0.125 s Standard 1 data which 
weree not affected by this saturation. During the part of the decay where the count 
ratee was less than 8000 counts per second spectral analysis shows cooling of the 
blackbodyy spectral component. Using the 16 s Standard 2 mode we derive a flux 
forr the 16 s bin containing the burst peak of 3.5 x 10~8 erg cm- 2 s- 1 (2-20 keV). 
Sincee the mean count rate in this 16 s time bin is a factor of > 2.5 lower than the 
peakk count rate as measured using the 1/8 s bin of the Standard 1 observations, we 
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FigureFigure 9.2: Average 4.0-18.0 keV power density spectrum of observation 11, normalized 
afterafter Leahy et a/. (1983), showing the kHz QPO at  Hz (6.1a single trial). The 
solidsolid line represents the best ut to the data. 

usee this factor to improve our estimation of the peak burst flux. We did not correct 
forr the deadtime effects which become important at the count rates at the peak 
off  the burst (~25%), this provides a lower limit on the peak flux. The pre-burst 
fluxx is less than 4.2 x 10~10 erg cm- 2 s_1 (2-20 keV). So, the persistent emission 
off  the source when it is on the lower banana branch is less than 0.5 percent of 
thee Eddington luminosity. Assuming the peak burst flux to be isotropic and at or 
beloww the Eddington limit of 2.5 x 1038 erg s_1 we derive an upper limit to the 
distancee of 4.9 kpc. 
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FigureFigure 9.3: Lightcurve showing the profile of the type I X-ray burst occurring during 
observationobservation 11. The X-axis denotes the time since the start of the burst. Note the com-
plexplex burst profile and the large increase in count rate during the burst compared with the 
persistentpersistent emission. The count rate is that of the three detectors that were operational 
only. only. 

9.44 Discussion 

Wee discovered a kHz QPO at a frequency of ~1156 Hz with a fractional rms am-
plitudee of nearly 20% (2-60 keV) in the X-ray emission of the LMXB 2S 0918-
549.. For the first time in this source a type I X-ray burst was detected, establishing 
thee nature of the compact object in 2S 0918-549 as a neutron star. We derived an 
upperr limit to the persistent luminosity when the source is on the lower banana 
branchh of 0.005 LEdd making 2S 0918-549 one of the least luminous LMXBs in 
whichh a kHz QPO has been observed. The spectral and timing properties indicate 
thatt this source is a low-luminous atoll source, displaying the full complement 
off  spectral and timing states (island state and a full banana branch). Similar to 
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otherr kHz QPO sources, e.g. Méndez et al. (1999), the kHz QPO was only ob-
servedd when the source was on the lower part of the banana branch. Its frequency 
changedd from 8 Hz to 0 Hz, when the source moved further on the 
bananaa branch, similar to other atoll sources (e.g. Méndez et al. 1999). Its fre-
quencyy is similar to the frequency of the upper kHz QPO in other atoll sources in 
aa similar lower-banana state (e.g. Di Salvo et al. 2001, Méndez et al. 1999). The 
frequencyy of the lower kHz QPO is usually lower in that part of the CD. Further-
more,, when both QPOs of the twin kHz QPOs are detected simultaneously the 
frequencyy of the lower kHz QPO has never been found at frequencies larger than 
~9000 Hz in any LMXB (see van der Kli s 2000). Therefore, we conclude that this 
kHzkHz QPO is most likely the upper peak of the kHz QPO pair which is detected in 
mostt other LMXBs. 

Afterr 4U 0614+109, 2S 0918-549 is another example of a very low luminous 
LMX BB whose kHz QPOs are strong, whereas in the most luminous LMBXs, the 
Z-sources,, the kHz QPOs tend to be weak (see also the review of van der Kli s 
2000).. To further investigate this, we compared the fractional rms amplitudes of 
thee kHz QPO in 2S 0918-549 with those of the upper kHz QPO in other LMXBs. 
Inn order to account for the fact that in a given source the fractional rms amplitude 
off  the kHz QPO changes as its frequency changes we measured the fractional rms 
amplitudee at both the lowest and highest frequency at which the upper kHz QPO 
iss found. From extensive studies for several sources it is clear that the fractional 
rmss amplitude of the upper kHz QPO decreases monotonically as the frequency 
off  the upper peak increases (e.g. Wijnands et al. 1997; Jonker et al. 1998; Wi-
jnandss et al. 1998; Méndez et al. 2001). This ensures that the method we used 
wil ll  yield a good indication of the range in fractional rms amplitude spanned in 
eachh source. The sample we studied here contains only those sources for which a 
significantt detection of the upper kHz QPO in the 5-60 ke V energy range was pos-
siblee (4U 0614+09; Ford et al. 1996 4U 1915-05, Boirin et al. 2000; 4U 1728-34, 
Strohmayerr et al. 1996a; 4U 1608-52, Méndez et al. 1998a; 4U 1702-42, Mark-
wardtt et al. 1999; 4U 1636-53, Zhang et al. 1996; 4U 1820-30, Smale et al. 
1996;; XTE J2123-058, Homan et al. 1999; KS 1731-260, Wijnands & van der 
Kli ss 1997), or in case of the Z-sources, the 5-60 keV fractional rms amplitude that 
wass reported in the literature (Cyg X-2, Wijnands et al. 1998; GX 17+2, Wijnands 
ett al. 1997; GX 340+0, Jonker et al. 1998). Sco X- l was not included since the 
fractionall  rms amplitude of the QPOs can not be calculated accurately at present 
duee to the severe dead-time effects present in this source. We calculated the 5-60 
keVV fractional rms amplitude in order to avoid as much as possible systematic 
effectss on the derived fractional rms amplitudes of the peaks due to the different 
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QPOQPO in various LMXBs. Apparent is the decrease in fractional rms amplitude as the 
sourcesource luminosity increases, both within one source and between sources. 

NHNH values towards the various sources. 
Thee range in fractional rms amplitude of the upper kHz QPO in each source 

iss plotted in Figure 9.4 as a function of the simultaneously measured luminosity 
(forr the distances and the method used to calculate these luminosities see Ford 
ett al. 2000 and references therein; the distance to 4U 1915-05 was taken from 
Smalee et al. 1988). It is apparent that the upper kHz QPOs detected in low-
luminosityy sources have relatively large fractional rms amplitudes, when com-
paredd with the fractional rms amplitude of the kHz QPO in the bright LMXBs 
(e.g.. the Z-sources). The frequencies of the end-points for each source are given 
inn Table 9.2. 

vann Paradijs & van der Kli s (1994) found that the hardness, defined as the ratio 
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TableTable 9.2: The lowest and highest frequency of the upper kHz QPO for each source used 
toto create Figure 4. 

Sourcee name 

2SS 0918-549 
4UU 0614+09 
4UU 1915-05 
4UU 1608-52 
4UU 1728-34 
4UU 1702 2̂ 
4UU 1636-53 
4UU 1820-30 
XTEJ2123-058 8 
KSS 1731-260 
CygX-2 2 
GXX 17+2 
GXX 340+0 

Lowestt frequency 
upperr kHz (Hz) 

9 9 
3 3 
4 4 

4 4 
7 7 
9 9 
4 4 

4 4 
8 8 
3 3 
9 9 

9 9 
0 0 

Highestt frequency 
upperr kHz (Hz) 

9 9 
5 5 
8 8 
8 8 
3 3 
1 1 

U U 
4 4 
8 8 
3 3 
5 5 

8 8 
0 0 

off  counts between the 40-80 keV band and the 13-25 keV band, is in neutron star 
LMXB ss correlated with the X-ray luminosity. This suggests that the X-ray flux 
variabilityy of the source at the kHz QPO frequency is correlated with the hardness 
inn that band (see also Ford et al. 1997). Within a source a similar correlation 
betweenn the fractional rms amplitude of the upper kHz QPO and the hardness of 
thee energy spectrum has been found; the harder the source the higher the fractional 
rmss amplitude of the upper kHz QPO (e.g. 4U 0614+091, Ford et al. 1997, van 
Straatenn et al. 2000; 4U 1608-52, Méndez & van der Kli s 1999; Aql X- l , Reig 
ett al. 2000; 4U 1728-34, Di Salvo et al. 2001; Cyg X-2, Wijnands et al. 1998; 
GXX 17+2, Wijnands et al. 1997; GX 340+0, Jonker et al. 1998). 

AA two-component accretion flow (radially and through a disk, Ghosh & Lamb 
1979)) has been considered to explain that the frequency of the kHz QPO does 
nott depend on source luminosity (Ford et al. 2000). The observed anticorrelation 
betweenn the fractional rms amplitude of the upper kHz QPO and the source lu-
minosityy cannot solely be explained by an increase of an unmodulated part of the 
accretionn flow towards higher source luminosity, since the increase in luminosity 
iss too large compared with the decrease in fractional rms amplitude. Therefore, 
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thiss cannot explain the findings of Ford et al. (2000). The same conclusion was 
drawnn by Méndez et al. (2001) on other grounds. It is important to consider the 
anticorrelationn presented in this work and the absence of a correlation reported by 
Fordd et al. (2000) in mechanisms producing kHz QPOs. 
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Discoveryy of a new, third kHz QPO in 
4UU 1608-52,4U 1728-34, and 
4UU 1636-53. Sidebands to the lower 
kHzz QPO? 

Peterr G. Jonker, Mariano Méndez, Michiel van der Kli s 

AstrophysicalAstrophysical Journal Letters, 2000, 540, L29 

Abstract t 

Wee report the discovery of a third kilohertz quasi-periodic oscillation (kHz QPO) 
inn the power spectra of the low-mass X-ray binaries 4U 1608-52 (6.3a), 4U 1728-
344 (6.0a), and 4U 1636-53 (3.7a) which is present simultaneously with the pre-
viouslyy known kHz QPO pair. The new kHz QPO is found at a frequency that is 

99 Hz, 2 Hz, 58.4  1.9 Hz higher than the frequency of the lower kHz 
QPOO in 4U 1608-52,4U 1728-34, and 4U 1636-53, respectively. The difference 
betweenn the frequency of the new kHz QPO and the lower kHz QPO increased in 
4UU 1608-52 from 4 Hz to 5 Hz when the frequency of the lower 
kHzz QPO increased from 672 Hz to 806 Hz. Simultaneously the difference be-
tweenn the frequency of the new kHz QPO and the upper kHz QPO increased by 
~600 Hz, suggesting that the new kHz QPO is unrelated to the upper kHz QPO. 
Inn 4U 1636-53 a fourth, weaker, kHz QPO is simultaneously detected (3a) at the 
samee frequency separation below the lower kHz QPO, suggesting the new kHz 
QPOss are sidebands to the lower kHz QPO. We discuss the nature of this new 
kHzz QPO and its implications on the models for the kHz QPOs. 
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10.11 Introductio n 

Inn the last four years observations with the Rossi X-ray Timing Explorer (RXTE) 
satellitee have revealed the presence of several quasi-periodic phenomena at fre-
quenciess higher than 100 Hz in the Fourier power spectra of low-mass X-ray 
binariess (LMXBs). First, the kilohertz quasi-periodic oscillations (kHz QPOs) 
weree discovered (van der Kli s et al. 1996b,a; Strohmayer et al. 1996a,b; for the 
mostt recent review see van der Klis 2000). Somewhat later, nearly coherent os-
cillationss were discovered during type I X-ray bursts in several of these LMXBs; 
thesee burst oscillations presumably occur at frequencies close to the neutron star 
spinn frequency (Strohmayer et al. 1996b; for a review see Swank 2001) 

Thee kHz QPOs are nearly always found in pairs. Although their frequencies 
cann vary over several hundred Hz, the frequency separation between the twin kHz 
QPOs,, V2 - Vi, remains approximately constant, close to the inferred spin fre-
quencyy of the neutron star (but see e.g. van der Kli s et al. 1997; Méndez et al. 
1998;; Méndez et al. 1998; Méndez & van der Kli s 1999). Various models ex-
istt for the origin of these QPOs. Immediately after their discovery a beat fre-
quencyy model was proposed (Strohmayer et al. 1996b), of which the sonic-point 
modell  is the most elaborate example (Miller et al. 1998). Later, Stella & Vi-
etrii  (1999) proposed the relativistic precession model (see also Psaltis & Norman 
2001;; Markovic & Lamb 2001) and Osherovich & Titarchuk (1999b) introduced 
thee two-oscillator model. In the latter model the QPO at Vi (the lower kHz QPO) 
occurss at the Keplerian frequency of material orbiting the neutron star, whereas 
inn the other two models the QPO at v2 (the upper kHz QPO) is the one that is 
Keplerian. . 

Thee possibility that sidebands to the two main kHz peaks could occur was 
mentionedd by several authors (Miller et al. 1998; Psaltis & Norman 2001), but no 
sidebands,, nor in fact any other kHz QPOs beyond the initial pair were detected 
upp to now (see e.g., Méndez & van der Kli s 2000). In the LMXBs 4U 1608-52, 
4UU 1728-34, and 4U 1636-53 the kHz QPOs have been extensively studied on 
previouss occasions (4U 1608-52, Berger et al. 1996; Méndez et al. 1998, 1999; 
Yuu et al. 1997; 4U 1728-34, Strohmayer et al. 1996a,b; Ford & van der Kli s 1998; 
Méndezz & van der Kli s 1999; 4U 1636-53, Zhang et al. 1996; Wijnands et al. 
1997;; Méndez et al. 1998; Kaaret et al. 1999; Méndez 2000). 

Inn this Letter, we describe the discovery of a new, third kHz QPO close to the 
lowerr kHz QPO in these three sources, which is probably an upper sideband to the 
lowerr kHz QPO. We discuss briefly the possible implications of this discovery in 
termss of the existing models for the kHz QPOs. 

156 6 



DISCOVERYY OF A NEW, THIRD KHZ QPO IN 4U 1608-52, 4U 1728-34, AND 

4UU 1636-53. SIDEBANDS TO THE LOWER KHZ QPO? 

TableTable 10.1: Log of the observations of4U 1636-53 used in this analysis. For the obser-
vationsvations we used in our analysis of the other sources see main text. 

Observationn Date & 
JDD Start time (UTC) 
10088-01-01-000 27-04-199613:45 
10088-01-02-000 29-04-199617:37 
10088-01-03-000 30-04-199616:03 
10088-01-07-011 09-11-1996 20:53 
10088-01-08-033 31-12-199618:23 
10088-01-06-011 06-01-1997 05:58 
10088-01-06-077 06-01-1997 08:32 
30053-02-01-0000 24-02-1998 23:26 
30053-02-01-0011 25-02-1998 05:55 
30053-02-02-022 19-08-1998 08:15 
30053-02-02-011 19-08-1998 13:03 
30053-02-01-011 20-08-1998 01:50 
30053-02-01-022 20-08-1998 03:26 

10.22 Observations and analysis 

Wee have used observations obtained with the proportional counter array (PCA; Ja-
hodaa et al. 1996) onboard the RXTE satellite (Bradt et al. 1993). The observations 
off  4U 1608-52 used here are the same as those described by Méndez et al. (1999); 
thee observations of 4U 1728-34 are those used by Strohmayer et al. (1996a,b); 
Fordd & van der Kli s (1998); Méndez & van der Kli s (1999). The observations of 
4UU 1636-53 used in this paper are listed in Table 10.1. 

Wee used data with a time resolution of at least 122 /̂s to calculate power spectra 
off  data segments of 64 s up to a Nyquist frequency of 4096 Hz in two different 
energyy bands, from 2.0-8.7 keV and from 8.7-60 keV if available, and in one band 
combiningg the total effective PCA energy range (2.0-60 keV). Observation 10094-
01-01-000 of 4U 1608-52 only covered the 2.0-13.2 keV band and we excluded 
itt in the calculation of the fractional rms amplitudes of QPOs. We selected only 
thosee power spectra in which a narrow (full-width at half maximum, FWHM, less 
thann ~10 Hz) lower kHz QPO was observed. This resulted in ~67, ~92, and ^80 
ksecc of data in the 2.0-60 keV range which corresponds to ~18%, ~12%, and 
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~15%% of the total amount of analyzed data for 4U 1608-52, 4U 1728-34, and 
4UU 1636-53, respectively. 

Wee traced the lower kHz QPO using a dynamical power spectrum (e.g. see 
platee 1 in Berger et al. 1996) displaying consecutive power spectra to visualize the 
timee evolution of the QPO frequency. For each source separately, we fitted this 
QPOO peak in each power spectrum in the range 100 Hz above and 100 Hz below 
thee traced QPO frequency (so to exclude the upper kHz QPO) with a constant 
pluss a Lorentzian. For each source separately, we used the shift-and-add method 
describedd by Méndez et al. (1998) to shift each lower kHz QPO peak to the same 
frequencyy and average the aligned power spectra. We then fitted each average 
powerr spectrum (one per source) with a constant plus Lorentzians to represent the 
QPOs.. Errors on the fit parameters were calculated using A%2 = 1.0 ( l a single 
parameter).. The 95% confidence upper limits were determined using A%2 = 2.71. 

10.33 Results 

Figuree 10.1 shows the resulting power spectra for 4U 1608-52, 4U 1728-34, and 
4UU 1636-53 after applying the abovementioned procedure. We discovered a new 
kHzz QPO in these three sources at a frequency that is, respectively, 9 
Hz,, 2 Hz, and 9 Hz higher than that of the lower kHz QPO, at a 
significancee level of 6.3a, 6.0a, and 3.7a (single trial), respectively (Table 10.2). 
Thiss new kHz QPO is detected at the same time as the twin kHz QPOs that were 
alreadyy known in these sources. 

Inn 4U 1636-53 we detected a fourth kHz QPO, at the same frequency sepa-
rationn below the lower kHz QPO (Figure 10.1, Table 10.2). This new kHz QPO 
wass detected in a single trial, at a 3a significance level. The presence of two, 
symmetricallyy located, peaks on either side of the lower kHz QPO suggests the 
neww kHz QPOs are sidebands to the main peak and from now on we wil l refer to 
thesee new kHz QPOs as such. No significant lower sidebands could be detected 
inn the other two sources. 

Wee applied an F-test to the %2 of the fits with and without the upper sideband 
inn order to test its significance. We derived values for the significance of the upper 
sidebandd similar to those calculated from the errors in the fit  parameters which 
wee quoted above. Conservatively estimating the number of trials involved in ob-
tainingg our results at ~400 (the number of frequencies where we searched for a 
QPO,, ~4000, divided by the FWHM of the QPO ~10 Hz) still results in a > 5a 
detectionn in case of 4U 1608-52. 
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4UU 1636-53. SIDEBANDS TO THE LOWER KHZ QPO? 

7000 80 0 90 0 100 0 110 0 120 0 60 0 

Frequenc yy  (Hz ) 

0000 120 0 

Frequenc yy  (Hz ) 

1000 0 

Frequenc yy  (Hz ) 

FigureFigure 10.1: Power density spectra of the three sources showing the lower and upper kHz 
QPOQPO and to the high frequency side of the lower kHz QPO the new QPO. The power 
isis rms normalized after Belloni & Hasinger (1990). Note that due to the applied shift-
and-addand-add method, only the frequency difference with respect to the frequency to which the 
powerpower spectra were shifted is meaningful (see also Table 10.2). 
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4UU 1636-53. SIDEBANDS TO THE LOWER KHZ QPO? 

ForFor each source we divided the data into two parts based on the frequency 
off  the lower kHz QPO in the power spectra. In each of these parts we shifted 
thee lower kHz QPO peak to the same frequency as before and fitted the average 
powerr spectrum. In 4U 1636-53 and 4U 1728-34 the separation between the up-
perr sideband and the main peak, A$B, is consistent with being the same in the two 
parts,, whereas in 4U 1608-52 ASB increases significantly (2.9a, Table 10.2). In 
4UU 1608-52, the frequency of the upper sideband increases by ~ 139 Hz as the 
frequencyy of the lower kHz QPO increases by ~134 Hz. The fact that the dis-
tancee of the sideband remains approximately constant (to within ~4.5 Hz) as both 
peakss move over ~135 Hz is an additional argument supporting the interpretation 
off  the new kHz QPO as a sideband to the lower kHz QPO. Simultaneously, the 
frequencyy distance of the sideband to the upper kHz QPO changes by nearly 60 
Hz;; this and the fact that the sideband is much narrower than the upper kHz QPO, 
stronglyy argues in favor of the sideband being un-related to the upper kHz QPO. 

Too correct for the relative motion of the sideband with respect to the main 
peak,, which artificially broadened it in our previous analysis, we calculated the 
frequenciess to which each power spectrum should be shifted in order to align 
thee sideband, assuming a linear relation between the frequencies of the sideband 
andd the main peak. Applying this new shift to the data of 4U 1608-52 we in-
deedd obtained a narrower sideband 2 Hz), although the effect is marginal. 
Aligningg the power spectra on a hypothetical lower sideband did not result in 
aa significant detection in 4U 1608-52. The upper sideband is also significantly 
detectedd in 4U 1608-52 when only a fraction of the data is selected and no shift-
and-addd is applied, although at a smaller significance level. 

Applyingg the same shifts to the power spectra calculated for the two energy 
bands,, we measured the dependence of the fractional rms amplitude on photon 
energyy of the detected QPOs. Only for 4U 1608-52 we were able to significantly 
detectt the sideband in both energy bands. The increase in fractional rms ampli-
tudee with energy in 4U 1608-52 is different for the lower and upper kHz QPO 
(seee Méndez et al. 1998b). Although the fractional rms amplitude of the side-
bandd increased from % to % as a function of photon energy 
(2.0-8.7-200 kev) in 4U 1608-52, the uncertainties on the measurements of the 
fractionall  rms amplitudes of the sideband did not enable us to distinguish be-
tweenn the two different trends observed for the kHz QPO pair. The FWHM of the 
lowerr kHz QPO, that of the upper kHz QPO, and that of the sideband nor the side-
bandd separation nor the peak separation between the upper and lower kHz QPO 
changedd significantly with respect to the values obtained in the total energy band. 

Wee also investigated the lower frequency part of the power spectra for the pres-
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encee of a QPO at a frequency equal to the difference between the sideband and the 
lowerr kHz QPO. We detected a low frequency QPO (LFQPO) at 7 Hz with 
aa FWHM of 2 Hz and a fractional rms amplitude of 1 % in 4U 1608-52 
(seee also Psaltis et al. 1999). In 4U 1728-34, a LFQPO at 2 Hz, with a 
FWHMM of 8 Hz and a fractional rms amplitude of % was present 
(seee also Ford & van der Kli s 1998; Di Salvo et al. 2001). In 4U 1636-53 no 
LFQPOO was found, but a broad noise component was detected which could be de-
scribedd with an exponentially cutoff power law with a cut off frequency of 8 
Hz,, a power law index of , and a fractional rms amplitude of . 

10.44 Discussion 

Wee have discovered a new kHz QPO at frequencies close to the frequency of the 
lowerr kHz QPO in the three LMXBs 4U 1608-52, 4U 1728-34, and 4U 1636-53. 
Thiss new kHz QPO moves in frequency with the lower kHz QPO and maintains a 
distancee to it which is nearly (but not exactly) constant; its distance to the upper 
kHzz QPO varies much more. In 4U 1636-53 an additional QPO was found sym-
metricallyy located at the lower frequency side of the lower kHz QPO peak (3c). 
Thesee facts suggest that the new kHz QPOs are sidebands to the lower kHz QPO. 

Iff  these QPOs are sidebands due to an amplitude modulation of the lower kHz 
QPO,, there must be an additional mechanism reducing the amplitude of the lower 
sidebandd or enhancing the upper sideband, since in 4U 1608-52 and 4U 1728-
344 the presence of a symmetric lower sideband can be excluded. If the lower 
kHzz QPO is a beaming oscillation, a single-sideband (rotational) beat frequency 
scenarioo could apply (e.g. Alpar & Shaham 1985). However, this would lead to 
aa lower rather than an upper sideband, opposite to what is observed, unless the 
modulatingg part of the disk is counter rotating. When both rotational modula-
tionn and amplitude modulation of the formation of the lower kHz QPO produce 
sidebands,, but of opposite phase, destructive interference could in principle cause 
thee amplitude of the lower frequency sideband to be suppressed. Kommers et al. 
(1998)) observed sidebands to the pulses of the pulsar 4U 1626-67 at much lower 
frequenciess (~0.1Hz). There the lower sideband was stronger than the upper one 
andd they proposed a model using both amplitude modulation and rotational mod-
ulationn of the pulsar beam. 

Thee frequency separation between the sideband and the main peak (~50-60 
Hz),, hereafter 'sideband separation' is reminiscent of typical frequencies of hor-
izontall  branch oscillations (HBOs) in Z sources and low frequency QPOs (LFQ-
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POs)) in atoll sources. However, the frequency of the LFQPO (~41 Hz) apparent 
inn two of the three sources is inconsistent with the observed sideband separation. 
Furthermore,, the increase in sideband separation with increasing lower kHz QPO 
frequencyy we observed in 4U 1608-52 is less than the increase in HBO frequency 
withh lower kHz QPO frequency usually seen (Psaltis et al. 1999). So, the side-
bandss appear to be unrelated to the LFQPO in these atoll sources. Mechanisms 
thatt might explain these QPOs, such as the magnetospheric beat frequency model 
(Alparr & Shaham 1985; Lamb et al. 1985) or the Lense-Thirring precession model 
(Stellaa & Vietri 1998) could be used in explaining the LFQPO and the sideband, 
howeverr one model can not explain both simultaneously unless the LFQPO and 
thee sideband reflect frequencies at different radii in the disk. 

Nonee of the kHz QPO models in the literature (e.g. the sonic point model, 
Mille rr et al. 1998; Lamb & Miller 2001, the relativistic precession model, Stella 
&&  Vietri 1998, and the two-oscillator model, Osherovich & Titarchuk 1999a) in 
theirr present form predict the presence of an upper sideband to the lower kHz 
QPOO with a sideband separation different from the LFQPO frequency. 

Onee of the effects possibly occurring in the sonic point beat frequency model 
(Millerr et al. 1998; Lamb & Miller 2001) could perhaps explain the formation 
off  the upper sideband we discovered. The density enhancements along the spi-
rall  flow responsible for the generation of the lower kHz QPO rotate around the 
neutronn star ~5-10 times before reaching the surface (Miller et al. 1998; Lamb & 
Mille rr 2001). Therefore, the orbital frequency of the enhancements is higher than 
thee orbital frequency at the sonic point, the beat frequency wil l end up at slightly 
higherr frequencies than the frequency of the lower kHz QPO. Since the sideband 
hass a FWHM of ~ 10 Hz corresponding to at least ~100 cycles at a Keplerian 
frequencyy of 1000 Hz, the beat frequency wil l end up at frequencies 50^100 Hz 
higher.. The orbital frequency of the enhancements and the change in the sideband 
separationn as a function of the frequency of the lower kHz QPO, as observed in 
4UU 1608-52, will depend on the details of the physical processes at work close to 
thee neutron star. 
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Discoveryy of an X-ray pulsar in the 
low-masss X-ray binary 2A 1822-371 

Peterr G. Jonker, Michiel van der Kli s 

TheThe Astrophysical Journal Letters, 2001, 553, L43 

Abstract t 

Wee report the discovery of 0.59 s X-ray pulsations from the low-mass X-ray 
binary,, 5.57 hr dipping and eclipsing ADC source 2A 1822-371. Pulse arrival 
timee analysis indicates a circular orbit with e <0.03 (95% confidence) and an 
asin// for the neutron star of 1.006(5) lightseconds, implying a mass function 
off  (2.03 ) x 1O~2M0. The barycentric pulse period was 0.59325(2) s in 
1996.2700 and 0.59308615(5) s in 1998.205, indicating an average spin up with 
P/P=P/P= ) x 10-4yr_1- For a magnetic field strength of ~ 1-5x1012 

GG as derived from the X-ray spectrum the implied intrinsic X-ray luminosity is 
~2-44 x 1037ergs_1. The pulse amplitude is low, but increases steeply as a func-
tionn of energy from a sinusoidal amplitude of 0.25% in 2-5.4 keV to ~ 3% above 
200 keV. We discuss the constraints on the masses of the companion star and the 
factt that several aspects of the energy spectrum are in qualitative accordance with 
thatt of a strongly magnetised neutron star. 
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11.11 Introductio n 
Thee lightcurve of the low-mass X-ray binary (LMXB) 2A 1822-371 shows clear 
signss of orbital modulation in both the X-ray and optical bands (White et al. 1981; 
Seitzerr et al. 1979; Mason et al. 1980), with a period of 5.57 hours. White et al. 
(1981)) showed that the X-rays are emitted from an extended source, a so called 
Accretionn Disk Corona (ADC) which is periodically partially eclipsed by the com-
panionn star (at orbital phase 0.0) as well as partially obscured by structure in the 
accretionn disk whose height above the orbital plane varies but is greatest at phase 
0.88 and least at phase 0.2 (White et al. 1981). The implied inclination is i >70° 
(Masonn et al. 1980). The short orbital period makes 2A 1822-371 a compact 
LMXB .. If powered by a Roche lobe filling  main-sequence star the companion 
masss is O.62M0, however, the companion spectrum is inconsistent with that of a 
normall  K-star (Harlaftis et al. 1997). 

Thee orbital period has been measured from eclipse timing to gradually in-
creasee (Hellier et al. 1990); the best ephemeris to date was provided by Parmar 
ett al. (2001). The observed X-ray spectrum is complex and various models have 
beenn used to describe the data. With a power law index of ~ 1 (Parmar et al. 2001) 
thee continuum is harder than that of typical LMXBs which have power law indices 
off  1.5-2.5. There is also evidence for a strong soft component in the 1-10 keV 
rangee (Heinz & Nowak 2001; Parmar et al. 2001). An upper limit on the presence 
off  pulsations in the 1-30 keV band of 1% was derived by Hellier et al. (1992). 

Soonn after the discovery of accreting X-ray pulsars (Giacconi et al. 1971) it 
wass realized that these are strongly magnetized (B> 1012 G) neutron stars accret-
ingg matter from an accretion disk (Pringle & Rees 1972; Lamb et al. 1973) or a 
stellarr wind (Davidson & Ostriker 1973). Whereas accretion-powered pulsars are 
commonn in massive X-ray binaries, they are rare in LMXBs, a fact that has been 
explainedd in terms of neutron star magnetic field decay (presumably accretion-
induced)) in the generally much longer-lived low-mass systems (Bhattacharya & 
Srinivasann 1995). The lower field would allow the disk to extend to close to the 
neutronn star and spin it up to millisecond periods. This is in accordance with 
binaryy evolutionary models predicting that LMXBs are the progenitors of binary 
millisecondd radio pulsars (Radhakrishnan & Srinivasan 1982; Alpar et al. 1982; 
seee for a detailed description Bhattacharya 1995). This scenario was confirmed by 
thee discovery of the first accreting millisecond pulsar, in the LMXB SAX J 1808.4-
36588 (Wijnands & van der Kli s 1998). In this Letter, we report the discovery of 
pulsationss in the LMX B 2 A 1822-371, and describe our measurements of both the 
orbitall  Doppler shifts and the spin-up of the pulsar. We briefly discuss the con-
straintss on the masses of the two binary components and also the energy spectrum 
off  the pulsar. 168 



DISCOVERYY OF AN X-RA Y PULSAR IN THE LOW-MASS X-RAY BINARY 

2A1822-371 1 

11.22 Observations and analysis 

Wee used 16 observations obtained on 1996 Sept. 26 and 27 (observations 1-5), 
19988 June 28 and 29 (observations 6-11), and July 24 and 25 (observations 12-16) 
withh the proportional counter array (PCA; Jahoda et al. 1996) onboard the Rossi 
X-rayX-ray Timing Explorer (RXTE) satellite (Bradt et al. 1993). The total amount of 
goodd data was ~73 ksec. All observations yielded data with a time resolution of 
att least 2~13 s, in 64 energy bands covering the effective 2.0-60 keV energy range 
off  RXTE. 

Ass part of a systematic search for pulsars in LMXBs (Jonker et al. in prep.), 
aa power spectrum of Solar System barycentered data was created using an FFT 
technique.. The Nyquist frequency was 64 Hz. A weak 0.59 s pulsed signal was 
discoveredd first in the 2.0-60 keV power spectrum. Investigation of the pulsed 
signall  in various energy bands and different sub-sets of the data showed that the 
signal-to-noisee ratio was highest in the 9.4-22.7 keV band of observations 12-
16.. Therefore, we initially used this energy band and subset of the data for our 
analyses. . 

Wee measured the Solar System barycentric pulse period in 19 data segments 
off  observations 12-16 each with a length of ~1500 s (half a typical RXTE con-
tiguouss data segment) using an epoch folding technique. The period of the pulsar 
showedd clear evidence of the 5.57 hour orbital modulation due to orbital Doppler 
shiftss with an amplitude corresponding to an asim of about 1 light second. Cor-
rectingg for the orbital delays using the previously known orbital ephemeris (Par-
marr et al. 2001) and our best measure of asim' obtained from the pulse period 
analysis,, we epoch-folded each 1500 s segment in observations 12-16, and mea-
suredd the phase of each folded profile by fitting it with a sinusoid. The residual 
phasess were then fitted with a model using a constant pulse period and a circular 
orbit.. This satisfactorily described the observed dependencies on both time and 
orbitall  phase. The best-fit orbital and pulse parameters are given in Table 11.1. 
Thee measured pulse arrival times and the best-fit orbital delay curve are displayed 
inn Figure 11.1. 

Assumingg our measured asim and the orbital ephemeris of Parmar et al. (2001) 
wee found for observations 1-5 a pulse period of 0.59325(5) s. This is significantly 
longerr than that during observations 12-16 (see Table 11.1), a conclusion that is 
insensitivee to the details of the orbital corrections. From this difference we derived 
aa pulse period derivative of P = (-2.85 ) x 10~12s s_1. Due to the weakness 
off  the signal and the limited amounts of data we were not able to phase-connect 
thee data within observations 1-5 or 6-11, nor could we maintain the pulse count 
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TableTable 11.1: Orbital parameters of2A 1822-371. The number in brackets indicates the lc 
uncertaintyuncertainty in the last digit. 

Barycentricc pulse period (s) at 1998.205, P1998 
Projectedd semimajor axis (light sec), asin/ 
Orbitall  period (s), Porb 
Epochh of superior conjunction (HJD), T 
Eccentricity,, e (95% confidence) 
Masss function, /X (M 0) 

0.59308615(5) ) 
1.006(5) ) 

20054.240(6)° ° 
2450993.27968(2) ) 

<3 .11 x 10~2 

(2.033  0.03) x 10"2 

Barycentricc pulse period (s) at 1996.270, P1996 
Pulsee period derivative (s/s), P 

0.59325(2) ) 
-2.855  0.04) x 10~12 

""  From orbital ephemeris of Parmar et al. (2001) 
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FigureFigure 11.1: The arrival time delay in light seconds of the pulses due to the orbital motion 
ofof the neutron star as a function of binary phase. Phase zero is superior conjunction. Each 
dotdot represents ~1500 s of data obtained in observations 12-16. The sinusoid is the best 
fitfit  to the dots. The residuals of the ut (crosses) are shown at a 10 times expanded scale. 
ErrorError  bars are shown for the dots; for clarity they are omitted for the residuals. 
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betweenn the epochs of observations 1-5, 6-11, or 12-16. 
Usingg the parameters in Table 11.1 we folded 30 ksec of data of observations 

12-166 in the energy bands 2.0-5.4-9.4-13.8-22.7-60 keV to measure the pulse 
shapee and the pulse amplitude as a function of energy. The pulse profiles are con-
sistentt with being the same in each energy band and did not change significantly 
ass a function of binary phase. The best pulse profile was obtained combining 
thee energy bands 9.4-13.8 keV and 13.8-22.7 keV (see Figure 11.2). We fitted a 
singlee sinusoid to the profile in each energy band to measure the amplitude. The 
pulsee amplitude depends strongly on energy, increasing from % in 
thee 2.0-5.4 keV band to % in the 22.7-60 keV band (Figure 11.3). The 
pulsee amplitude was lower in observations 1-5 than in observations 6-11 and 12-
166 (M.2% versus ~1.7% and ~2.1% in the 13.8-22.7 keV band, respectively). 
Althoughh a single sinusoid is not a perfect representation of the pulse profile this 
wil ll  not significantly affect the derived pulse phase differences or pulse amplitude 
spectrum,, as the profile is constant within the errors. 

1133 Discussion 

Usingg data obtained with the RXTE satellite we have discovered 0.59 s X-ray 
pulsationss from the low-mass X-ray binary (LMXB) 2A 1822-371 with P/P = 
-1.55 x 10"4yr_1. This is the sixth LMXB to show pulsations (Table 11.2) and the 
fourthh whose orbital pulse delay curve was measured. Contrary to SAX Jl 808.4-
3658,, 2A 1822-371 is optically bright and has a well-constrained inclination (be-
causee it is eclipsing), which might allow for a future full binary solution. Before 
ourr measurements, the nature of the compact object in 2A 1822-371 was some-
whatt uncertain. Heinz & Nowak (2001) showed that it could either be a white 
dwarf,, a neutron star or a low-mass black hole. Our detection of pulsations, to-
getherr with spin period changes on a timescale of ~104 years establishes that the 
compactt object is a neutron star. We derive a mass function for the companion star 
off  (2.03 ) x 1O~2M0. This, combined with the knowledge of the inclination 
constrainss the masses of the two components to a small area in a plot of companion 
starr mass versus neutron star mass (the shaded region in Figure 11.4). If the com-
panionn is a main sequence Roche-lobe filling  star subject to the usual lower main 
sequencee mass-radius relation (Kippenhahn & Wiegert 1990) its mass is O.62M0 

(thee horizontal line in Figure 11.4). This would imply a quite massive neutron 
star.. Spectroscopic observations provide a lower limit to the semi-amplitude of 
thee radial velocity of the companion star (Harlaftis et al. 1997). From that lower 
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FigureFigure 11.2: The measured pulse profile obtained from epoch folding the 9.4-22.7 keV 
datadata of observations 12-16. The mean count rate (indicated) was subtracted. For clarity 
twotwo periods are plotted. The profile is clearly non-sinusoidal. Phase zero is at HJD 
2451019.4011752.2451019.4011752. The bin size is ~0.01 s. One sigma error bars are shown. 

limi tt we constrain the mass of the neutron star to be more than Q.6+Q®MQ (the 
verticall  line in Figure 11.4 at 0.3 M© represents the 67% confidence limit). Fur-
thermore,, they showed that the inner face of the companion star is 10 000-15 000 
KK hotter than its back face. This is probably due to effects of X-ray heating, which 
couldd render the companion significantly undermassive for its size. For a 1.4 M 0 

neutronn star the companion has a mass of 0.4-0.45 M 0 (see Figure 11.4). 

Ann estimate of the strength of the magnetic field depends among other things 
onn the source luminosity. The luminosity of 2A 1822-371 was estimated (Ma-
sonn & Cordova 1982) to be L x ~ l . l x 1035ergs_1 (d/lkpc)2. For a distance 
off  2.5 kpc (Mason & Cordova 1982) this would lead to ~ 1036erg/s. However, 
sincee all observed X-rays are thought to have been scattered by an ADC (see 
Sectionn 1), the true source luminosity may be as high as ~ 1038erg/s (White & 
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FigureFigure 11.3: Pulse amplitude as a function of energy. The horizontal bars denote the width 
ofof the energy bands, while the vertical bars denote la uncertainties. The x-coordinate of 
thethe dots is the weighted mean photon energy in each band. The pulse amplitude increases 
steeplysteeply with energy. 

Holtt 1982). Such a high luminosity would be consistent with the observed bi-
naryy orbital period change (Heinz & Nowak 2001). From the luminosity and the 
spin-upp rate the magnetic field can be determined (cf. Ghosh & Lamb 1979); for 
Lxx ~ 1038ergs_1 we derive a magnetic field strength, B, of~ 8 x 1010 G, whereas 
forr Lx ~ 1036ergs_1 B ~ 8 x 1016 G, which implies that the luminosity is proba-
blyy not that low. If we assume that the neutron star is spinning at its equilibrium 
period,, then for Lx ~ 1036ergs_1 we find B~ 5 x 1010GandforLx ~ 1038ergs_1 

B ~ 5xx 1011 G. In all this we assumed Mns = 1.4M0,1 = 1045 gem2, andR= 106 

cmm for the mass, moment of inertia, and radius of the neutron star. 
Thee X-ray spectrum of 2A 1822-371 was studied by various authors (White 

ett al. 1981; Hellier & Mason 1989; Hellieret al. 1992; Heinz & Nowak 2001; Par-
marr et al. 2001; laria 2001), using data obtained with different satellites (Einstein, 
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FigureFigure 11.4: Companion star mass as a function of neutron star mass. The system is 
locatedlocated between the two curves representing i = 70° and i = 90°. The region to the 
leftleft of the dotted line is excluded (67% confidence) due to the lower limit on the radial 
velocityvelocity of the companion star (Harlaftis et al. 1997). The horizontal line is the mass of 
thethe companion assuming it is a Roche-lobe filling main sequence star. The allowed region 
(shaded)(shaded) assumes that the companion could be undermassive, not more massive than this. 

EXOSAT,EXOSAT, Ginga, ASCA, RXTE, and BeppoSax). Parmar et al. (2001) discussed 
severall  unusual features of the spectrum of 2A 1822-371 and although Comp-
tonn scattering in the ADC probably also affected the spectrum (White & Holt 
1982),, in principle some of these features could be explained by the presence of 
aa ~ 1012 G pulsar instead of 108-109 G neutron star. With a power law index 
off  ~1 the continuum spectrum is much harder than that of LMXB s of similar 
luminosityy (Parmar et al. 2001). This is, however, a common power law index 
forr X-ray pulsars (White et al. 1983). The observed cut-off at ~17 keV (Parmar 
ett al. 2001) could also be explained by the presence of the pulsar. The cut-off 
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energyy of pulsars is thought to bee approximately half the cyclotron energy (Mak-
ishimaa & Mihara 1992; see White et al. 1995 for a overview). The strength of 
thee B-field which can thus be derived from the cut-off, assuming a redshift at the 
neutronn star surface of 0.3, is ~ 4 x 1012 G. The relation between the electron 
temperaturee and the energy of the cyclotron resonance (Makishima et al. 1999), 
leadss for a kTe of ~4-10 keV (Parmar et al. 2001; Iaria 2001, although fit with 
aa slightly different continuum function than Makishima et al. 1999) to magnetic 
fieldd estimates of ~ 1-5 x 1012 G, again assuming a redshift at the neutron star 
surfacee of 0.3. These estimates of the magnetic field are consistent with the esti-
matess derived from the spin-up above. The intrinsic source luminosity would be 
~ 2 ^xx 1037ergs~! given the PjP we measured. 

Thee neutron star was found to spin up on a timescale of ~6500 years; v is 
(8.11  0.1) x 10~12Hzs_1. Comparing this v with that in the other LMX B X-ray 
pulsarss (Table 11.2) we note that the spin-up rate measured over ~666 days is 
largee for an LMXB X-ray pulsar, but that of the transient system GRO J1744-2 8 
iss even larger (Finger et al. 1996). Recent observational evidence summarized by 
Bildstenn et al. (1997) reveals alternating episodes of spin-up and spin-down in 
disk-fedd neutron stars. If the v we measured of 2A 1822-371 between 1996.270 
andd 1998.205 would be the average of multiple spin-up and spin-down episodes, 
thenn the maximum spin-up rate would be even higher. However, episodes of 
steadyy spin-up or spin-down lasting nearly a decade have been observed in GX 1+4 
andd 4U 1626-67 (Chakrabarty et al. 1997a; Chakrabarty et al. 1997b). 

Thee increase in pulse amplitude with photon energy is steeper than has been 
foundd for other low-mass X-ray pulsars (4U 1626-67, Rappaport et al. 1977; 
Herr X- l , White et al. 1983; SAX J1808.4-3658, Wijnands & van der Kli s 1998). 
Furthermore,, the pulse amplitude is low compared with other LMXB X-ray pul-
sars.. Previous studies revealed that in 2A 1822-371 scattering is important (White 
ett al. 1981; Hellier & Mason 1989; Hellier et al. 1992; Parmar et al. 2001; Heinz 
&&  Nowak 2001). Multiple scatterings of the pulsed emission in an ADC of O.3/?0 

(Whitee et al. 1981) would have washed out the pulse due to light travel time de-
lays.. Therefore, at least a portion of the ADC should not be very optically thick. 
Comptonn scattering in such an ADC could explain the observed pulse amplitude 
spectrum. . 
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TableTable 11.2: Comparing the X-ray pulsars in LMXBs. 

Source e 

SAXX J 1808.4-3658 
GROO J1744-28 
2AA 1822-371 
Herr X- l 
4UU 1626-67 
GXX 1+4 

PpulsePpulse (S) 

0.00249 9 
0.467 7 
0.5931 1 
1.24 4 
7.66 6 
120 0 

vv (Hz/s) 

< 7 x l 0 " 1 3 3 

1 .2x l0_ n n 

8.11 x lO" 12 

55 x 10"13 

8 x l 0 " 1 3 3 

6 x l 0 " 1 2 2 

PPorborb (days) 

0.0839 9 
11.8 8 
0.232 2 
1.70 0 
0.0289 9 
~304 4 

asim' ' 

0.062809(1) ) 
2.6324(1) ) 
1.006(5) ) 
13.1853(2) ) 

References s 

1,2 2 
3,4 4 
5 5 
4,6 6 
4,7 7 
4,8,9,10 0 

11 Wijnands & van der Klis 1998 2Chakrabarty & Morgan 1998 3Finger et al. 1996 4Bildsten et al. 
19977 5this paper 6Tananbaum et al. 1972 7Rappaport et al. 1977 8Lewin et al. 1971 9Chakrabarty 
etal.. 1997a ]OPereiraet al. 1999 
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Onderzoekk naar lage massa 
röntgendubbelsterrenn met röntgen 
tijd-variaties s 

Lagee massa röntgendubbelsterren 

Ditt proefschrift gaat over tijd-variaties in de röntgenstraling van zogenaamde lage 
massaa röntgendubbelsterren. Deze röntgendubbelsterren bestaan uit een ster met 
eenn 'lage' massa van minder dan ^ 1 zonsmassa en een compact object (zie bij-
voorbeeldd Figuur 12.1). Het compacte object is gevormd tijdens een supernova-
explosie.. Zo'n explosie vindt plaats als een zware ster door zijn brandstofvoorraad 
heenn is. De brandstof, veelal waterstof of helium, is nodig om via kernfusiereac-
tiess energie op te wekken. Deze energie levert de druk die nodig is om de zwaar-
tekrachtt te weerstaan. Als die druk wegvalt, implodeert de kern van de ster tot een 
neutronensterr of een zwart gat terwijl de energie die vrijkomt bij dit ineenstorten 
vann de kern onder meer wordt gebruikt om de buitenste lagen weg te blazen. Dit 
proefschriftt bevat resultaten van onderzoek naar lage massa röntgendubbelsterren 
waarbijj  het compacte object een neutronenster is. De materie van de neutronen-
sterr bestaat bijna uitsluitend uit neutronen. Deze neutronen zitten dicht op elkaar 
gepaktt en kunnen zo de druk uitgeoefend door de zwaartekracht weerstaan. 

Inn een röntgendubbelster stroomt materie van de 'gewone' ster naar het com-
pactee object, in de dubbelsterren in dit proefschrift dus van de lage massa ster naar 
dee neutronenster. Dit kan verscheidene oorzaken hebben. Wanneer de brandstof 
inn de kern van de lage massa begeleider op raakt wordt de straal van de ster groter, 
aann de buitenste lagen worden dan meer getrokken door de neutronenster dan door 
dede lage massa ster. Hierdoor gaat materie overstromen naar de begeleider. Een an-
deree manier waarop materieoverdracht op gang kan komen hangt samen met de 
evolutiee van het dubbelstersysteem als geheel. Als de twee sterren in hun baan om 
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FiguurFiguur 12.1: Dit is een voorbeeld van hoe een lage massa röntgendubbelster er uit zou 
kunnenkunnen zien (met dank aan NASA). Materie stroomt van de ster (linksonder), via een 
schijfschijf naar het compacte object. De begeleidende ster en de schijf draaien in dit geval 
tegentegen de wijzers van de klok in. 

elkaarr dichterbij elkaar komen (bijvoorbeeld doordat baanenergie via gravitatie-
stralingg weggevoerd wordt) worden de buitenlagen van de lage massa ster naar de 
neutronensterr getrokken. Uit deze twee voorbeelden blijkt wel dat er een bepaalde 
minimalee verhouding bestaat tussen de afstand tussen de twee sterren en de straal 
vann de begeleider, waarvoor nog net geen materie gaat overstromen. Wordt deze 
verhoudingg kleiner dan gaat er wel materie overstromen. 

Alss materie van de begeleider onder invloed van het zwaartekrachtveld van de 
neutronensterr komt valt het niet direct op de neutronenster maar gaat het er een 
baann omheen beschrijven. Er vormt zich een zogenaamde accretieschijf waarin 
dee materie langzaam naar binnen spiraliseert. Gedurende de val naar de neu-
tronensterr komt veel potentiële energie vrij . Deze wordt via wrijvingsprocessen 
omgezett in warmte die wordt uitgestraald. Het grootste deel van de energie komt 
vrijj  vlakbij en op het oppervlak van de neutronenster. Daar heeft de materie dan 
ookk een temperatuur van ongeveer 10 miljoen K, waardoor röntgenstraling wordt 
uitgezonden. . 
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Waaromm zijn deze systemen interessant? 
Eénn van de belangrijkste doelen van het onderzoek naar dit soort systemen is 
hett achterhalen van de samenhang tussen druk, dichtheid en temperatuur van de 
materiee waar een neutronenster uit bestaat (de toestandsvergelijking). De mate-
rietoestandd van de neutronenster kan in aardse laboratoria niet worden gemaakt. 
Dee maximale massa die een neutronenster kan hebben kan berekend worden uit 
dee toestandsvergelijking en is een belangrijke parameter in het onderzoek. Een 
anderee belangrijke tak van onderzoek richt zich op het achterhalen van de ei-
genschappenn van de ruimte-tijd vlak bij een neutronenster. Een Newtoniaanse 
beschrijvingg van het zwaartekrachtveld voldoet hier niet. Relativistische effecten 
zijnn hier groot en daardoor beter toegankelijk voor metingen. Tevens treden som-
migee van de relativistische effecten alleen op in sterke zwaartekrachtvelden zoals 
diee bijvoorbeeld vlakbij de neutronenster te vinden zijn. Eén van deze effecten is 
hett bestaan van 'een binnenste stabiele cirkelbaan' rond de neutronenster. Deel-
tjess die binnen de straal van de binnenste stabiele cirkelbaan komen vallen binnen 
kortee tijd naar het oppervlak van de neutronenster. Dit is een puur relativistisch 
effectt dat in de Newton mechanica niet voorkomt. Aangezien de röntgenstraling 
afkomstigg is van de binnenste delen van de accretieschijf en van het neutronen-
steroppervlakk is te verwachten dat de invloed van relativistische effecten zichtbaar 
zall  zijn via deze röntgenstraling. 

Echter,, er zijn vele neutronensterren, sommige met en sommige zonder een ac-
cretieschijf,, waarvan gebleken is dat ze een sterk magneetveld hebben (108-1012 

Gauss;; de sterkte van het aardmagneetveld is ongeveer 1 Gauss). Zo'n sterk mag-
neetveldd beïnvloedt de materiestromen in het binnenste deel van de schijf sterk. In 
systemenn met een magneetveld van 10u-1012 Gauss domineert het magneetveld 
dee accretiestromen tot op een afstand van wel duizend km van de neutronenster. 
Doorr het magneetveld, dat in hoofdzaak dezelfde structuur heeft als dat van een 
staafmagneett met een noord- en een zuidpool, wordt materie uit de accretieschijf 
naarr de magnetische polen geleid (zie Figuur 12.2). Als de materie op die polen 
neerstortt komt er veel energie vrij . Doordat de neutronenster roteert verandert de 
hoeveelheidd röntgenstraling die wij van de magneetpolen zien periodiek; dit zijn 
zogenaamdee pulsaties. Zo'n periodiek signaal van de neutronenster kan als ba-
kenn gebruikt worden. Via dit baken kan de baanbeweging van de neutronenster 
wordenn afgeleid. Als ook de baanbeweging van de lichte begeleidende ster be-
kendd is kan de massa van de neutronenster nauwkeurig bepaald worden. Dus ook 
viaa de invloed van het magneetveld op de materiestroom wordt veel informatie 
verkregenn over de eigenschappen van de neutronenster. 
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FiguurFiguur 12.2: Dit is een schematische weergave van een röntgenpulsar (met dank aan 
NASA).NASA). Zichtbaar zijn o.a. de magnetische veldlijnen waarlangs de materie uit de ac-
cretieschijfcretieschijf naar de magnetische polen wordt geleid. De draai-as van de neutronenster 
enen de plaats waar quasi-periodieke oscillaties (QPOs, zie verder in de tekst) mogelijk 
vandaanvandaan komen zijn ook aangegeven. 

Tenslottee worden röntgendubbelsterren ook bestudeerd vanwege hun rol in 
ster-evolutie.. Door de toestroom van materie en verval van het magneetveld tij -
denss de lage massa röntgendubbelster fase gaat de neutronenster sneller roteren. 
Dee neutronenster wordt opgezweept zoals een tol door klappen van een zweep. 
Dee materie die op de neutronenster stort komt net als de zweep met hoge snelheid 
aan.. Nadat de materieoverdracht stopt wordt de neutronenster zichtbaar als milli -
secondee radiopulsar. In 1998 is de eerste accreterende milliseconde röntgenpulsar 
ontdekt,, geheten SAX J 1808.4-3658. Dit is een sterke aanwijzing dat het geschet-
stee scenario juist is. 
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Hoee worden deze systemen onderzocht? 
Omm de fysische omstandigheden waaronder de röntgenstraling ontstaat te achter-
halenn worden de verdeling van de hoeveelheid licht over het golflengtegebied (de 
spectralee energieverdeling) en de variaties in de hoeveelheid licht als functie van 
dee tijd onderzocht. De gegevens waarvan gebruik is gemaakt zijn verkregen via 
eenn satelliet van NASA, in het Engels Rossi X-ray Timing Explorer geheten en 
afgekortt naar het engelse acronym met RXTE. 

Dee röntgen tijd-variaties kunnen op verschillende manieren worden onder-
zocht.. Eén daarvan, het als functie van de tijd uitzetten van de hoeveelheid ge-
registreerdee lichtdeeltjes levert al veel informatie op (zie Figuur 123). Zo vallen 
snellee kortdurende afnames in de hoeveelheid röntgenstraling op, zogenaamde 
dips,, terwijl ook de sterke, kortdurende flits direct in het oog springt. Deze flitsen 
wordenn veroorzaakt door explosief verlopende kernfusiereacties van voorname-
lij kk waterstof en/of helium op het oppervlak van de neutronenster. Wanneer van 
eenn lage massa röntgendubbelster zulke röntgenflitsen (of de hierboven beschre-
venn pulsaties) worden waargenomen is het duidelijk dat het compacte object een 
neutronensterr moet zijn en geen zwart gat. Echter, vooral snelle en zwakke tijds-
variatiess zijn niet goed te onderzoeken in een lichtkromme. Een lichtkromme kan 
viaa een zogenaamde Fourier transformatie worden omgerekend naar een variatie-
spectrum.. In een variatiespectrum wordt de mate van variatie in de röntgenstraling 
uitgezett als functie van de frequentie waarop de straling varieert (zie Figuur 12.4). 
Hett is gebleken dat veel van de variaties quasi-periodiek zijn, dat wil zeggen dat 
err steeds gedurende korte tijd enige cycli van een periodieke variatie te zien zijn, 
maarr op langere termijn is toch geen vaste periode aan te wijzen. In een varia-
tiespectrumm levert dit een brede piek op. Door de eigenschappen van die quasi-
periodiekee oscillatie pieken (QPOs) te meten, zoals sterkte, breedte, frequentie en 
variatiess hierin kunnen de oscillaties systematisch worden onderzocht. 

Inn dit proefschrift spelen de relaties tussen en de frequenties van drie QPOs 
eenn belangrijke rol. Het betreft de QPO waarvan de frequentie varieert tussen de 
~~ 10-50 Hz en twee QPO pieken met frequenties variërend van 200-1200 Hz, 
zogenaamdee kHz QPOs (zie Figuur 12.5). Deze kHz QPOs laten zeer snelle vari-
atiess zien die duiden op beweging vlakbij de neutronenster. Naar verwachting zal 
dede vorming van deze pieken te maken hebben met, of in elk geval beïnvloed zijn 
door,, de extreme omstandigheden vlakbij de neutronenster. 

Hett is gebleken dat de variatie-eigenschappen van de lage massa röntgenbronnen 
systematischh veranderen in de tijd. Uit het gelijktijdig onderzoeken van de spec-
tralee energieverdeling en de snelle tijdsvariaties van het röntgenstraling bleek 
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FiguurFiguur 12.3: Lichtkromme van de bron 4U 1323-62. Zichtbaar zijn de onregelmatige 
variatiesvariaties tussen tijden 1000-4000 s en de korte sterke röntgenüits. 

datt deze gecorreleerd zijn. Kleine veranderingen in de spectrale energieverde-
lingg kunnen worden onderzocht door kleur-kleur diagrammen te maken. Hiertoe 
wordtt de spectrale energieverdeling verdeeld in typisch drie of vier banden. De 
verhoudingg tussen de röntgenhelderheid in twee van deze banden wordt 'kleur' 
genoemd.. Een kleur-kleur diagram van een zogenaamde Z-bron is gegeven in 
Figuurr 12.6. De eigenschappen van de quasi-periodieke componenten in een va-
riatieriatie spectrum van zo'n Z-bron hangen sterk af van de positie van de bron langs 
deZ. . 

Watt  zijn de resultaten? 

Inn de hoofdstukken 3 en 4 wordt de ontdekking van een quasi-periodieke oscil-
latiee (QPO) met een frequentie van ongeveer 1 Hz beschreven. Deze QPO heeft 
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FiguurFiguur 12.4: Variatiespectrum van de bron 4U 1323-62. Duidelijk zichtbaar is de quasi-
periodiekeperiodieke oscillatie op een frequentie van ~2 Hz. Deze variatie is in de lichtkromme van 
dezedeze data niet te onderscheiden. 

bijzonderee eigenschappen waaruit veel over zijn vormingsmechanisme kan wor-
denn afgeleid. Zo is duidelijk dat deze QPO moet ontstaan doordat de centrale 
röntgenbronn quasi-periodiek wordt afgedekt. Zo'n QPO is alleen in bronnen ge-
vondenn waarvan bekend is dat de hoek waaronder wij ze bekijken erg groot is: 
onzee gezichtslijn naar de neutronenster loopt dus vlak langs het oppervlak van 
dee schijf. Door gebruikt te maken van de unieke eigenschappen van deze QPO 
kunnenn we afleiden dat de geometrie van de accretieschijf en/of de centrale bron 
verandertt (Hoofdstuk 4). 

Eenn groot gedeelte van dit proefschrift (de Hoofdstukken 5, 6 en 7) behandelt 
onderzoekk aan de variatie-eigenschappen van twee Z bronnen. In beide bronnen 
iss een nieuwe QPO waargenomen. Deze nieuwe QPO en twee eerder gevonden 
QPOss hebben een frequentieverhouding van nagenoeg 2 en 4. Dit is een aan-
wijzingg dat ze veroorzaakt worden door hetzelfde fenomeen, waarbij de variatie 
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FiguurFiguur 12.5: Variatiespectrum van de helderste persistente röntgenbron aan de hemel, 
ScoSco X-l. Duidelijk zichtbaar zijn de quasi-periodieke oscillaties met frequenties van 
~600en~950Hz. ~600en~950Hz. 

diee veroorzaakt wordt door dit onbekende fenomeen niet sinusvormig is. Op dit 
momentt is er een heftig debat gaande over wat het fenomeen is dat de variaties 
veroorzaakt.. Een van de modellen, het 'twee-oscillatoren model' kan onze be-
vindingenn niet verklaren en is dus onjuist. Er is voorgesteld dat precessie van de 
deeltjesbanenn vlakbij de neutronenster de modulatie veroorzaakt. Deze precessie 
wordtt gedomineerd door een relativistisch effect genaamd 'frame dragging', in 
hett Nederlands 'het slepen van ruimte-tijd'. De mate van precessie hangt onder 
anderee af van de draaisnelheid en de verhouding van de straal en de massa van 
dee neutronenster. Volgens een andere theorie wordt de variatie in de hoeveelheid 
röntgenstralingg veroorzaakt door invloed van het magneetveld van de neutronen-
sterr op de materiestromen. Het pleit over welke van de laatste twee modellen juist 
iss is nog niet beslecht, maar onze waarnemingen hebben aangetoond dat de fre-
quentiess en de breedtes van de pieken makkelijker te verklaren zijn door precessie 
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FiguurFiguur 12.6: Een kleur-kleur diagram van de Z-bron GX 340+0. 

vann de deeltjesbanen. 
Dee ontdekking van een quasi-periodieke oscillatie met een frequentie van on-

geveerr 1150 Hz (een zogenaamde kHz QPO) in de zwakke bron 2S 0918-53 was 
dee aanleiding de sterktes van dit soort kHz QPOs van verschillende bronnen met 
elkaarr te vergelijken. Het blijkt dat in heldere bronnen dit soort variaties slechts 
eenn kleine fractie zijn van de totale intensiteit van de röntgenstraling (typisch een 
paarr procent), terwijl tot wel 20% van de röntgenstraling gemoduleerd wordt door 
dee kHz QPO bij zwakke bronnen. De reden hiervoor is nog niet helemaal duide-
lijk ,, maar een goede mogelijkheid is dat in de heldere bronnen een deel van de 
materiee van alle kanten naar de neutronenster toe stroomt. Deze materiestroom 
zouu dan niet gemoduleerd zijn door de kHz QPO maar wel röntgenlicht uitzen-
den,, terwijl de stroom die via de accretieschijf het neutronensteroppervalk bereikt 
well  gemoduleerd is. 

Dee bovengenoemde kHz QPOs komen voort uit de snelle deeltjesbanen ~15-
200 km boven het neutronensteroppervlak. Of de kHz QPO pieken een rechtstreeks 
gevolgg zijn van de sterke zwaartekrachtvelden of van een samenspel van het mag-
neetveldd en het zwaartekrachtveld is nog niet duidelijk. Wat wel duidelijk is is 
datt relativistische effecten op de beweging van deeltjes in dit gebied niet te ver-
waarlozenn zijn. Om de theoretische modellen te testen zijn extra gegevens nodig. 
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All ee theorieën voorspellen bijvoorbeeld dat er nog meer (zwakkere) QPOs zou-
denn moeten zijn bij hoge (kHz) frequenties dan de twee bekende. Wij hebben 
inderdaadd een derde kHz QPO piek ontdekt, nadat er al vijf jaar naar gezocht 
was.. De ontdekking wordt beschreven in Hoofdstuk 10. Hoewel dat weer betwist 
wordtt door andere theoreten, is er nu nog maar één model wat deze extra piek kan 
verklaren.. Volgens dit model zijn de frequenties van de kHz QPO pieken resonan-
tiesfrequentiess die onder invloed van relativistische effecten in een accretieschijf 
wordenn opgewekt. 

Inn Hoofdstuk 11 wordt de ontdekking van een röntgenpulsar beschreven. Dit 
iss een van de zes lage massa röntgendubbelstersystemen waarvan we zeker weten 
datt het magneetveld een zeer sterke invloed heeft op de materiestromen vlak bij 
dee neutronenster, maar pas de vierde waarvan we via de variaties in de aankomst-
tijdenn van de röntgenpulsaties de baan van de neutronenster kunnen meten. Het 
blijk tt dat de rotatie snelheid van de neutronenster nog betrekkelijk laag is, hoewel 
wee ook hebben ontdekt dat de neutronenster steeds sneller gaat draaien. Het speci-
alee aan dit systeem is dat we de hoek waaronder wij het systeem bekijken relatief 
goedd weten en dat de begeleidende ster veel licht geeft en dus met een gewone 
telescoopp goed te bestuderen is. Dit alles samen maakt dat we zeer waarschijnlijk 
voorr het eerst in een lage massa röntgendubbelster de massa van de neutronenster 
kunnenn gaan bepalen. Deze zomer worden waarnemingen gedaan met de Very 
Largee Telescoop die ons in staat moeten stellen dit te doen. 
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Stellingenn behorende bij het proefschrift 
Probingg low-mass X-ray binaries with X-ray timing 

1:: In de astrofysica kan niet aan het studie object gerommeld 
worden;; het is dus een pure wetenschap. 

2:: Theoretische modellen worden het meest beperkt door vóór-
gesteldee waarnemingen. 

3:: Quasi-periodieke verschijnselen voortkomend uit accretie op 
eenn zwart gat of een neutronen ster vertonen veel overeenkom-
sten.. Het magneetveld van de neutronenster is dus niet van 
belang. . 

4:: Het is frappant dat tot op heden het politieke belang van 
dee ontdekking van de sideband groter lijk t dan het wetenschap-
pelijke. . 

5:: Het is een onfortuinlijke samenloop van omstandigheden dat 
dee helderste bronnen de zwakste variatie spectra hebben. 

6:: Sterrenkundige kennis heeft veel maatschappelijke toepas-
singen. . 

7:: Alleen bij zeer grote inspanning zijn leeftijd en mogelijk-
hedenn evenredig. 

8:: De Citroen DS is een bewonderingswaardige poging het be-
gripp schoonheid in een voorwerp te vatten. 

9:: Studeren zou hand-in-hand moeten gaan met persoonlijke 
ontplooiing. . 

10:: Ironie is ook een wapen tegen terrorisme. 

11:: Zogenaamde "running-gags" bevorderen de samenhang in 
eenn groep. 
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