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Dr.. James Xavier: We're blind to all but a tenth of the universe. 
Dr.. Sam Brand: My dear friend, only the gods see everything. 
Dr.. James Xavier: My dear doctor, I'm closing in on the gods! 
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Chapterr 1 

Introduction n 

Thee subject of this thesis is the rapid X-ray variability of X-ray binaries, and in particular low-
masss X-ray binaries. In Sections 1.1 and 1.2 I explain what X-ray binaries are, and why we 
studyy them. The remainder of this chapter is devoted to the spectral and variability properties 
off  low-mass X-ray binaries. 

1.11 X-ray Binaries 

X-rayy binaries are systems in which a compact object (a neutron star or a stellar mass black 
hole)) is accreting matter from a companion star. This process of mass transfer is either the 
resultt of a strong stellar wind from the companion or of the companion fillin g its Roche Lobe. 
Althoughh in both cases matter is flowing in the direction of the compact object, the angular 
momentumm prevents it from being captured directly by the compact object and as a result an 
accretionn disk is formed (see Figure 1.1). Due to a combination of internal friction and tidal 
effectss angular momentum is efficiently removed from the matter in such an accretion disk, 
allowingg the matter to fall on or into the compact object. 

Duringg its transport through the accretion disk the matter willl  radiate away about half of its 
potentiall  energy. In the outer parts of the disk, where the temperature is in the order of a few 
thousandd degrees, most of the radiation will be in the optical, whereas in the inner parts, where 
thee temperature can reach values of a few million degrees, the radiation will be predominantly 
inn X-rays. A 1.4 M 0 neutron star accreting at 1017g* -1 wil l have an X-ray luminosity in the 
orderr of 2 x 1037 ergs~l. This explains why X-ray binaries were among the first sources to be 
discoveredd in the early days of X-ray astronomy. 

Basedd on the mass of the companion, X-ray binaries are divided into two classes; low-
masss and high-mass X-ray binaries. In low-mass X-ray binaries (LMXBs) the mass of the 
companionn is usually below one solar mass and mass transfer is the result of Roche lobe 
overflow.. The companion stars in high mass X-ray binaries (HMXBs) are much more massive 
(tenn to fifty solar masses) and mass transfer is caused by a strong stellar wind. The distribution 
inn the Galaxy of LMXBs follows that of the of the old Population II stars (Galactic bulge and 
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Jett outflow 

Figuree 1.1: An artist's impression (based on system parameters) of the black hole low-mass 
X-rayy binary GRO J1655-40 showing the companion star (fillin g its Roche lobe), the accretion 
disk,, and the jet outflow (credit: Rob Hynes). 

globularr clusters), whereas HMXBs follow that of the young Population I stars (plane of the 
Galaxyy and spiral arms). 

1.22 The study of X-ray binaries 

Thee reasons to study X-ray binaries are manifold. Although their behavior is interesting in 
itss own right, they are mainly studied because of the extreme physical conditions in these 
systems: : 

 The matter in neutron stars has densities far beyond those we are able study on Earth. 
Byy studying the properties of neutron stars, such as their masses and radii, one can 
constrainn the equations of state of such matter. 

 In the vicinity of compact objects gravity is strong enough to expect effects of General 
Relativityy to be observable. X-ray binaries are therefore a valuable test ground for many 
predictionss made by the theory of General Relativity. 

Inn addition to these two reasons there are several others. Neutron star LMXBs are thought 
too be the progenitors of the millisecond radio pulsars. Population studies of neutron star 
LMXB ss are therefore of interest to test this hypothesis. If true, it means that neutron star 
LMXB ss should have a similar Galactic distribution and that they should harbor rapidly spin-
ningg neutron stars. Also of interest are the similarities that have been found between LMXBs 
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andd active galactic nuclei. Comparative studies may teach us more about the accretion pro-
cessess in those systems. 

Ass mentioned before, LMXBs were among the first sources to be discovered during the 
dawnn of X-ray astronomy. Actually, the first X-ray source, other than the sun, that was found, 
Scoo X-l (Giacconi et al. 1962), is an LMXB. Since their discovery in the 1960's and 1970's 
thee study of LMXBs, at least in the X-rays, has focused on two aspects: energy spectra and 
variability.. Although with the arrival of the Chandra satellite it is possible for the first time 
too study in X-rays the large scale structure of LMXBs (i.e. their outflows), the distance to 
mostt LMXBs excludes the possibility of useful imaging studies. The spectral and variability 
propertiess of LMXBs (both black holes and neutron stars) show strong correlations. I wil l 
thereforee first discuss the energy spectra of LMXBs and introduce their spectral states and 
thenn discuss the variability properties of LMXBs, in the context of these spectral states. 

1.33 Energy spectra and spectral states 

Thee X-ray spectra of LMXBs usually consist of several components. They have thermal and 
non-thermall  origins and require the presence of other physical components in addition to an 
accretionn disk. In this section I only discuss the continuum properties of the X-ray spectra of 
LMXBs.LMXBs. I wil l start discussing the spectral properties of black hole LMXBs, which have less 
complexx X-ray spectra than their neutron star counterparts. 

13.11 Black hole spectra 
Thee X-ray spectra of black hole LMXBs are generally described in terms of two components 
(Tanakaa & Lewin 1995): a spectrally soft (thermal) component, coming from an accretion 
disk,, and a spectrally hard component, of which the origin is not well known. The accretion 
diskk spectrum is often described in terms of a sum of blackbody spectra with different temper-
aturess (a multi-color disk blackbody spectrum). The hard spectral component is usually well 
describedd by a power law that can extend up to energies above 100 keV. As said before, the 
originn of this component is not well known. In the past it has been associated with a hot, opti-
callyy thin corona surrounding the central source, in which low energy photons are up-scattered 
too higher energies by highly energetic electrons (inverse Compton scattering). In recent years 
itt has also been suggested that the spectrally hard component arises in the same medium that 
alsoo produces the (extended) radio emission that is seen in many LMXBs (e.g. from the out-
floww or jet). In that case it could be produced by high velocity electrons that are entangled to 
magneticc field lines (synchrotron radiation) or by the inverse Compton mechanism discussed 
above. . 

Thee (spectral) behavior of black hole LMXBs has traditionally been described in terms of 
states.. Historically only two states were recognized: the 'soft' state and the 'hard' state. These 
twoo states are also called the 'high*  and 'low' states, respectively, where high and low refers to 
thee relative 2-10 keV brightness. In the soft state the X-ray spectrum is dominated by the soft 
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Figuree 1.2: Three RXTEfPCA energy spectra of the black hole LMXB XTE J1550-564 cor-
respondingg to the hard, soft and intermediate spectral states. 

diskk spectrum and in the hard state it is dominated by the hard power law component. Over 
thee years additional names were introduced for states with intermediate spectral properties, the 
'veryy high' state and the 'intermediate' state, but not without also introducing some confusion 
inn the nomenclature. In the latter two states the two spectral components have comparable 
strengths.. Figure 1.2 shows examples of three spectral states. 

1.3.22 Neutron star spectra and color-color diagrams 

Thee X-ray spectra of neutron star LMXBs are more complex than those of the black hole 
LMXBs,, which is not surprising in view of the presence of extra physical components: a solid 
surfacee and a magnetic field. Like in the spectra of black hole LMXBs a soft disk spectrum 
andd a hard power law component are found, although the latter is usually not as strong as in 
thee black hole LMXBs. Additional components can probably be attributed to the neutron star 
surfacee and/or the boundary layer between the accretion disk and the neutron star. 

Althoughh the spectra themselves are more complex than those of the black hole LMXBs, 
thee spectral variations in neutron star LMXBs appear to be less extreme than in the black hole 
LMXBs.. Due to the more subtle nature of the variations it is harder to distinguish different 
spectrall  states in the neutron star systems. The spectral analysis of the sources is therefore 
oftenn performed in terms of X-ray color-color diagrams (CDs, see Section 2.2.1). Two exam-
pless of a CD are shown in Figure 1.3, for two types of neutron star LMXBs. The main reason 
forr doing spectral analysis in terms of CDs is that it allows one to study more subtle spectral 
variationss than in the case of direct spectral fits. Most LMXBs trace out narrow tracks in a 
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Softt color Soft color 

Figuree 1.3: Color-color diagrams of the neutron star Z source GX 340+0 (left panel; courtesy 
Peterr Jonker) and of the neutron star atoll source 4U 1608-52 (right panel; courtesy Mariano 
Méndez).. The CD of the Z source shows three branches: the horizontal branch (HB), the 
normall  branch (NB), and the flaring branch (FB); that of the atoll source shows a curved 
branchh that is called the banana branch (sub-dived in the lower (LB) and upper banana (UB) 
branch)) and a fuzzy patch that is called the island state (IS). 

CD.. Since it was found that the variability properties of many sources correlate very well with 
thee position along these tracks, CDs provide an excellent tool to study the average variability 
propertiess (see also Section 2.2). 

Basedd on their correlated spectral and variability properties the persistently bright neutron 
starr LMXBs are divided into two groups (Hasinger & van der Klis 1989), the Z and the atoll 
sources,, after their appearance in the CD (see Figure 1.3). The patterns traced out by the 
ZZ sources consist of three branches, that from top to bottom (and for historical reasons) are 
calledd the horizontal branch, the normal branch, and the flaring branch. The patterns traced 
outt by the atoll sources show a single (curved) branch (the banana branch) with one or more 
separatee fuzzy patches to one end of it (islands). In Chapter 3 I discuss the source GX 13+1, 
whichh traces out patterns that shows features of both the atoll and Z patterns. 

1.44 Variability 

Inn this section I discuss the observed variability properties of LMXBs. This will be done in 
thee context of the spectral states discussed in the previous section. LMXBs show variations 
inn their X-ray flux on time scales of milliseconds to years. Although most of the variability 
arisess in the accretion flow itself, some of it is related to the binary nature of the systems, or to 
processess on the neutron star surface itself. Before discussing the rapid variability properties 
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Figuree 1.4: RXTE!ASM light curves of the persistent neutron starLMXB GX 17+2 {top panel) 
andd of the transient black hole LMXB XTE J1550-564 (bottom panel). 

off  LMXBs I briefly summarize some other types of variability. 

1.4.11 Long term behavior - Persistent and transient sources 

Sincee X-ray astronomy only started in the early 1960's, not much is known about the variabil-
ityy of LMXBs on time scales longer than a few tens of years. Based on their behavior on the 
longestt observable time scales, months to tens of years, LMXBs can be roughly divided into 
twoo classes: persistent and transient sources. Examples of light curves of a persistent and a 
transientt source are shown in Figure 1.4. Persistent sources have a relatively constant X-ray 
luminosity,, though considerable variations (by up to a factor of ten) are observed. Transient 
sourcess on the other hand, although having a time averaged X-ray luminosity that is simi-
larr to that of the weakest persistent sources, emit most of their radiation in short periods of 
activity,, or outbursts, during which their X-ray luminosity increases by several orders of mag-
nitude.. These outbursts are separated by periods of quiescence that last anywhere between a 
feww months to tens of years or longer. The percentage of transients among black hole LMXBs 
iss considerably higher (probably even 100%) than among the neutron star LMXBs. Like the 
outburstt mechanism itself, the reason for this is still not understood; both are most likely re-
latedd to instabilities in the outer accretion disk, which are somehow more easily triggered in 
thee black hole LMXBs. No periodicities have been found for the occurrence of the transient 
outburstss of a single source. 
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Figuree 1.5: Top panel: RXTE/PCA light curve of the neutron star LMXB EXO 0748-676 
showingg dips (D) and eclipses (E) that occur at fixed orbital phases. The gaps in the data 
aree caused by Earth occultations and passage of the satellite through the South Atlantic 
Anomaly.. For reasons of clarity I also removed the data during two X-ray bursts. Bottom 
panel:panel: RXTEIASM light curve of the neutron star LMXB Cyg X-2 showing the long term 
~788 day periodicity that has been associated with the precession of a tilted accretion disk (see 
Wijnandss et al. 1996). 

1.4.22 Signatures of binarity 

Thee known orbital periods of LMXBs range from about ten minutes (4U 1820-30) to more 
thann 300 days (GX 1+4). In most of these cases modulation is only detected in the optical, 
butt a few sources also show clear signatures in their X-ray light curves. These signatures 
aree periodic dips and (partial) eclipses. The top panel of Figure 1.5 shows the light curve of 
EXOO 0748-676, a source that shows both phenomena. Dips are thought to be the result of 
obscurationn of the central X-ray source by structures at the outer rim of the accretion disk; 
inn the case of an eclipse the obscuration is caused by the companion star. Although eclipses 
andd dips both occur at or around fixed binary phases, dips have a more erratic occurrence than 
eclipses.. Dips and eclipses are only observed in sources that are viewed at relatively high 
inclinationss (> 60°). 

Inn some sources an additional (quasi-)period is found that is longer than the binary period. 
Itt has been associated with a precessing accretion disk. An example is shown in the bottom 
panell  of Figure 1.5. The precession of the accretion disk may lead to short periods of enhanced 
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Figuree 1.6: RXTE/PCA light curves of the neutron star LMXBs 4U 1323-62 (top pa«<?Z), 
showingg two type I X-ray bursts, and the Rapid Burster (bottom panel), showing two type II 
X-rayy bursts. Notice the difference in the burst profiles, with that of the type II bursts being 
moree erratic than that of the type I bursts. Both light curves were not corrected for background 
variations. . 

masss accretion or to obscuration of the inner parts of the disks. Both effects are expected to 
bee visible in the light curves and/or spectra of these sources. 

1.4.33 X-ray bursts 

X-rayy bursts (see Lewin et al. 1993, for a review) are short episodes during which the X-ray 
fluxflux increases by a factor of ~ 1.5-200. Type I X-ray burst are due to unstable thermonuclear 
burningg on the neutron star surface, and are observed in almost all neutron star LMXBs. 
Besidess pulsations type I X-ray bursts are the only other certain way to distinguish a neutron 
starr LMXB from a black hole LMXB. They show a very fast rise (less than a few seconds) and 
ann exponential decay (typically lasting from a few seconds to tens of minutes). An example 
off  a light curve showing type I X-ray bursts is shown in the top panel Figure 1.6. The origin 
off  the type II bursts is not clear yet. They are only observed in two sources (the Rapid burster 
andd GRO J1744-28 (the bursting pulsar)), and are thought to be due to accretion instabilities. 
Thee bottom panel of Figure 1.6 shows a light curve of the Rapid Burster with two type II 
bursts. . 
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1.4.44 Rapid time variabilit y 

Thee phenomena discussed in this section probably all originate in the central regions of the 
accretionn disk (<100 km from the compact object). The dynamical time scales in this region 
aree in the order of a tenth of a second to a millisecond. Although variability is observed 
onn these time scales it is usually too weak to be observed directly in the light curves; in the 
casess where it can be observed (e.g. strong noise or QPOs in some black holes) the aperiodic 
characterr of these phenomena does not allow them to be easily characterized. Moreover, 
manyy of these phenomena (especially noise) occur over several decades in frequency. For 
thosee reasons rapid variability is in general studied in the frequency domain, using power 
spectraa (see Section 2.2.2). 

Apartt from pulsations, all the features that are found in the power spectra of LMXBs are 
aperiodicc in nature. Depending on the shape and/or relative width of these features they are 
referredd to as (broad band) noise, quasi-periodic oscillations or near-coherent oscillations. 
Noisee that decreases monotonically over a few decades in frequency is called 'red noise' (note 
thatt the definitions vary between authors). When it falls off more rapidly towards higher 
frequencies,, it is referred to as 'band-limited noise'. In some cases band-limited noise flattens 
offf  towards low frequencies (flat-topped noise), or even decreases (peaked noise). If a peaked 
featuree has a width that is typically less than half the centroid frequency it is called a quasi-
periodicc oscillation (QPO). The very narrow peaks (with a frequency to width ratio of more 
thann a hundred) that are observed in the power spectra of some LMXBs during type I X-ray 
burstss are often referred to as near-coherent oscillations. 

Thee power spectra of LMXBs are usually a combination of several noise components and 
QPOs.. In general, as the energy spectrum becomes harder the variability becomes slower 
andd stronger. Below I briefly summarize the power spectral properties of LMXBs. Bear in 
mindd that many sources (especially black hole LMXBs) have not been observed in all possible 
states,, and that the summary is therefore rather general. 

Blackk hole power  spectra 

Figuree 1.7 shows four typical black hole power spectra. Variability is strongest in the hard 
state,, when a strong band limited noise component is present in the power spectrum, with 
amplitudess of up to 50% of the average flux. Sometimes QPOs are observed. In the soft state 
variabilityy is very weak (red noise), with amplitudes less than a few percent. Only recently 
QPOss were found in the soft state. In the intermediate states the variability has amplitudes 
betweenn a few and a few tens of percent, and is either red or band limited noise; usually one 
orr more harmonically related QPOs are present at frequencies of 0.1-10 Hz. In the past few 
yearss QPOs have also been found with frequencies between 65 and 300 Hz. 
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Figuree 1.7: Four typical black hole power spectra. The upper one is from Cyg X-l in its hard 
state,, the others are from XTE J1550-564. Note that the lower two power spectra were shifted 
down,, with a factor as indicated, for reasons of clarity. For energy spectra corresponding to 
thee spectral states see Figure 1.2. 

Neutronn star  power  spectra 

Thee rapid variability in neutron starLMXBs is never as strong as in the hard state of black hole 
LMXBs,, but often has amplitudes of ten to twenty percent. The time scales of the variability 
aree shorter however: QPOs are observed up to frequencies of 1360 Hz. 

Twoo noise components are observed in Z sources (see Figure 1.8, top panel): a red noise 
componentt at frequencies below 1 Hz, which becomes stronger towards the Flaring Branch 
(FB),, and a band-limited noise component between 1 Hz and 100 Hz, whose strength increases 
inn the opposite direction. Three types of QPO are observed: 15-60 Hz QPOs on the Horizontal 
(HB)) and Normal Branch (NB), whose frequency increases along the HB to the NB, a QPO on 
thee NB and FB, whose frequency increases from ~6 Hz to ~20 Hz when the source crosses 
thee NB/FB vertex, and a pair of high frequency (~200-l 100 Hz) QPOs on all the branches 
(nott shown in the Figure), whose frequency increases from the HB to the FB. Atoll sources 
variabilityy is in general stronger than that of the Z sources. In the Island state (IS; see Figure 
1.8)) a band limited noise component is present that is similar to the noise seen in the black 
holee hard state (Fig. 1.7). As the source moves to the Lower (LB) and Upper Banana (UB) 
thee band-limited noise becomes weaker and increases in frequency. A red noise component 
startss appearing in the LB and dominates the power spectrum in the UB. As can be seen from 
Figuree 1.8 additional structures are present in the IS besides the noise components. When 
thee source moves from the IS to the LB these structures often evolve into well defined QPOs 
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Figuree 1.8: Top panel: Three power spectra from the Z source GX 17+2 in the Horizontal 
Branchh (HB), Normal Branch (NB; gray) and Flaring Branch (FB). Bottom panel: Two power 
spectraa from the atoll source 4U 1728-34 in the Island State (IS) and Lower Banana (LB; 
gray)) (courtesy: Tiziana di Salvo), and one from the atoll source GX 9+9 in the Upper Banana 
(UB).. For reasons of clarity the HB, FB, IS and UB power spectra have been shifted in power 
byy factors indicated in brackets. See Section 1.3.2 for the different spectral states. 
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whichh are thought to be similar to the 15-60 Hz QPOs in the Z sources. Like in the Z sources 
highh frequency QPOs are observed. The frequencies of the QPOs increase from the IS to the 
UB.. In two atoll sources ~6 Hz QPOs were found in the top of the UB that are thought to be 
thee same as the 6-20 Hz QPOs in the Z sources. 

Origi nn of rapid variabilit y 

Sincee the first QPOs were discovered in the neutron star LMXBs, the first proposed QPO 
modelss involved interaction with the neutron star surface and/or magnetosphere. These mod-
elss could therefore not explain the QPOs in black hole LMXBs. In recent years it was shown 
thatt many of the QPOs and noise components in neutron star and black hole LMXBs follow 
similarr relations. It was therefore suggested that most of the variability is produced in the 
accretionn flow itself. The only clear example of a component that is observed in neutron star 
LMXB ss and not in black hole LMXBs is the 6-20 Hz QPO, whose origin is thought to be 
relatedd to radiation feedback mechanisms. 

Inn almost all models the highest observed (QPO) frequencies correspond to the shortest 
expectedd time scales in the accretion disk, i.e. orbital motion at the inner disk radius. In black 
holee LMXBs this radius is assumed to be close to the innermost stable circular orbit (ISCO), 
whichh is three times the Schwarzschild radius; in neutron star LMXBs it is either close to the 
ISCOO or close to the neutron star radius, whichever is larger. The orbital frequency of matter 
att the ISCO scales with the inverse of the mass of the compact object. Since the mass of 
neutronn stars is confined to a narrow range, the highest observed frequencies in neutron star 
LMXB ss should be more or less similar, which indeed is true. Also the higher mass of black 
holess should lead to lower frequencies than for neutron stars, which is also observed: the 
highestt observed frequency in a neutron star LMXB is ~ 1300 Hz, and in a black hole LMXB 
~3000 Hz. 

Theree are several models which try to explain the lower frequency QPOs. One class of 
modelss that is often used is that of the beat frequency models, in which the QPO frequency 
iss the difference between the neutron star spin frequency and the orbital frequency of matter 
inn the disk. Depending on where exactly in the disk the matter couples with the neutron star 
spinn frequency, frequencies can be produced that are several tens to several hundreds of Hz. 
Ass mentioned before, all these models require the presence of at least a solid surface and can 
thereforee not explain the low frequency QPOs in black hole LMXBs. In the more recently 
proposedd relativistic precession model, the frequencies of the two kHz QPOs and the HBO 
aree identified with the three fundamental (orbital, relativistic periastron precession, and nodal 
precession)) frequencies of a test particle with a slightly inclined and eccentric orbit in the 
vicinityy of a compact object. Although the case of a single test particle is highly idealized, it 
hass been shown that the three predicted frequencies are still present in an accretion disk, when 
itt is treated as a hydrodynamical flow. The advantage of this model is that all frequencies arise 
inn the disk, independent of what the nature of the compact object is. In Chapter 9 we show 
thatt the low and high frequency QPOs in the neutron star LMXB GX 17+2 follow relations 
thatt are predicted by the latter model. Hence, these systems seem to provide true possibilities 
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too test the theory of relativity. 
Thee actual mechanism that modulates the radiation is not well known for most QPOs. The 

onlyy type of QPO for which the origin is quite certain is the ~ 1 Hz QPO that is found in three 
neutronn star LMXBs (see Chapter 5); it is probably due to obscuration of the central source 
byy an extended structure on the accretion disk at a distance of a few thousand kilometers. 

Forr recent reviews of the variability in LMXBs and a more detailed discussion of possible 
modelss I refer to van der Kli s (2000); Wrjnands (2001); Psaltis (2001). 

1.55 The role of the mass accretion rate 

Onee of the main questions in the study of LMXBs is what determines the changes in their 
spectrall  and variability properties. It is believed by many that they are due to changes in 
thee mass accretion rate. Although there is no direct measure for the mass accretion rate in 
LMXBs,, it is thought it can be inferred from several observable parameters (e.g. count rate, 
flux,flux, spectra and variability). However, the interpretation of these parameters is often model 
dependent. . 

Inn black hole LMXBs the states in assumed order of increasing mass accretion rate are: 
hard/loww state, intermediate state, soft/high state, and very high state. The observational ev-
idencee for this mainly comes from the order in which the different states were observed in 
thee transient system GS 1124-68. As the inferred mass accretion rate (based on 1-20 keV 
andd optical flux) decreased the source was consecutively observed in the very high state, the 
high/softt state, the intermediate state, and the low/hard state. 

Thee assumed order of states in neutron star LMXBs is: HB, NB, and FB for the Z sources, 
andd IS, LB, and UB for the atoll sources (see Figure 1.3). The case for this is not as strong 
ass in the black hole LMXBs. The 2-10 keV flux often does not increase monotonically from 
thee HB (or IS) to the FB (or UB) and the evidence for the assumed order is rather indirect: in 
ZZ sources the QPO frequencies and the optical flux increases from the HB to the FB, in atoll 
sourcess the properties of the type I X-ray bursts change as the source moves from one state to 
another.. Since there iss no evidence that atoll sources at their highest mass accretion rates and 
ZZ sources at their lowest mass accretion rates show similar behavior, it is assumed that other 
parameterss play an important role in the appearance of a neutron star LMXB. 

Inn recent years it has become clear that the behavior of LMXBs can often not be explained 
solelyy by changes in the mass accretion rate. In Chapters 8 and 9 we suggest a more natural 
explanationn in which the mass accretion rate plays only a minor role in the observed changes 
inn LMXBs. 

1.66 This thesis 

Inn this thesis I present work on several neutron star (Chapters 3-6 & 9) and black hole X-ray 
binariess (Chapters 7 & 9). Most of the chapters are the result of a systematic scrutiny of the 
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neww data of the Rossi X-ray Timing Explorer for timing features at frequencies expected from 
thee inner accretion disk and the neutron star surface (Section 1.4.4). This led to the discov-
eryy of several new timing phenomena, both at low and high frequencies. All these findings 
contributedd (or hopefully will ) to the understanding of accretion onto compact objects. This 
areaa of research is still largely phenomenological - only in the last few years the similarities 
betweenn the different type of neutron star LMXBs and between the black hole LMXBs and 
neutronn star LMXBs have become sufficiently clear to serve as solid basis on which to build 
theoreticall  models. In this thesis I provide a quantitative description of the newly discovered 
timingg phenomena and a comparison with the availablee models. 

Inn Chapter 3 we present the first discovery of a ~65 Hz QPO in an atoll source, GX 13+1. 
Originallyy QPOs with such frequencies were only found in the Z sources, and they were 
initiallyy interpreted as evidence for a strong magnetic field in this source, as was believed to 
bee the case for the Z sources, at the time. Although this view is being hotly debated now, and 
alternativee interpretations have arisen, the fact remains that GX 13+1 shows properties that 
aree intermediate to those of the atoll and Z sources, which means that the division between 
thee two classes is probably less sharp than previously thought. 

XTEE J2123-058 (Chapter 4) was only the second transient neutron star LMXBs to show 
kHzz QPOs, and the first one to show two simultaneous ones. Since X-ray transients cover 
aa large in luminosity and mass accretion rate, we were able to see for what values of these 
parameterss the circumstances are most favorable for the production of kHz QPOs. We also 
determinedd the distance to the source, and showed that it is most likely located in the Galactic 
halo. . 

Inn EXO 0748-676 (Chapter 5) we found a ~1 Hz QPO with properties similar to those of 
thee ~ 1 Hz in two other neutron star LMXBs. All three sources are viewed at a high inclination, 
andd therefore provide us with a better opportunity to study the vertical structure of accretion 
disks.. From the properties of the QPO we concluded that it has an origin that is probably not 
directlyy related to processes in the inner accretion disk. Instead, we believe it is caused by a 
structuree on the accretion disk that (quasi-)periodically blocks our line of sight to the central 
source.. The presence of such structures clearly shows that accretion disks are geometrically 
thick,, as opposed to what is often assumed. In the second Chapter on EXO 0748-676 (Chapter 
6)6) we suggest that the presence of these extended structures is closely related to the state of a 
LMXB ,, and that state changes most likely involve changes in the accretion disk structure on 
largerr scales than was previously suspected. 

Inn Chapter 7 we report the first observations of the black hole LMXB LMC X-3 in the 
canonicall  low/hard state. We showed that the long term variations of this source are due to 
transitionss between the low/hard and high/soft states, and that such transitions are apparently 
robustrobust against variations in system parameters such as compact object mass, inclination, and 
initiall  chemical composition. 

Thee work on XTE J1550-564 (Chapter 8) was instigated by our discovery of a 280 Hz 
QPO.. Since QPOs in XTE J1550-564 hadd been found before around 180 Hz, this unambigu-
ouslyy showed for the first time that the high frequency QPOs in black hole LMXBs do not 
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havee stable frequencies, but are variable, like their neutron star counterparts. Motivated by 
thee rather unpredictable behavior of these QPOs, and those at lower frequencies, we inves-
tigatedd the source in more detail. We concluded that the behavior of the source could only 
bee accounted for if there is at least one parameter in addition to the mass accretion rate that 
determiness the overall appearance of this black hole LMXB . In fact, we suspect that the mass 
accretionn rate is only of minor importance for the occurrence and transitions between the dif-
ferentt black hole states. This is quite a departure from the usual picture, in which the mass 
accretionn rate is thought to be the driving force behind most of me sources' behavior. It seems 
thatt our findings, when applied to neutron star LMXBs, may also solve some unaccounted 
problemss in those sources. 

Inn Chapter 9 we present a detailed analysis of the low and high frequency QPOs in the 
neutronn star LMXB and Z source GX 17+2. Although the high frequency QPOs in Z sources 
aree intrinsically weaker than those in the atoll sources, the high count rate of this source 
andd the large amount of data allowed us to study them over a large frequency range. It was 
foundd that below 1030 Hz their frequency correlated with that of the low frequency QPO, 
similarr to what is found in all other neutron star LMXB, but above 1030 Hz they were clearly 
anticorrelated,, which is the first time this is observed in any neutron star LMXB . Such a 
turnoverr is predicted by the relativistic precession models. We also showed that the quality 
factorss of the QPOs are consistent with each other, which can be used to put strong constraints 
onn their production mechanism. 
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Chapterr 2 

Dataa analysis 

Inn this chapter I wil l introduce the Rossi X-ray Timing Explorer, the satellite with which all of 
ourr data were gathered, and discuss the methods that I used for the analysis of the data. 

2.11 The Rossi X-ray Timing Explorer 

Thee X-ray data that were used in this thesis were obtained with the Rossi X-ray Timing Ex-
plorerplorer (RXTE; Bradt et al. 1993, see Figure 2.1). RXTE was launched on 1995 December 30, 
andd is, at the time of writing, still operational. It was put into in a low-earth circular orbit at 
ann altitude of 580 km. The orbit has an inclination of 23° and a period of about 90 minutes. 
Duee to its low orbit the observing efficiency of RXTE can at times be rather low (compared 
too a satellite such as EXOSAT, which had a highly eccentric ~90 hour orbit). There are two 
reasonss for this. First, nearly all sources of interest will be occulted by the Earth for a sub-
stantiall  percentage of each orbit (up to ~50%). Second, up to six times a day RXTE passes 
throughh the South Atlantic Anomaly high particle flux areas, which results in periods of 10-20 
minutess for each passage during which some of the instruments are switched off. In practice, 
observationss are scheduled in such a way that the passage of these areas coincides with Earth 
occupationss as much as possible. Since the RXTE's main instrument can only observe one 
sourcee at a time, the time spent on a single source is limited and single observations are there-
foree in general not longer than a few hours. In most cases these observations are interrupted 
severall  times, and continuous data stretches are usually 1-2 ks. 

RXTERXTE was designed to study the variability properties of X-ray sources with a high time 
resolutionn and a moderate spectral resolution. It carries three scientific instruments (see Figure 
2.11 and Table 2.1): the Proportional Counter Array (PCA), the High Energy X-ray Timing Ex-
perimentt (HEXTE), and the All-Sky Monitor (ASM). The PCA and HEXTE are both pointed 
instrumentss whose fields of view (~ 1°) are coaligned, whereas the ASM is an independent 
scanningg device that observes ~80% of the sky per orbit. 

Thee main advantage of RXTE over its predecessors EXOSAT and Ginga is its combination 
off  high throughput and high telemetry rate. The main instrument, the PCA, has a collecting 
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Figuree 2.1: The Rossi X-ray Timing Explorer (after the cover of the RXTE-team's 1992 
brochuree 'XTE - Taking the Pulse of the Universe'). Text additions by Rudy Wijnands. 

areaa that is four times larger than EXOSAT s Medium Energy experiment (Turner et al. 1981) 
andd more than fifty percent larger than Ginga's Large Area Counter (Turner et al. 1989). It 
cann safely observe sources with count rates in excess of 105 counts s~ , whereas the other two 
satellitess were limited to count rates of 104 countss s"1. This is important since the signal-to-
noisee ratio with which weak variability is detected in a power spectrum scales linearly with 
countt rate. Both EXOSAT and Ginga had maximum time resolutions that allowed for the 
detectionn of (some of) the kHz QPO that were found with RXTE. However, time resolution 
oftenn had to be sacrificed for spectral resolution, and telemetry constraints forced observers to 
usee lower than maximum time resolutions. RXTE's data links are through the NASA TDRSS 
communicationn satellites, which allows for a nearly continuous telemetry rate of ~26 kb s 
(oftenn higher in practice) for the scientific instruments (with a maximum of 256 kb s~' for 
~300 min per day). Therefore, even bright sources can be observed with time resolutions high 
enoughh to search for kHz variability while still having considerable spectral resolution. For a 
moree detailed comparison of RXTE with EXOSAT and Ginga I refer to van der Klis (1998). 

Anotherr strong point of the RXTE-mission is its flexibility . Its manoeuvrability (a slew 
speedd of 6° per minute) and continuously available data link allow for follow up observations 
withinn a few hours. Also, the main onboard computers allow a large variety of modes in 
whichh data can be processed, which is especially important for bright sources; guest observers 
cann decide themselves whether they want to focus on spectral or variability aspects, or a 
combinationn of both. 

Inn the following I give short descriptions of the HEXTE and ASM instruments. The PC A 
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Tablee 2.1: Properties of RXTEs three scientific instruments (adapted from Bradt et al. 1993). 

andd the EDS (the main onboard computer) will be discussed at a more detailed level in a 
separatee section. For a more detailed and very technical description of RXTE I refer to the 
RXTERXTE Technical Appendix (http://heasarc.gsfc.nasa.gOv/docs/xte/appendix/.html). 

HEXTEE (Gruber et al. 1996; Rothschild et al. 1998) consists of two clusters of four scin-
tillationn counters each. The detectors have a net area of ~ 800 cm2 and the energy range in 
whichh they are sensitive is 20-200 keV, with a resolution of 18% at 60 keV. The time res-
olutionn of the detectors is \0 its. In order to obtain careful background measurements both 
clusterss alternate between a source and two background positions, usually on a time scale 
off  16 or 32 s. Of RXTETs three instruments HEXTE is probably the least used one. This is 
mainlyy because most sources are too weak for HEXTE. In the cases where HEXTE data is 
used,, it is mostly used to constrain the high energy side of the PCA spectral fits. For bright 
andd spectrally hard sources (e.g. black hole X-ray transients) it is also used to perform power 
spectrall  analysis. 

Thee ASM (Levine et al. 1996) consists of three Scanning Shadow Cameras (SSCs). Each 
SSCC basically consists of a slit mask (50% coverage) in front a 60 cm2 positional-sensitive 
proportionall  counter. They are sensitive in the 1.5-12 keV range (three energy bands) and 
havee an intrinsic time resolution of 1/8 s. The three SSCs are mounted in such a way that they 
cann scan ~80% of the sky every ~90 minutes (which is the effective time resolution of the 
ASM),, with a positional resolution of ~ 3' x 15' for the brightest sources. The purpose of the 
ASMM is twofold. First, ASM observations can be used to alert observers to sudden changes 
suchh as the appearance of transients or state transitions. Follow-up observations with PCA 
andd HEXTE are possible within a few hours, which makes RXTE a very flexible and powerful 
combination.. Second, the ASM provides long-term intensity histories of the brightest ~100 
X-rayy sources in three energy bands. It allows one to study source behavior on time scales 
off  hours to years, without the need of pointed observations, and also to put the pointed PCA 
andd HEXTE observations in a broader picture. Examples of ASM light curves are shown in 
Figuree 1.4 and in the bottom panel of Figure 1.5. 
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2.1.11 Proportional Counter  Arra y and Experiment Data System 

Thee PCA (Zhang et al. 1993; Jahoda et al. 1996) is the main instrument of KXTE. It is an array 
off  five Xenon-filled proportional counter units (PCUs) with a total collecting area of ~6250 
cm2.. It is sensitive in the range 2-60 keV, with a spectral resolution of 18% at 6 keV and 
255-channell  pulse-height discrimination. The maximum time resolution of the PCA is ~ 1/JS. 
Likee HEXTE the PCA has a positional resolution of ~ 1°. This is sufficient to avoid source 
confusionn for most of the sky, except in the regions near the center of the Galaxy. 

Duee to the aging process of the PCUs their response gradually changes. As a result of 
this,, corrections have to be applied before one can compare data that were taken more than 
aa few weeks apart. Three times during the lifetime of RXTE the high voltage settings of the 
PCUss have been altered, for reasons of detector preservation. This led to bigger, and more 
abrupt,, changes than those due to the aging process. Occasionally one or more PCUs are not 
operational.. They can be switched off by an internal safety mechanism, or by the ground 
controll  crew, for reasons of detector preservation. 

Thee large area and high time resolution of the PCA can lead to large data streams. The 
nominall  sustained telemetry rate of the PCA (~18 kb/s) would already be exceeded for a 
sourcee with a count rate of ~420 count s- 1, if the raw PCA data would not be processed 
first.. This processing is handled by the Experiment Data System (EDS) on-board RXTE. The 
EDS,, which also controls the data transfer to and from the ASM, consists of eight parallel 
processingg systems, called event analyzers (EAs). Each EA can run programs that handle 
thee incoming data in different ways. They can rebin the data both in time and energy, and 
evenn perform pulsar folding and Fourier transformations. Two of the EAs are dedicated to the 
ASMM while the other six are used by the PCA. Of these six modes two are run in so-called 
'Standard'' modes. The 'Standard 1' mode yields has a time resolution of 1/8 s in one energy 
bandd that covers the 2-60 keV range. The 'Standard 2' mode data has a time resolution of 16 
ss and covers the 2-60 keV range with 129 channels. This means that regardless what other 
modess the observer chooses, there will always be spectral information of the source. The 
fourr remaining EAs can run modes that are selected by the observer. For sources weaker than 
~10000 counts s- 1 a mode can be selected that, for a normal telemetry rate, yields data with 
thee maximum possible time and spectral resolution. At higher count rates the observer has to 
selectt modes that degrade the spectral or time resolution. 

2.22 Analysis 

Ass mentioned in Chapter 1 the study of the variability properties of LMXBs is often performed 
togetherr with that of the spectral changes. In this section I will explain how we study the 
spectrall  changes and how this method is used to perform a correlated spectral and variability 
study.. Then I will discuss how the power spectral analysis is performed. 
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Figuree 2.2: An example fit (solid line) to an RXTEfPCA spectrum of the black hole LMXB 
XTEE J1550-564 using a disk black body (dashed-dotted line), a power law (dashed line) (both 
withh an absorption edge) and a Gaussian line (dotted line). 

2.2.11 Spectral Analysis 

Thee spectral analysis of LMXBs is performed in two different ways. For sources that show 
considerablee spectral changes and are bright enough, the spectral behavior is studied by di-
rectlyy fitting the spectra. Since the EXOSAT days the most widely used program for this is 
thee X-ray spectral-fitting program XSPEC (see Arnaud 1996). In the case of RXTE it is usu-
allyy done by using the PCA Standard 2 data, unless one is interested in high time resolution 
spectroscopyy (e.g. during type I X-ray bursts), when other modes have to be used. In some 
casess fits are done in combination with data obtained with HEXTE. Data are background sub-
tracted,, corrected for dead time effects, and fitted with a combination of models. An example 
off  a fit  is shown in Figure 2.2. Unfortunately the response function of the PCA is only well 
knownn in the 3-25 keV range, so many of the parameters of the accretion disk, whose con-
tributionn peaks well below 3 keV, cannot be strongly constrained. Moreover, inaccuracies in 
thee knowledge of the detector response in combination with the use of oversimplified models 
oftenn leads to the detection of components whose reality is questionable (e.g. the Gaussian 
linee in Figure 2.2) and to the introduction of artificial dependencies and correlations. 

Sincee in many sources (especially the neutron star LMXBs) the spectral changes are quite 
subtle,, they are often not studied by directly fitting the energy spectra, but rather by study-
ingg the relative changes in several broad energy bands. This method is more sensitive and 
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Figuree 2.3: An example of an RXTE/PCA spectrum with four typical energy bands used to 
measuree colors (top panel) and a color-color diagram of the neutron star LMXB GX 17+2 
(bottom(bottom panel). The three boxes are examples of manual selections. The line is the spline on 
whichh the color points are projected for a more advanced form of color selection (see text). 
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doess not require detailed knowledge of the detector response. In general three or four energy 
bandss are defined (see top panel of Figure 2.3) that are used to calculate colors. These colors 
aree the ratios of the total numbers of counts during a certain time interval in those energy 
bands.. In practice one color is defined for two low energy bands, the soft color, and one for 
twoo high energy bands, the hard color. For the example spectrum shown in Figure 2.3 the 
softt color would correspond to (Total counts in B/Total counts in A) and the hard color to 
(Total(Total counts in D(Total counts in C). Finally a color-color diagram (CD) is created by plot-
tingg the two colors for all time intervals against each other (see bottom panel of Figure 2.3). 
Ann alternative to a CD is a hardness-intensity diagram (HID), where the soft or hard color is 
plottedd against the count rate in a broad energy band. 

Dependingg on the quality of the data and the tracks traced out in the CD, two methods 
off  selecting data are used. The most simple method is selecting the data within certain color 
ranges.. However, as can be seen from Figure 2.3 the motion of the source through the CD 
iss not parallel to either of the axes. Hence, by selecting only on color, some of the spectral 
changess are smeared out. This can be overcome by selecting the data by hand, as is shown 
byy the boxes that are drawn in the CD in Figure 2.3. More advanced versions of this latter 
methodd allow for a flexible selection of data as a function of the position along the track in the 
CD.. It still requires manual input, in the sense that a spline is calculated based on points along 
thee track that are selected by hand. All data points are then projected onto this spline (the 
solidd line in Figure 2.3). Two points are selected on the spline, usually at points where distinct 
branchess connect to each other. The distance along the spline between those two points (large 
dotss in Figure 2.3) is used to scale to position along the track. This position is given in terms 
off  a parameter that is called Sz (for Z sources) or SA for (atoll sources). 

Inn our analysis we always use the 'Standard 2' data to create color-color diagrams. The 
dataa are corrected for background by using a model created by the PCA instrument team. This 
modell  uses two components: the diffuse sky background, which is assumed constant in time, 
andd the internal background, which is due to interactions between radiation or particles and 
thee detector. The latter component depends on the position of RXTE in its orbit and is therefore 
timee dependent. In general no dead time modifications are applied; they are usually less than 
5%,, and are intrinsically energy independent. However, by not correcting for the dead time, 
thee subtracted background level is too high and some spectral dependence is introduced. Since 
thee contribution of the background is strongest at high energies, where the source contribution 
iss usually smallest, this effect is relatively more important at high energies, and therefore leads 
too a softer spectrum and colors. In most studies we are not interested in the absolute values of 
thee colors but only in relative changes, so the problem is of minor importance. Color points 
aree created every 16s, which is also the intrinsic time resolution of the Standard 2 mode. 

2.2.22 Variabilit y Studies 

Variabilityy of LMXBs (see Section 1.4) is often divided into two types; long term variability 
andd rapid variability. Long term variability refers to fluctuations on time scales of hours and 
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longerr and rapid variability to fluctuations on time scales of hours down to milliseconds. The 
differencee between the two types is a rather artificial one and is due to intrinsic differences in 
thee way sources are sampled on these different time scales. The techniques that are used to 
studyy the two types of variability differ considerably and are discussed below. 

Longg term variabilit y 

Ass mentioned before, on times scales longer than at most a few hours, the PCA and HEXTE 
aree not able to continuously observe a source. Although the ASM is able to provide coverage 
onn those time scales, it samples the data unevenly in time and can only be used for the brightest 
sources.. Hence, the study of long term variability cannot be performed in the same way as that 
off  the rapid variability, which requires continuous and evenly sampled data. Fortunately, many 
off  the long term variations can be directly observed in the light curve, and hence do not need 
too be studied in the same way as rapid variability. These variations include those discussed 
inn Section 1.4, such as transient outbursts and variations related to the orbital motion. Simply 
byy directly fitting the light curve one can measure the properties of the outburst profiles, or 
determinee the orbital parameters of a system. 

Sometimess more subtle (periodic) behavior is present that cannot be directly observed in 
thee light curve. There are two techniques that I often used to search for this behavior (unfor-
tunatelyy without any exciting results). The first one is called phase dispersion minimization 
(Stellingwerff  1978). It is only useful to search for periodic signals, but has as an advan-
tagee that it is more sensitive than Fourier methods (see below) for signals whose shape is 
non-sinusoidal.. The second one, the Lomb-Scargle method (Lomb 1976; Scargle 1982), is 
usedd to perform a power spectral analysis of unevenly sampled data. Like Fourier methods it 
decomposess the signal into sine and cosine waves. 

Rapidd variabilit y 

Sincee most of the observed rapid variations have low amplitudes (generally in the order of a 
feww percent of the total flux), the Poisson noise of the data usually exceeds their amplitudes on 
thee time scales of interest and hence they cannot be studied directly in the light curves. Large 
amountss of data are therefore needed to detect signals at high frequencies. In addition to that, 
manyy of these variations have a random nature - one is therefore more interested in the time 
averagedd properties of such processes rather than in the properties of individual fluctuations. 

Forr those reasons the data are transformed from the time domain to the frequency domain 
(i.e.. from a light curve to a power density spectrum, or power spectrum for short). The most 
commonlyy used technique for this is the fast Fourier transform (FFT, see Press et al. 1992, and 
referencess therein). An FFT is a clever form of Fourier transformation that significantly re-
ducess the computing time. It requires the data to be spaced evenly, and is easiest to implement 
whenn the total number of data points is an integer power of 2. The format of the RXTE data is 
suchh that it is very suitable for the use of FFTs. Detailed descriptions of how this technique is 
usedd in the study of rapid X-ray variability in LMXBs are given in van der Kli s (1989,1995). 
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Figuree 2.4: An RXTE/PCA light curve of the black hole LMXB XTE J1550-564 (upper left) 
togetherr with its Fourier Transform (right). The variations that cause the ~0.3 Hz QPO in the 
powerr spectrum can clearly be seen in the enlargement of the light curve shown in the lower 
leftt panel. 

Inn practice, the phase information is discarded and only a power spectrum is produced, where 
thee power is the square of the absolute value of the Fourier transform. An example of a light 
curvee and its corresponding power spectrum is shown in Figure 2.4. Phase information is only 
preserved,, at least in this thesis, to calculate phase or time lags between variations in different 
energyy bands. 

Inn the case of the RXTE/PCA FFTs are performed on the high time resolution data; al-
thoughh the 'Standard 1' and 'Standard 2' modes can in principle be used to perform FFTs, 
theyy can not be used to study variability above 4 Hz and 1/32 Hz, respectively. As mentioned 
inn Section 2.1.1, the EDS allows observers to choose additional modes with sampling fre-
quenciess well in excess of 1 kHz; when preferred the data can be rebinned to a lower time 
resolution.. The total data set is divided into segments of equal length. This length depends 
onn the aim of the study; if one prefers to study relatively long term variability (~ a few mil-
lihertz)) or wishes to have a high frequency resolution (which scales with the inverse of the 
lengthh of the data segment), long data segments are used (e.g. 1024 s). If, on the other hand, 
onee wants to study changes of the rapid variability in time, these intervals can not be too long 
(e.g.. 16 s) in order for the changes not to be smeared out. Although in practice several lengths 
aree chosen, power spectra with a length of 16 s are in general used for correlated spectral and 
variabilityy studies, since this is the time resolution of the Standard 2 data. An FFT is produced 
forr each data segment. Note that the data are not corrected for background and dead time prior 
too the FFT. For an average data set a considerable number of power spectra is produced. Often 
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Figuree 2.5: An example of a fit  to a power spectrum of the neutron star LMXB GX 17+2 on 
itss horizontal branch. The thick solid line through the data points is the fit function that is 
comprisedd of a power law (dashed line), a cut-off power law (dotted line), three Lorentzians 
(thinn solid lines). The Poisson level, that was fitted with a constant, was subtracted. 

onee or more selection criteria are applied to the set of power spectra, e.g. time, flux, position 
inn the CD. The power spectra that are selected are averaged, and normalized. Two normaliza-
tionss are used throughout this thesis. One is the Leahy normalization (Leahy et al. 1983) and 
thee other is the r.m.s. normalization (van der Kli s 1995). The latter has the advantage that it 
allowss for a direct estimate of fractional rms amplitudes from the power spectrum. 

Thee resulting power spectrum is fitted with a combination of different functions that de-
pendss on the actual shape of the power spectrum (see Figure 2.5). The most commonly used 
functionss are given in Table 2.2. The (dead time modified) Poisson level is usually fitted with 
aa constant, although in bright sources a more sophisticated function is used, to account for the 
complexx shape of the Poisson level at high frequencies (above a few hundred Hz, see Zhang 
1995;; Zhang et al. 1995). Red noise is generally fitted with a power law . The function that 
iss used for band limited noise depends on the shape of the noise; the most common functions 
aree a cut-off power law, a broken power law, and a zero-centered Lorentzian. QPOs are fitted 
withh Lorentzians but sometimes also with Gaussians. 
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Namee Expression 
Powerr Law P(v) °c v_ct 

Cut-offf  Power Law0 P(v)~ V
ae~v /Vc«' 

Brokenn Power Law* f*(v) oe v_ctl (v < v&) 
p(v)) oc v - a2 (v > vb) 

Gaussianc'dd P(v) oc e(v-Vc)2/a2 

Lorentzianc'gg P(v) - (v_Vc)2+(^ f f J t f /2 ) i 

aa VCJ4, is the cut-off frequency 6 Vj, is the break frequency c vc is the centroid frequency 
dd c is the width e FWHM is the full-width-at-half-maximum 

Tablee 2.2: Functions that are commonly used to fit power spectra. 
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Abstract t 

Wee report the discovery of a quasi-periodic oscillation (QPO) at 7 Hz with the Rossi 
X-RayX-Ray Timing Explorer in the low-mass X-ray binary and persistently bright atoll source GX 
13+11 (4U1811-17). The QPO had an rms amplitude of % (2-13.0 keV) and aFWHM 
off 2 Hz. Its frequency increased with count rate and its amplitude increased with 
photonn energy. In addition a peaked noise component was found with a cut-off frequency 
aroundd 2 Hz, a power law index of around -A, and an rms amplitude of ~ 1.8%, probably the 
welll  known atoll source high frequency noise. It was only found when the QPO was detected. 
Veryy low frequency noise was present with a power law index of ~ 1, and an rms amplitude of 
~4%.. A second observation showed similar variability components. In the X-ray color-color 
diagramm the source did not trace out the usual banana branch, but showed a two branched 
structure. . 

Thiss is the first detection of a QPO in one of the four persistently bright atoll sources in 
thee galactic bulge. We argue that the QPO properties indicate that it is the same phenomenon 
ass the horizontal branch oscillations (HBO) in Z sources. That HBO might turn up in the 
persistentlyy bright atoll sources was previously suggested on the basis of the magnetospheric 
beatt frequency model for HBO. We discuss the properties of the new phenomenon within the 
frameworkk of this model. 
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3.11 Introductio n 
Basedd on their correlated X-ray timing and spectral behavior the brightest low-mass X-ray 
binariess (LMXBs) can be divided into two groups; the atoll sources and Z sources (Hasinger 
&&  van der Kli s 1989, hereafter haval989; van der Kli s 1995). Atoll sources show two states: 
thee island and the banana state, after the tracks they produce in an X-ray color-color dia-
gramm (CD). Z sources on the other hand trace out a Z-like shape in a CD, with usually three 
branches:: the horizontal,, the normal, and the flaring branch. 

Thee power spectra of atoll sources can be described by two noise components plus, some-
times,, a Lorentzian component to describe quasi-periodic oscillations (QPOs). The first noise 
component,, the very low frequency noise (VLFN) has a power law shape P °= v~a, with 
11 < a < 1.5. The other, the high frequency noise (HFN), can be described by a power law 
withh an exponential cut-off P «= v_ae_v/Vru ', usually with 0 < a < 0.8 and 0.3 < vcut < 25 
Hz.. The HFN sometimes has a local maximum ("peaked noise") around 10-20 Hz (see van der 
Kli ss 1995). Yoshida et al. (1993) found peaked noise around 2 Hz. Several broad QPO(-like) 
peakss were found with the Rossi X-ray Timing Explorer (RXTE) around 20 Hz (Strohmayer 
ett al. 1996; Ford et al. 1997; Yu et al. 1997; Wijnands & van der Kli s 1997), and one at 67 
Hzz (simultaneously with one at 20 Hz, see Wijnands et al. 1998a). In addition to QPOs below 
1000 Hz, QPOs between 300 and 1200 Hz, the so-called kHz QPOs, have been found. 

Thee power spectra of Z sources show three broad noise components: VLFN with 1.5 < 
aa < 2, HFN with a ~ 0 and 30 < VCM, < 100 Hz, and low frequency noise (LFN), which has 
thee same functional shape as the HFN with a ~ 0 and 2 < \cul < 20 Hz. Note that despite 
havingg the same name, HFN in Z sources is not the same phenomenon as HFN in atoll sources. 
ZZ sources show three types of QPOs: the normal/flaring branch QPO (N/FBO) with centroid 
frequenciess from 6 to 20 Hz, the horizontal branch QPO (HBO) from 15 to 60 Hz, and the 
kHzz QPOs in the same range as observed in atoll sources. (For an extensive review on the 
powerr spectra of atoll and Z sources we refer to van der Klis 1995. For kHz QPOs we refer to 
vann der Kli s 1998.) 

GXX 13+1 has been classified as an atoll source, although of all atoll sources it shows 
propertiess which are closest to that seen in the Z sources (haval989). Moreover, Schulz et al. 
(1989)) put GX 13+1 among the luminous sources that have been classified as Z sources. 
Togetherr with GX 3+1, GX 9+1, and GX 9+9, GX 13+1 forms the subclass of the persistently 
brightt atoll sources. In the CD they have only been seen to trace out banana branches and their 
powerr spectra can be described by relatively strong (~3.5% rms) VLFN and weak (~2.5% 
rms)) HFN, as compared to other atoll sources. No QPOs have been found before in these 
sources,, neither at frequencies below 100 Hz nor at kHz frequencies (Wijnands et al. 1998b; 
Strohmayerr 1998). 

Forr GX 13+1, so far no HFN has been observed. Its banana branch resembled a more 
orr less straight strip in the CD, whereas the other three sources showed more curved banana 
branchess (haval989). Stella et al. (1985) have reported bimodal behavior of GX 13+1 in the 
hardness-intensityy diagram (HID). In one state the spectral hardness was correlated with count 
rate,, while in the other it was anticorrelated. The transition between the two states occurred 
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Figuree 3.1: The 5-detector light curves of the October 28 and November 10 observations. The 
intensityy is the count rate in the 2-19.7 keV band. Time resolution is 16 s. T = 0 on October 
288 corresponds to 02:16:49 UTC and on November 10 to 09:19:29 UTC. Typical error bars 
aree shown in the upper left of the figures. 

withinn one hour. 
Thee main difference between atoll and Z sources is the mass accretion rate, M. Atoll 

sourcess accrete at M < 0.5MEdd  ̂ whereas Z sources accrete at near Eddington rates. It 
wass proposed by haval989 that a second difference lies in the strength of the magnetic field 
strengthh B of the accreting neutron star. Recent spectral modeling by Psaltis & Lamb (1998) 
suggestss that indeed atoll sources have B < 109 Gauss and Z sources B ~ 109-1010 Gauss. 
Thee bright atoll sources are found to have a higher inferred B than the low luminosity atoll 
sources,, making them the best candidates to show Z source HBO. 

Inn this Letter we report the discovery of a 57-69 Hz QPO and of a two branched structure 
inn the CD and HID of GX 13+1. We suggest that the QPO is the same phenomenon as Z 
sourcee HBO. 

3.22 Observations and analysis 
Wee observed GX 13+1 with the proportional counter array (PCA) onboard RXTE, on October 
288 1996 02:15-05:15 UTC and on November 10 1996 09:19-12:13 UTC. Except for a ~300 
ss interval during the October 28 observation, when proportional counter unit (PCU) four was 
inactive,, data (a total of ~ 1.2 x 104 s) were collected with all five PCUs in three simultaneous 
dataa modes: 16 s time resolution in 129 photon energy bands (covering the energy range 2-60 
keV);; 2M 2 s time resolution in 3 bands (2^1.9 keV, 4.9-8.6 keV, and 8.6-13.0 keV); 2"'° s 
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Figuree 3.2: The color-color diagram (a) and hardness-intensity diagram (b) of GX 13+1. 
Filledd circles depict October 28 data, open circles November 10 data. For energy bands, see 
text.. Each point is the average of a 16 s interval. Typical error bars are shown in the upper left 
off  the figures. 

timee resolution in 64 bands (covering the range 13.0-60 keV). 

Thee 16 s data were used to construct light curves (Fig. 3.1) and CDs and HIDs (Fig. 
3.2).. Only data with all five PCUs on were used. The data were background corrected, but 
noo dead-time corrections (~1%) were applied. The data gaps in Figure 3.1 are due to Earth 
occultationss of the source, or to passages of the satellite through the South Atlantic Anomaly. 
Thee average 2-19.7 keV count rate during the first part of the October 28 observation is ~3800 
cts/s,, during the second and third part ~4700 cts/s, and during the November 10 observation 
~44000 cts/s. For the soft color we used the count rate ratio between 3.9-6.4 keV and 2-3.9 
keV;; for the hard color the ratio between 8.6-19.7 keV and 6.4-8.6 keV. For the intensity we 
usedd the count rate in the 2-19.7 keV energy range. 

Powerr density spectra were made of all the 2- 12 s data using 16 s data segments. For 
measuringg the (low frequency) QPO we fitted the 0.1-256 Hz power spectra with a constant 
representingg the Poisson level, a power law representing the VLFN, a power law with an ex-
ponentiall  cut-off representing the HFN, and a Lorentzian representing the QPO. Errors on the 
fitfit  parameters were determined using Ay} = 1, upper limits with A%2 = 2.71, corresponding 
too a 95% confidence level. Upper limits on (sub-)harmonics of the QPO were determined by 
settingg the frequency to half or twice the QPO frequency and by fixing the FWHM to half 
orr twice the FWHM of the QPO. Upper limits for kHz QPOs were determined by fitting the 
200-20488 Hz power spectra with a constant and a Lorentzian with a conservatively assumed 
FWHMM of 150 Hz. This was done in the 2-13.0 keV, 13.0-60 keV, and 2-60 keV energy 
ranges. . 
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Frequencyy (Hz) 

Figuree 3.3: The Leahy normalized power spectrum of GX 13+1 on October 28 in the energy 
rangee 2-13.0 keV. The Poisson level has been subtracted. 

3.33 Results 

Duringg the October 28 observation the source did not trace out a banana branch in the CD. 
Insteadd two distinct branches could be identified (see Fig. 3.2a): a lower branch and an upper 
branch,, separated by a gap in the CD around a hard color of ~0.6, corresponding to the first 
gapp in the light curve (Fig. 3.1). The other gaps in the light curve did not appear as gaps in 
thee CD and HID. The source started at the right end of the lower branch, then moved up to 
thee top of the upper branch along the curve and ended halfway down the upper branch. Just 
beforee the first gap in the light curve the source was in the upward curved part of the lower 
branch.. Hence the points at the left part of the lower branch above hard colors of ~0.5 are in 
alll  likelihood evidence of motion towards the upper branch that continued during the gap. A 
slightlyy curved branch was traced out in the CD during the November 10 observation, close 
too the upper branch of the October 28 observation. The source started in the lower part of the 
branch,, moved to the top and ended in the lower part. 

Inn all the October 28 data combined we discovered a QPO at 7 Hz, with a FWHM 
off 2 Hz, an rms amplitude of , and a significance of 4.8o (2-13.0 keV). The 
powerr spectrum is shown in Figure 3.3. In the lower branch the QPO could not be detected 
significantlyy (2.2a) at 61.0 Hz, with an upper limit on the rms amplitude of 1.7%. In the upper 
branchh the QPO was detected (4.7a) at 9 Hz with an rms amplitude of 2.1+° %̂ 
andd a FWHM of 8 Hz. A count rate selection showed that the QPO frequency on 
thee upper branch increased with count rate; from 4 Hz between ~4050 and ~4700 
cts/ss to 1 Hz between -4700 and ~5600 cts/s. The FWHM and rms amplitude did 
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nott change significantly; from 4 Hz to 14.1 8 Hz and from c to 2.0+{$% 
respectively.. Upper limits on a sub-harmonic or second harmonic were respectively 1.0% rms 
andd 0.8% rms.. The VLFN had an rms amplitude of ^4.3% and a slope of ~ 1.3. Its properties 
didd not vary significantly between the two branches. In addition to the VLFN a peaked noise 
componentt was detected (7.4a) with a cut-off frequency of 2.1 6 Hz, a power law index 

,, and an rms amplitude of 1.9+0'̂ %. This noise feature is probably atoll source 
HFN.. In the upper branch it had an rms amplitude of , in the lower branch it was 
undetectablee with an upper limit of 1.5% rms. No kHz QPOs were found between 200 and 
20488 Hz, with upper limits on the rms of 2.1% (2-13.0 keV), 21.0% (13.0-60 keV), and 2.3% 
(2-600 keV). 

Thee strength of the QPO increased with photon energy (Fig. 3.4). The energy spectrum of 
thee HFN was both consistent with that seen for the QPO and with being constant. The VLFN 
strengthh increased up to ~11 keV and decreased thereafter. 

Inn the November 10 data we may have detected (2.5G) a similar QPO at 5 Hz with 
aa FWHM of I2.4+593 Hz and an rms amplitude of 1.2+04%. At high count rates, ~4500 cts/s, 
thee QPO was found to be a bit more significant (3.1a) at 0 Hz, with an rms amplitude 
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off  1.4+0 2% a nd a FWHM °f 9 Hz. At lower count rates, ~4100 cts/s, an upper limit 
forr the rms amplitude was obtained of 1.2%. The VLFN had the same slope as in in the first 
observation,, and an rms amplitude of ~3.7%. Again HFN was detected (6.4a) with an rms 
amplitudee of , a power law index of —4.5  1.5, and a cut-off frequency of 2.1  0.9 
Hz.. Again no kHz QPOs were detected, with upper limits on the rms of 2.3% (2-13.0 keV), 
19.9%% (13.0-60 keV), and 2.2% (2-60 keV). 

3.44 Discussion 

Wee have discovered a QPO in GX 13+1 between 57 and 65 Hz and around 69 Hz. It is the 
firstt time a QPO has been found in a persistently bright atoll source. The rms amplitude of 
thee QPO increased with photon energy. Together with the QPO, a peaked noise component 
wass found, probably atoll source HFN, with a cut-off frequency of ~2 Hz. The HFN was only 
detectedd when the QPO was present. In the October data the QPO was only found in the upper 
branch,, i.e. at high count rates. On the upper branch the QPO frequency increased with count 
ratee from ~57 Hz to ~65 Hz. In the November data the QPO could only be detected at high 
countt rates. Assuming that M and count rate were positively correlated, the QPO frequency 
increasedd with M, at least on the upper branch in the October observation. However, during 
thee November observation we found the QPO at ~69 Hz; die mean count rate was then lower 
thann during the October observation of the ~65 Hz QPO. 

Thee pattern traced out by GX 13+1 in the CD and HID in our observations does not resem-
blee the patterns traced out by other atoll sources. Atoll sources trace out islands and/or a ba-
nanaa branch. During EXOSAT observations GX 13+1 traced out a banana branch (haval989) 
whichh is quite different from what we observed with RXTE. We also do not find evidence 
forr the bimodal behavior found by Stella et al. (1985) in the sense that both our branches in 
thee HID show a positive correlation between hard color and count rate. The relatively sharp 
turnn in the CD and HID may be related to one of the vertices in the patterns traced out by Z 
sources. . 

Comparisonn witii EXOSAT observations, using our RXTE energy spectra folded with 
thee EXOSAT response matrix, shows that the source was ~30% brighter during the RXTE 
observations.. (Note that in the RXTE ASM light curve the source shows intrinsic variations 
off  ~50%; during our observations the ASM count rate was near average.) This might explain 
whyy the two branched structure has not been seen before in GX 13+1. In any case EXOSAT 
wass not sensitive enough to have detected the QPO reported in this Letter. 

Recentlyy Stella & Vietri (1998) proposed that at least some of the < 100 Hz QPOs ob-
servedd in atoll sources are due to Lense-Thirring precession of the inner part of the accretion 
disk.. In order to test this model one needs the frequencies of the simultaneously observed 
kHzz QPOs. Since no kHz QPOs have been observed in GX 13+1 it is not possible to test this 
model.. The upper limits on kHz QPOs are comparable with thosee found in the other members 
off  the subclass (Wijnands et al. 1998b; Strohmayer 1998). 

Thee QPO properties (frequency, dependence on M, energy spectrum, and the simultaneous 
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presencee of a band limited noise component [the HFN]) are all similar to those found for HBO 
inn Z sources. On the basis of the above described similarities we suggest that the QPO we 
foundd is the same phenomenon as the HBO, and that the HFN component is related to the 
QPOO in a similar way as Z source LFN to HBO. The identification of atoll source HFN with 
ZZ source LFN was previously proposed by van der Kli s (1994). 

Thee HBO in Z sources can be explained by the magnetospheric beat frequency model 
(Alparr & Shaham 1985; Lamb et al. 1985), according to which die observed QPO frequency 
iss the difference between the neutron star spin frequency and the frequency at which blobs 
off  matter orbit the neutron star at the magnetospheric radius. In this model the frequency 
increasess with M and decreases with neutron star spin frequency and B. The HBO is observed 
att frequencies between 15 and 60 Hz. LFN is found with a cut-off frequency between 2 
andd 20 Hz; it usually appears and disappears together with the HBO. In quantitative models 
thee LFN is naturally produced as an extra component to the HBO, with a total power that is 
comparablee to that in the HBO (Shibazaki & Lamb 1987). Both components get stronger with 
photonn energy. 

Accordingg to haval989 the properties of atoll and Z sources are determined by M and B. 
Spectrall  modeling based on this picture shows that of all atoll sources, the persistently bright 
subclass,, especially GX 13+1, have M and B closest to mose of the Z sources (Psaltis & Lamb 
1998).. On the basis of the magnetospheric beat frequency model one might therefore expect 
too see HBO-like phenomena in these sources. The detection of a HBO-like phenomenon in 
GXX 13+1 seems to confirm these expectations. The fact that the QPO frequency in GX 13+1 
iss at the high end of the HBO frequency range in Z sources can be explained by a slower 
spinningg neutron star or/and by a B that is lower than in the Z sources, but still high enough to 
producee HBO. A higher M than Z sources is unlikely in view of the luminosity. 
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Chapterr 4 

Discoveryy of twin kHz quasi-periodic 
oscillationss in the high galactic latitude 
X-rayy transient XTE J2123-05 8 

Jeroenn Homan, Mariano Méndez, Rudy Wijnands, Michiel van der Klis, & Jan van Paradijs 

AstrophysicalJournal,AstrophysicalJournal, 513, LI 19 

Abstract t 

Wee report the discovery of twin kHz quasi-periodic oscillations (QPOs) in the persistent X-ray 
fluxx of the new X-ray transient XTE J2123-058. We detected the QPOs in data taken with 
thee proportional counter array on board the Rossi X-ray Timing Explorer on 1998 July 14, 
whenn the source count rate was at about 50% of its outburst peak level. The frequencies of 
thee QPOs were 4 and 8 Hz. The peaks had widths of 32+J1 and 50+]̂  Hz and the 
rmss amplitudes were 6.1^Q %̂ and 6.5+Qg%, respectively. The QPO frequencies increased 
marginallyy with count rate and the amplitudes showed a small increase with photon energy. 
Onn the basis of the appearance in the color-color and hardness-intensity diagrams, the low-
frequencyy power spectrum, and the strength of the kHz QPOs, the system can be classified 
ass an atoll source. The source showed five type I X-ray bursts. The distance to the source is 
estimatedd to be about 10 (5-15) kpc, which combined with the high Galactic latitude of 36°.2 
indicatess the source is a located in the Galactic halo. 

4.11 Introductio n 

Thee X-ray transient XTE J2123-058 was discovered with the all-sky monitor (ASM; Levine 
ett al. 1996) on board the Rossi X-ray Timing Explorer (RXTE; Bradt et al. 1993) on 1998 
Junee 27 (Levine et al. 1998). Subsequent observations with the proportional counter array 
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Obs. . 
1 1 
2 2 
3 3 
4 4 
5 5 

Date e 
27-06-1998 8 
29-06-1998 8 
29-06-1998 8 
14-07-1998 8 
22-07-1998 8 

Beginn (UTC) 
23:29 9 
00:33 3 
16:01 1 
09:41 1 
04:54 4 

End(UT T 
23:42 2 
01:09 9 
17:20 0 
19:42 2 
17:49 9 

Tablee 4.1: Log of the PCA observations of XTE J2123-058. 

(PCA,, also on board RXTE; Jahoda et al. 1996) showed two weak X-ray bursts (Takeshima & 
Strohmayerr 1998), probably of type I (i.e., thermonuclear origin), indicating that the compact 
objectt is a neutron star. Observations of the optical counterpart (Tomsick et al. 1998a) revealed 
ann orbital period of 3 hr (Tomsick et al. 1998b; Ilovaisky & Chevalier 1998). 
Thee source has a high galactic latitude of 36°.2, which is unusual for an X-ray transient. 

Quasi-periodicc oscillations (QPOs) with frequencies between 200 and 1200 Hz, the so 
calledd kHz QPOs (van der Kli s 1998), have been found in the persistent emission of numerous 
low-masss X-ray binaries (LMXBs). They are often found in pairs, with a frequency difference 
rangingg from 250 to 350 Hz. The strength of the oscillations depends on the type (Hasinger 
&&  van der Kli s 1989) of LMXB; they are usually stronger in atoll sources than in Z sources. 
AA few sources have shown oscillations during type I X-ray bursts (Strohmayer et al. 1996, 
1998,, e.g.), whose frequencies are believed to be close to once or twice (Miller 1999) the 
neutronn star spin frequency, and which are near the kHz QPO frequency difference. On this 
basiss it has been suggested (Strohmayer et al. 1996; see also Miller et al. 1998) that the 
frequencyy difference is equal to the neutron star spin frequency, but this idea has been seriously 
challengedd by results by van der Kli s et al. (1997), Méndez et al. (1998), and Méndez et al. 
(1998). . 

Inn this Letter, we present the discovery of kHz QPOs in XTE J2123-058. Preliminary 
resultss of this work were already presented by Homan et al. (1998). 

4.22 Observation and Analysis 

Forr our analysis, we used data obtained with the PCA. Data were taken on five occasions (see 
Tablee 4.1) for a total of ~43 ks. PCA detectors 4 and 5 were inactive during observation 1, 
detectorr 5 was inactive during the last ~1000 s of observation 3, and detector 4 for ~ 13000 
ss during observation 4. Observation 2 consisted of two scans over the region to determine a 
betterr source position (Takeshima & Strohmayer 1998); data from that observation were not 
includedd in the color diagrams and only ~100 s were used for timing analysis. Apart from the 
Standardd 1 (0.125 s time resolution in one energy channel) and Standard 2 modes (16 s time 
resolutionn in 129 energy bands), which were always active, data were obtained in an Event 
modee with a 2~13 s time resolution and 64 energy bands (observations 2 and 3), and in a Good 
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Figuree 4.1: The ASM (a) and PCA (b) light curves of XTE J2123-058. The ASM (1.5-12 
keV)) points are one day averages, the PCA points 16 s averages. For the PCA (2-60 keV) 
lightt curve we only used background corrected count rates from the first three detectors. The 
openn circle depicts the maximum count rate reached during the dwells of observation 2. 

Xenonn mode with a 2~20 s time resolution and 256 energy bands (observations 4 and 5). All 
modess covered the 2-60 keV energy band. Observation 1 did not yield data with the time 
resolutionn required to search for kHz QPOs. 

Thee Standard 2 data of detectors 1-3 were background corrected, and used to create 
lightt curves, color-color diagrams (CDs), and hardness-intensity diagrams (HIDs). Figure 
4.11 shows the ASM and PCA light curves. For observation 2 only the maximum count rate 
reachedd during the two dwells is plotted (open circle). Figure 4.2 shows the CD and HID of 
observationss 1 and 3-5 combined. Data during X-ray bursts were excluded from Figures 4.1 
andd 4.2. 

Usingg all available high time resolution data we made Fourier transforms of 16 s data 
segmentss to create power spectra ranging from 1/16 to 2048 Hz to search for kHz QPOs. 
Too study the low-frequency power spectrum we also created 1/128-512 Hz power spectra 
usingg 128 s data segments. Power spectra were selected on time, count rate, and position 
inn the CD and HID, and averaged before further analysis. The properties of the kHz QPOs 
weree measured by fitting the resulting average power spectra from 300-2048 Hz with a fit 
functionn comprised of a constant, representing the Poisson level, and a Lorentzian for each 
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Figuree 4.2: The color-color (a) and hardness-intensity (b) diagrams of observations 1 (trian-
gles),, 3 (squares), 4 (crosses), and 5 (circles). The soft color is the ratio of the count rates in 
thee 3.5-6.4 and 2-3.5 keV bands and the hard color the ratio of the count rates in the 8.6-16.0 
andd 6.4-8.6 keV bands. The intensity is the count rate in the 2-16.0 keV band. The data 
pointss are 64 s averages. Typical error bars are shown. 

QPO.. The low-frequency power spectra were fitted with a power law plus a power law with 
ann exponential cutoff. The values for the rms amplitudes are background corrected. Errors 
onn the fit parameters were determined using A%2 = 1. All the upper limits quoted are 95% 
confidencee limits. In case of the kHz QPOs upper limits were determined by fixing the full-
width-at-half-maximumm (FWHM) to 25 Hz. 

4.33 Results 

Wee found two simultaneous kHz QPOs in the data of observation 4 (see Figure 4.3). This 
observationn consisted of six ~3300 s intervals of contiguous data, hereafter orbits, separated 
byy ~2400 s intervals during which no data were obtained. The QPOs were strongest during 
thee first two orbits, when the count rate was lowest. In these orbits the QPOs had frequencies 
off 4 Hz and 8 Hz, widths of 32+̂  H and Hz 50+{| Hz, and rms amplitudes of 
6.1+Qg%% and 6.5+°\% (unless otherwise stated all fit  parameters are those measured in the 
2-11.22 keV band). The mean 2-60 keV background-corrected count rate during the first two 
orbitss was 485 counts s_1. 

Theree are indications for an increase of QPO strength with photon energy. In the 2-5.7 
keVV band only upper limits could be determined of 6.2% and 5.2% rms, for the lower and 
higherr frequency QPO, respectively. In the 5.7-11.2 keV band the frequencies and widths are 
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Figuree 4.3: The power spectrum of the first two orbits of observation 4 combined, showing 
thee two kHz QPOs. 

consistentt with the values obtained in the 2-11.2 keV band; the amplitudes are 8.81}'\% and 
9.0l[[  3% rms. Only upper limits could be determined in the 11.2-16.7 keV band of 18.5% 
andd 24.2% rms. 

AA more detailed analysis showed a difference between the data of the first and second 
orbit.. The power spectra of the first orbit clearly showed the low frequency QPO at 2 Hz 
withh a width of 20lj Hz and an amplitude of % rms, whereas the other QPO was only 
marginallyy detectable at 1110  10 Hz with an amplitude of % rms and its width fixed 
att 35 Hz. In the power spectra of the second orbit the lower QPO is very narrow and its width 
wass fixed at 6 Hz; it had a frequency of 2 Hz and an amplitude of 3.4+^% rms. The 
highh frequency QPO was found at 11411* Hz with a width of 32 Ĵ j Hz and an amplitude of 
7.1+Q;°%% rms. The mean (2-60 keV) background corrected count rates of the first and second 
orbitss were, respectively, 478 and 497 counts s"1, with standard deviations (for 16s time bins) 
off  22 and 16 counts s~'. So, the QPO frequency increased with count rate while the frequency 
differencee was consistent with being constant at ~265 Hz. 

Forr the last four orbits of observation 4, and for the other observations, only upper limits 
onn the presence of kHz QPOs could be determined. They were, in the 2-11.2 keV band, 16%, 
4.4%,, 4.3%, and 4.5% rms for, respectively, observation 2, 3, 4 (last four orbits), and 5. 
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Frequencyy (Hz) 

Figuree 4.4: The average broad-band power spectrum of observations 3, 4, and 5 combined. 
Thee Poisson level has been subtracted. 

Selectionss of all the observation 4 data based on the position in the CD and HID showed 
thatt the QPO are only found at the lowest soft colors and count rates. No other significant 
dependencee of QPO properties on color or intensity could be distinguished based on these 
selections. . 

Wee performed time lag measurements between the 3.5-9.3 keV and 9.3-14.9 keV energy 
bands.. In both QPOs, the lags were consistent with being zero, but also with what has been 
foundd by Vaughan et al. (1997, 1998) for other sources with kHz QPOs. The lags are —8
44 x 10~2 ms for the lower and —5 4 x 10~2 ms for the higher frequency QPO, where the 
minuss sign indicates a soft lag. 

Observationss 3, 4, and 5 were combined to study the low frequency power spectrum (see 
Figuree 4.4). The average power spectrum (2-11.2 keV) was fitted with a power law plus a 
powerr law with an exponential cutoff. The rms amplitude of the power law component was 

%% (integrated over0.01-l Hz) and its power law index was . The second 
componentt had an rms amplitude of % (1-100 Hz), a power law index , 
andd a cut-off frequency of 5 Hz. Selections were made on soft color. For soft colors 
higherr than 2.6 the average power spectrum is well described by a single power law with an 
rmss amplitude of % and a power law index of . For a possible power 
laww component with an exponential cutoff an upper limit of 2% was determined. The average 
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powerr spectrum for soft colors lower than 2.6 was fitted with a power law % rms 
andd power law index of ) plus an exponentially cut-off power law (5.1 % rms, 
powerr law index of , and a cut-off frequency of 6 Hz). In the power spectra of 
thee last four orbits of observation 4, an equally good fit could be obtained by replacing the 
cut-offf  power law by a Lorentzian at 2 Hz, with an rms amplitude of % and a 

. . 
Wee have analyzed five X-ray bursts which, based on the spectral softening during their 

decay,, are most probably of type I . We searched for burst oscillations in Is power spectra (1-
10244 Hz). This was done in the 2-60 keV and 3.5-15 keV energy bands, during rise and decay 
off  each burst. Data of the five bursts were also added to increase sensitivity. No oscillations 
weree found, with upper limits on their amplitudes of 20% rms. Two very strong bursts were 
observedd during observation 5. When corrected for the persistent emission obtained from the 
1000 s just before the bursts, their peak count rates (2-11.2 keV) are 0 and 0 
countss s_1. These peak count rates are very close to each other and also much higher than 
thosee of the other three bursts (which had peak count rates of ~500, ~1200 and ~330 counts 
s_1).. It is possible that the peak count rates are so similar because they are related to the 
Eddingtonn luminosity reached in photospheric radius expansion bursts. Indeed both bursts 
showw a splitting of their main peak at higher photon energies, which usually is an indication 
forr radius expansion (Lewin et al. 1993). Fitting the burst spectra with a blackbody model 
didd not conclusively show that radius expansion had occurred. However, an anti-correlation 
wass found between the temperature and the radius of the blackbody, a feature that is typical 
forr radius expansion bursts (Lewin et al. 1993). If the bursts are indeed radius expansion 
bursts,, the distance to the source can be estimated (Lewin et al. 1993). Assuming cosmic 
abundancies,, a 1.4 M© neutron star mass, 10 km radius, and isotropic emission, the upper limit 
too the distance is ~14 kpc. Using the observational relation between My, Por[» and Lx/LE^ 
foundd by van Paradijs & McClintock (1994) we can estimate the distance in another way. 
Takingg my=16.8 (Tomsick et al. 1998b), Av = 0.36 (Schlegel et al. 1998), Fx » 2.5 x 10~9 

ergg s- 1 (from observation 3, which was closest to the optical observation), and the orbital 
periodd found by Tomsick et al. (1998b) and Ilovaisky & Chevalier (1998) we find a distance 
too the source between 10 and 15 kpc. Finally, a distance estimate can be made on the basis of 
thee average burst duration (x) and/or the observed ratio of persistent X-ray flux to the average 
fluxx emitted in X-ray bursts (a), both of which show a strong correlation with y = Lx/Lsdd 
(Lewinn et al. 1993). For observation 5 (x ^\2 s, a ^120, and F x w l x 10~9 erg s^1) this 
givess a distance range of 5 to 11 kpc. Combining the three methods gives a distance that is 
probablyy about 10 (5-15) kpc, which, using the galactic latitude of -36°.2, gives a distance 
fromm the Galactic plane of 6 (3-9) kpc. 

4.44 Discussion 

Wee have found two simultaneous kHz QPOs in the X-ray flux of XTE J2123-058. The fre-
quenciess of the QPOs, ~850-870 Hz for the lower and ~1110-1140 Hz for the upper peak, 
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aree within the range observed for other sources. Their widths and rms amplitudes are also 
comparablee to what is found in other LMXBs (van der Kli s 1998). The QPOs are only found 
whenn the count rate and soft color are lowest. When the QPO frequencies changed ~20-30 
Hz,, the frequency difference remained consistent with being constant at ~265 Hz. 

Fromm the other sources showing kHz QPOs it was already evident that the QPO frequen-
cies,, although strongly dependent in a given source on the difference between the instanta-
neouss luminosity and the average luminosity, do not depend on the average luminosity itself. 
XTEE J2123-058 complicates this puzzle. A transient with a time averaged luminosity a factor 
~10-20000 (averaging the total outburst luminosity over 3 years) lower than in the persistent 
sources,, it again shows exactly the same kHz QPO frequencies. 

Severall  properties (Hasinger & van der Kli s 1989) suggest that XTE J2123-058 is an atoll 
source.. (1) The appearance in the CD and HID is reminiscent of the shapes traced out by atoll 
sources;; the pattern traced out by XTE J2123-058 is then probably related to the lower and 
upperr banana. (2) The low-frequency power spectra can be fitted with a power law component 
(whichh we identify with very low frequency noise) plus an exponentially cut-off power law 
(whichh we identify with high frequency noise). As in atoll sources the high-frequency noise 
iss much weaker when the source is in the upper banana than in the lower banana. Also, the 
strengthh of these noise components is comparable to that found in atoll sources on the banana 
branchh (van der Kli s 1995). (3) The strength of the kHz QPOs is relatively high (~9%); a 
commonn value for atoll sources. On this basis we classify this source as an atoll source. The 
burstt properties strengthen this classification. At least five type-I X-ray burst were observed 
duringg the observations. Altiiough there are two Z sources (Cyg X-2 and GX 17+2) that 
occasionallyy show X-ray bursts, the high burst frequency (five in ~43 ks) is usually regarded 
ass a property of atoll sources. From the two strong bursts we can derive a value for the 
persistentt luminosity that is smaller than ~0.35L£^, which is typical for atoll sources. The 
kHzz QPOs are only seen in the lower banana, i.e., at low accretion rates, which is also seen in 
otherr atoll sources (Wijnands et al. 1997,1998; Méndez et al. 1999; Zhang et al. 1998). 

Thee estimated distance from the Galactic plane of 6 (3-9) kpc is unusually high when 
comparedd to other LMXBs, and suggests that the source is located in the Galactic halo. For 
188 neutron star LMXBs van Paradijs & White (1995) found an rms value for the distance 
fromm the Galactic plane of 1.0 kpc. An important factor determining the height distribution 
off  LMXBs is the magnitude of any kick received during the formation of the neutron star 
(vann Paradijs & White 1995; Ramachandran & Bhattacharya 1997). These kicks can result 
inn high system velocities. We calculated the system velocity needed to reach a height of 6 
kpc,, by integrating orbits in the gravitational potential of Kuijken & Gilmore (1989). We 
foundd system velocities between 150 and 400 kms"1, depending on the pre-kick location in 
thee Galactic plane. These are relatively high velocities, and the kicks needed to obtain them 
cann easily disrupt a binary. Since the distance of XTE J2123-058 from the Galactic plane is 
comparablee to that of globular clusters, another scenario might be that the source was ejected 
fromm a globular cluster. In this case a much smaller system velocity (typically 40 km s_1) is 
required,, which can easily be obtained from binary-single star or binary-binary interactions 
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inn a globular cluster (Phinney & Sigurdsson 1991; Sigurdsson & Phinney 1995). 
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AA variable 0.58-2.44 Hz quasi-periodic 
oscillationn in the eclipsing and dipping 
low-masss X-ray binary EXO 0748-676 

Jeroenn Homan, Peter G. Jonker, Rudy Wijnands, Michiel van der Klis, & Jan van Paradijs 

AstrophysicalJournal,AstrophysicalJournal, 516, L91 

Abstract t 

Wee report the discovery of a quasi-periodic oscillation (QPO) in data obtained with the Rossi 
X-rayX-ray Timing Explorer of the dipping and eclipsing low-mass X-ray binary EXO 0748-676. 
Thee QPO had a frequency between 0.58 and 2.44 Hz changing on time scales of a few days, 
ann rms amplitude between 8% and 12%, and was detected in the persistent emission, during 
dipss and during type I X-ray bursts. During one observation, when the count rate was a factor 
22 to 3 higher than otherwise, the QPO was not detected. The strength of the QPO did not 
significantlyy depend on photon energy, and is consistent with being the same in the persistent 
emission,, both during and outside the dips, and during type I X-ray bursts. Frequency shifts 
weree observed during three of the four X-ray bursts. We argue that the QPO is produced 
byy the same mechanism as the QPO recently found by Jonker et al. (1999) in 4U 1323-62. 
Althoughh the exact mechanism is not clear, it is most likely related to the high inclination of 
bothh systems. An orbiting structure in the accretion disc that modulates the radiation from the 
centrall  source seems the most promising mechanism. 

5.11 Introductio n 

Thee low-mass X-ray binary (LMXB) EXO 0748-676 was discovered with EXOSAT by Parmar 
ett al. (1985). It showed periodic eclipses, irregular intensity dips, and type I X-ray bursts 
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(Parmarr et al. 1986). The eclipses, due to obscuration of the central X-ray source by the 
companionn star, occurred at a period of 3.82 hr. From the eclipse duration an inclination of 
75°° to 82° was derived. Dipping activity is seen at orbital phases <J> ~ 0.8—0.2 and at <J> « 0.65 
(<|>> = 0 corresponds to eclipse center). The dips can be as deep as 100% (Church et al. 1998). It 
iss believed (White & Swank 1982; Walter et al. 1982) that such dips are caused by obscuration 
off  the central X-ray source by a bulge in the outer accretion disk that is created by the impact 
off  the gas stream from the companion star, or by the accretion stream itself if it penetrates the 
diskk further in (Frank et al. 1987). During the eclipses 4% of the 2-6 keV intensity remained, 
whichh Parmar et al. (1986) attributed to the presence of an accretion disk corona (ADC). Using 
theirr 'progressive covering*  model Church et al. (1998) found that ~70% of the out-of-dip flux 
iss contributed by this ADC, which they estimated to have a radius of 0.4-1.5 x 108 cm. 

Recently,, a persistent 1 Hz quasi-periodic oscillation (QPO) was found with the Rossi X-
rayray Timing Explorer (RXTE) in the high inclination ( /» 80°) dipping LMXB 4U 1323-62 
(Jonkerr et al. 1999, hereafter J099). J099 concluded that its presence is most likely related 
too the high inclination of the system. In this Letter, we report the discovery of a variable 
0.58-2.444 Hz QPO in EXO 0748-676 with properties similar to those found in 4U 1323-62. 

5.22 Observation and Analysis 

Wee made use of data obtained with the proportional counter array (PCA; Jahoda et al. 1996) on 
boardd RXTE (Bradt et al. 1993). A log of all observations is given in Table 5.1. Observations 
22 to 7 were originally performed to study the orbital evolution of the system. Each consisted of 
fivefive ~2 ks data intervals that range in orbital phase from <|>« 0.9 to ty « 0.05. All observations 
yieldedd data in the Standard 1 and 2 modes, which have 1/8 s time resolution in 1 energy 
channell  (2-60 keV) and 16 s time resolution in 129 channels (2-60 keV), respectively. In 
addition,, data were obtained in modes with at least 2- 1 2 s time resolution, in 67 (obs. 1), 32 
(obs.. 2), 256 (obs. 2-7), or 64 (obs. 8-10) channels, covering the 2-60 keV range. Data 
duringg eclipses were removed from further analysis. X-ray bursts were studied separately. 

Powerr spectra were created in the energy bands 2-60,2-5,5-8,8-13, and 13-42 keV. The 
averagee 1/16-128 Hz power spectra of each observation were rms normalized, and fitted with 
aa model consisting of a constant (representing the Poisson level), a power law, P <*= v~a (the 
noisee component), and a Lorentzian (the QPO). Errors on the parameters were determined 
usingg Ax2 = 1. The dependence on photon energy of the QPO strength was determined by 
fittingfitting the power spectra in four energy bands, while keeping the QPO FWHM and frequency, 
andd the power law index (a) of the noise component fixed to the values obtained in the 2-60 
keVV band. Unless stated otherwise the fit  parameters are those in the 2-60 keV band. The 95% 
confidencee upper limits on the presence of the QPO and/or noise component were determined 
byy fixing the FWHM and frequency, and/or by fixing a. 

Forr observations 2-6 and 8-10 we compared power spectra obtained in- and outside the 
dips.. A count rate level was determined for each single orbit, below which data were assumed 
too be in a dip. For observations 8-10 this level was the persistent count rate during phases were 
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AA 0.58-2.44 Hz QPO IN THE ECLIPSING AND DIPPING LMX B EXO 0748-676 

Frequencyy (Hz) 

Figuree 5.1: The power spectra of observations 2 (a) and 10 (b), showing the QPO at 3 
Hzz and at 1 Hz, respectively. 

normallyy no dipping is observed. As mentioned before, observations 2-6 were taken during 
phasess that normally show dipping, which is confirmed by increases in hardness. For these 
observationss we took the post-eclipse count rate as the discriminator, since dipping usually 
occurss less after the eclipse. 

5.33 Results 

Figuree 5.1 shows two typical power spectra of EXO 0748-676. A QPO peak was found in 
thee power spectra of all observations except the first one. The QPO covered a frequency 
rangee of more than a factor 4, between 1 Hz (obs. 10) and 3 Hz (obs. 
2),, with rms amplitudes between % and . Within each observation (~1 
day)) the QPO was only observed in a small frequency range, never changing more than 15% 
inn frequency. Table 5.1 gives the fit  parameters of all observations in the 2-60 keV energy 
band.. In observation 1, where the QPO was not detected, i.e., at least a factor 4 weaker than 
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Figuree 5.2: The QPO FWHM as a function of the QPO frequency. The dotted line is the best 
fitt for a constant Q (2=3.5). The black dot represents the value obtained for 4U 1323-62 
(J099). . 

otherwise,, the background corrected count rate was a factor 2 to 3 higher than in the other 
observations.. In the other observations, neither the QPO nor the noise component show any 
correlationn between their parameters and the 2-60 keV count rate, which varies by ~20%. 
Howeverr observations 8, 9, and 10, for which (due to the more extended phase coverage) the 
persistentt count rate could be estimated much better than for the other observations, show 
aa clear anti-correlation between frequency and count rate. The QPO peak becomes broader 
whenn its frequency increases (see Figure 5.2). The ratio Q, of frequency over FWHM of the 
QPO,, is consistent with being constant; a linear fit gives a Q of , with /2/d.o.f.=l 2.2/8. 
Thee noise component tends to become steeper as it gets stronger (see Figure 5.3). The rms 
off  the QPO decreases from ~12% to ~8.5% when the rms of the noise component increases 
fromm ~6% to ~10.5%. Although there is considerable scatter around a linear relation, there 
seemss to be a connection between the two components (correlation coefficient is -.75). Figure 
5.44 shows the photon energy spectra of the QPO in observations 2 to 10 (dip and non-dip data 
combined).. It is obvious from this figure that they are quite flat. The energy spectra of the 
noisee component are similar. 

Al ll  QPO parameters in- and outside the dips are consistent with each other, except for the 
QPOO amplitude in observation 10, which during the dips is % rms and outside the 
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Figuree 5.3: The power law index, a, of the noise component as a function of the noise rms 
amplitude.. The black dot represents the value obtained for 4U 1323-62. 

dipss % rms. The noise shows only a significant difference in observation 4, where the 
dipp rms is % and the non-dip rms is . 

Fourr type I X-ray bursts were observed, all outside dips; one in observations 5 and 8 each, 
andd two in observation 9 (hereafter burst 1 to 4). In 16 s resolution data they had peak count 
ratess (2-60 keV, 3 detectors, background corrected) of , , , and 

00 counts s- 1, respectively, and they all lasted ~400 s. In all four bursts the QPO 
wass detected. The QPO during burst 2 is the only that has width and frequency that are 
consistentt with those of the QPO outside the burst. The QPO frequency during burst 1 is 0.1 
Hzz higher than that of the QPO outside the burst, and the FWHM is 5 Hz, which is 
considerablyy smaller than 0.36 Hz. The QPOs during bursts 3 and 4 are both poorly fitted with 
aa Lorentzian. Both peaks appear to have shifted in frequency during the bursts. The peaked 
shapee in the power spectrum of burst 4 clearly consists of two small peaks, which, when fitted 
withh Lorentzians, have frequencies of 5 Hz and 2 Hz and a FWHM of ~0.1 
Hz.. The QPO in burst 3 is very asymmetric. The best fit  with one Lorentzian at 2 
Hzz and a FWHM of ~0.1 Hz, shows excess power at higher frequencies. Dynamical power 
spectraa of burst 3 and 4 show that the QPO profile changed with time. The QPOs during the 
fourr bursts have rms amplitudes of , 8.4+|Q%, at least 7% (probably 8%-10%), and 
~10%% (the sum of the rms amplitudes of the two Lorentzians), respectively, consistent with 
thosee found outside the bursts. 
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Figuree 5.4: The energy dependence of the QPO strength (dip and non-dip data combined). 
Thee points without positive rms errors are upper limits. 

5.44 Discussion 

Wee have discovered a QPO in EXO 0748-676 with a frequency varying between 0.58 and 2.44 
Hz,, and with rms amplitudes between 8.4% and 12.1%. The QPO was detected throughout the 
persistentt emission, the dips, and the type I X-ray bursts, with strengths that were consistent 
withh each other, except in observation 10, where the QPO was stronger during the dips than 
inn the persistent emission. Over the whole frequency range Q was consistent with 3.5, except 
inn the X-ray bursts where it was higher. The QPO was not detected in observation 1, when 
thee count rate was a factor 2 to 3 higher than otherwise. The power spectral features show 
noo changes that are correlated with variations of ~20% in the out-of-dip count rate, except 
forr observations 8 to 10, in which the frequency is anti-correlated with the out-of-dip count 
rate.. In addition to the QPO, a noise component at frequencies below 1 Hz was present, with 
aa typical strength of 6%-10% rms. Both the QPO and the noise component have a flat photon 
energyy spectrum. 

Severall  of the properties of the QPO, notably its frequency, its relatively unchanged per-
sistencee during bursts and dips, and its flat energy spectrum, are remarkably similar to those 
off  the ~1 Hz QPO that was recently found by J099 in 4U 1323-62. Figure 5.2 shows that 
thee ratio of frequency to FWHM of the QPO in 4U 1323-62 is also consistent with 3.5, and 
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Figuree 5.3 shows that the noise component in 4U 1323-62 falls on the strength versus slope 
relationn found for the noise component in EXO 0748-676. We conclude that both QPOs are 
producedd by the same mechanism. Since QPOs like these have not been seen in other neutron 
starr LMXBs the origin is most likely related to the high inclination of the sources (J099). It is 
unlikelyy that the QPOs are produced by variations in mass accretion rate (M) onto the neutron 
star:: in that case they should also be visible in low-inclination sources. Moreover, other QPOs 
thatt are thought to be produced by M variations, show considerable energy dependence (van 
derr Klis 1995). A medium modulating the radiation from a central source (J099) seems to be 
aa more promising explanation (see below). 

Wee have found several new features of the QPO, that were not seen in 4U 1323-62. First, 
thee large flux range in the observations of EXO 0748-676 allow us to say that the QPO is not 
presentt at high persistent count rates. In 4U 1323-62, whose flux varied by only ~15%, the 
QPOO was always present. Second, the properties of the QPO changed during three of the four 
bursts.. In 4U 1323-62 the properties of the QPO remained the same during all bursts. Third, 
theree is the difference in frequency range over which the QPOs are observed: a factor ~4 in 
EXOO 0748-676 and ~12% in 4U 1323-62. This could be due to the difference in the time 
spann over which the sources were observed. 4U 1323-62 was observed for two consecutive 
days,, whereas the EXO 0748-676 observations span 19 months. The ~12% range in two 
days,, is similar to the < 15% range found for individual observations (~1 day) of EXO 0748-
676.. Finally, the noise has a flat photon spectrum, which suggests that the mechanism behind 
thee noise is similar to that for the QPO. 

Muchh can be learned about the QPO from its behavior during the X-ray bursts. The fact 
thatt the QPO is detected during all four bursts shows that the presence of the QPO does not 
directlyy depend on the instantaneous flux, and that the absence of the QPO in observation 1 is 
duee to something else than just a higher count rate. Since the fractional rms amplitudes during 
thee bursts are similar to those outside the bursts, variations in M onto to neutron star can be 
ruledd out as the origin of the QPO. A dramatic decrease in rms amplitude is expected in that 
case.. The high count rates during the X-ray bursts enables us to detect the QPO in smaller 
timee intervals, typically tens of seconds, than otherwise possible. In all bursts the Q of the 
QPOss is higher than 3.5, and during three of the bursts we see the frequency shift. This seems 
too indicate that the QPO is intrinsically narrower than measured by us. The observed width of 
thee QPO outside the bursts is then due to changes of the QPO frequency on time scales of a 
feww hundred seconds, and/or due to the presence of several QPOs with a higher Q that occur 
aroundd a central frequency. 

Wee now consider models that involve modulation of radiation from a central source. Given 
thee inclination of EXO 0748-676 (75°-82°), to be in the line of sight to the central source, 
aa medium modulating the radiation from the central source must at least reach a height that 
iss between 14% and 27% of its radial distance to the central source, de Jong et al. (1996) 
foundd that accretion discs in LMXBs have opening semi-angles of ~12° as seen from the 
centrall  source. Hence only a small height above the accretion disc is required, typically a few 
percentt of the radial distance to the neutron star, to be in the line of sight. This suggests that 
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thee modulating medium is in or on the disc. Any model is constrained by the fact that the 
rmss amplitude stays constant when the source goes into a dip; the medium causing the dips 
hass to remove more or less the same amount of modulated as unmodulated radiation from our 
linee of sight. Models can be constructed, with varying geometries that depend on whether the 
centrall  source is point-like or extended, and whether the media causing the dips and QPO are 
absorbingg or scattering media. Only a few combinations can be ruled out with certainty, e.g. 
mostt models involving a point-like source. If the dips are being caused by a partial covering 
opaquee medium, the central source has to be extended, and the medium causing the QPO 
shouldd have an azimuthal extent comparable to that of the medium causing the dips, in order 
too explain the constancy of the rms amplitudes in- and outside the dips. The mechanism also 
hass to produce a central frequency that does not vary by more than 15% over the duration of 
aa single observation (typically one day). 

Bothh partial covering by an opaque medium (see J099) and Thomson scattering can ex-
plainn the flat photon spectrum of the QPO. Assuming the QPO frequency is the Kepler fre-
quencyy of a structure orbiting a 1.4 M 0 neutron star, one derives radial distances of 1.0-
2.44 x 108 cm. The viscous time scale (Frank et at. 1992) at these radii, on which the orbiting 
structuree is expected to alter, is comparable to the time scales that are seen for the frequency 
shiftss during the burst. The larger frequency changes between observations might be related 
too the time scale on which the accretion disc as a whole changes its structure (typically days 
too weeks). We remark that me inferred radii are similar to those in the a-disc model (Frank 
ett al. 1992), at which the dominant opacity source changes from Kramers' opacity to electron 
scattering.. This radius increases with M, and implies an anti-correlation between frequency 
andd count rate, as seen in observation 8-10. 

Thee fact that the QPO is not found in observation 1 suggests that the higher count rate is 
accompaniedd by a change in the accretion disc structure. Both are probably due to an increase 
inn M. Assuming that an accretion disc thickens with M, the modulated flux might be obscured 
byy a thicker disc, but the mechanism may also have disappeared altogether. 

Finallyy we remark that the 0.15 s jitter in the mid-eclipse timings reported by Hertz et al. 
(1997)) might be due the presence of the QPO reported here. A QPO with a frequency of 1 
Hzz and an rms amplitude of 10%, arbitrarily superimposed on eclipse transitions lasting a few 
seconds,, can be expected to cause a jitter in the order of 0.1 s. 

Acknowledgments s 

Thiss work was supported in part by the Netherlands Foundation for Research in Astronomy 
(ASTRON).. JVP acknowledges NASA support. This research has made use of data obtained 
throughh the HEASARC Online Service, provided by the NASA/GSFC. 

54 4 



AA 0.58-2.44 Hz QPO IN THE ECLIPSING AND DIPPING LMX B EXO 0748-676 

Bibliography y 
Bradt,, H. V., Rothschild, R. E., & Swank, J. H. 1993, A&AS, 97, 355 
Church,, M. J., Balucinska-Church, M., Dotani, T., & Asai, K. 1998, ApJ, 504, 516 
dee Jong, J. A., van Paradijs, J., & Augusteijn, T. 1996, A&A , 314,484 
Frank,, J., King, A., & Raine, D. 1992, Accretion Power in Astrophysics (Accretion Power in 

Astrophysics,, ISBN 0521408636, Cambridge University Press, 1992.) 
Frank,, J., King, A. R., & Lasota, J.. 1987, A&A , 178, 137 
Hertz,, P., Wood, K. S., & Cominsky, L. R. 1997, ApJ, 486, 1000 
Jahoda,, K., Swank, J. H., Giles, A. B., et al. 1996, Proc. SPIE, 2808,59 
Jonker,, P. G., van der Klis, M., & Wijnands, R. 1999, ApJ, 511, L41 
Parmar,, A. N., White, N. E., Giommi, P., & Gottwald, M. 1986, ApJ, 308,199 
Pannar,, A. N., White, N. E., Giommi, P., & Haberl, F. 1985, IAU Circ, 4039 
vann der Klis, M. 1995, in X-ray binaries (Cambridge Astrophysics Series, Cambridge, MA: 

Cambridgee University Press, —cl995, edited by Lewin, Walter H.G.; Van Paradijs, Jan; 
Vann den Heuvel, Edward P.J.), p. 252 

Walter,, F. M., Mason, K. O., Clarke, J. T., et al. 1982, ApJ, 253, L67 
White,, N. E. & Swank, J. H. 1982, ApJ, 253, L61 

55 5 



Chapterr 6 

AA 695-Hz quasi-periodic oscillation in the 
low-masss X-ray binary EXO 0748-676 

Jeroenn Homan & Michiel van der Kli s 
AstrophysicalAstrophysical Journal, 539, 847 

Abstract t 

Wee report the discovery of a 695-Hz quasi-periodic oscillation (QPO) in data taken with 
thee Rossi X-ray Timing Explorer of the low-mass X-ray binary (LMXB) EXO 0748-676. This 
makess EXO 0748-676 the second dipping LMXB , after 4U 1915-05, that shows kHz QPOs. 
Comparisonn with other sources suggests that the QPO corresponds to the lower frequency 
peakk of the kHz QPO pair often observed in other LMXBs. The QPO was found in thee only 
observationn done during an outburst of the source in early 1996. This observation is also the 
onlyy one in which the ~1 Hz QPO recently found in EXO 0748-676 is not present. 

6.11 Introductio n 

Highh frequency (kHz) quasi-periodic oscillations (QPOs) have been found in many neutron-
starr low-mass X-ray binaries (see van der Kli s 2000 for a recent review). They are observed 
inn the 300-1300 Hz range, and are often found in pairs with a nearly constant frequency 
separationn of ~250-350 Hz. In addition to kHz QPOs, some sources have shown slightly 
driftingg oscillations in the 330-590 Hz range, during type-I X-ray bursts (Strohmayer et al. 
1998a). . 

Inn this paper we present our search for both kHz QPOs and burst oscillations in the low-
masss X-ray binary EXO 0748-676. This source shows periodic (P=3.82 hr) eclipses, irregular 
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Figuree 6.1: The four-day average RXTE/ASM light curve of EXO 0748-676. The short 
verticall  lines depict the times of the RXTE/PCA observations analyzed in this paper. 

intensityy dips, and type-I X-ray bursts (Parmar et al. 1986). From the eclipse duration a source 
inclinationn of 75° to 82° was derived (Parmar et al. 1986). Based on its bursting behavior (e.g. 
burstt rate and peak flux vs. persistent flux; see Gottwald et al. 1986) EXO 0748-676 may be a 
memberr of the atoll class (Hasinger & van der Kli s 1989) of the neutron-star low-mass X-ray 
binaries.. Recently, a variable 0.58-2.44 Hz QPO was found by Homan et al. (1999). This 
QPOO was found in all observations, except in the only observation during an outburst of the 
sourcee (early 1996) observed with the Rossi X-ray Timing Explorer (RXTE), and is probably 
causedd by an orbiting structure in the accretion disk, which modulates the radiation of the 
centrall  source (Jonker et al. 1999; Homan et al. 1999). 

6.22 Observations and Analysis 

Thee data used in this paper were obtained with the Proportional Counter Array (PCA; Jahoda 
ett al. 1996) onboard RXTE (Bradt et al. 1993), between March 12 1996 and October 11 
1998.. Most PCA observations were done in sets of five or six ~2 ks segments that were 
centeredd around successive eclipses. Data of these five or six segments were taken together 
andd treated as single observations, which resulted in a total of 20 observations. The times of 
thee observations are indicated in Figure 6.1, which also shows the RXTE All Sky Monitor 
(ASM)) light curve of EXO 0748-676. As can be seen, only the first observation was done 
duringg the early 1996 outburst of the source. 

Thee PCA data were obtained in several different modes. The Standard 1 and 2 modes, 
whichh were always active, had 1/8 s time resolution in one energy channel (1-60 keV, rep-
resentingg the full energy range covered by the PCA), and 16 s time resolution in 129 energy 
bandss (1-60 keV), respectively. In addition to the two Standard modes, another mode was 
alwayss active which had a time resolution better than 1/8192 s in at least 32 energy channels 
(1-600 keV). 
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Thee Standard 2 data were used to produce light curves and hard color curves. The hard 
colorr was defined as the ratio of the count rates in the 6.3-11.7 keV and 5.2-6.3 keV bands; 
thee light curves were produced in the 1.6-14.4 keV band, i.e. the energy band in which, during 
thee first observation, the count rate spectrum of the source exceeded that of the background. 
Usingg the high time resolution data, 0.0625-2048 Hz power spectra were created in several 
energyy bands to search for kHz QPOs. The power spectra were selected on time, count rate, 
orr hardness, before they were averaged. The average power spectrum was rms renormalized 
(vann der Kli s 1995), and fitted (in the 100-1500 Hz range) with a constant for the Poisson 
level,, and a Lorentzian for any QPO (only one QPO was found). Errors on the fit parameters 
weree determined using A^2 = 1 (lo\ single parameter). As significance of each power spectral 
featuree we quote the inverse relative error on the integrated power of each feature, as measured 
fromm the power spectrum. Note that the inverse relative error on the fractional amplitude (the 
parameterr we give) is larger than the true significance by a factor 2. The energy dependence 
off  the QPO was determined by fixing the frequency and width of the QPO to their values 
obtainedd in the band where the QPO was most significant (6.6-18.7 keV). Upper limits on 
kHzz QPOs were determined in the 100-1500 Hz range by fixing the width of the QPO to 10, 
20,500 or 100 Hz, and using A%2 = 2.71 (95% confidence). Upper limits were only determined 
inn the total (1-60 keV) band, and in the band where the detected QPO was most significant. 
Too determine upper limits for oscillations in the type-I X-ray bursts, 2-1024 Hz power spectra 
weree created. The width of the QPO was fixed to 2 Hz. 

Selection n 
Timee (s) 

Countt rate (cts/s) 

Hardd Color 

Values s 

0-2000 0 
2000-4200 0 
6000-7000 0 
7000-7900 0 

<285 5 
>285 5 

<1.2 2 
>1.2 2 

Frequencyy (Hz) 

693.6+JI I 
696.1+1? ? 

3 3 
708+j j 

692+2 2 

695.0+i» » 

694+j j 

694.2+™ ™ 

FWHM(Hz) ) 

3 3 
15+5 5 
18+̂  ^ 
13+15 5 

1 J- 10 0 

15+5 5 
3 3 

15^° ° 
Q+3 3 

rmss amplitude (%) 

111 5+18 

2 2 
3 3 
5 5 

2 2 
14.2+1;̂  ^ 

14.4+2-8 8 
14.8115 5 

Tablee 6.1: QPO parameters in the 6.6-18.7 keV band for data selected on time (since start of 
observation),, 1.6-14.4 keV count rate, or hard color, for the 1996 March 12 observation. 
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Figuree 6.2: The 6.6-18.7 keV power spectrum of EXO 0748-676 for the 1996 March 12 
observation.. The solid line shows the best fit, with a Lorentzian at 695 Hz. 

6.33 Results 

Ourr search for kHz QPOs in EXO 0748-676 resulted in only one significant detection: a ~695 
Hzz QPO was found in the 1996 March 12 observation, the only observation done during the 
earlyy 1996 outburst. In the 6.6-18.7 keV band, where it was found to be most significant, 
itt had a frequency of 2 Hz, a full-width-at-half-maximum (FWHM) of 14+g Hz, 
andd an rms amplitude of 15.2JlJ|% (6.0a, single trial). The 6.6-18.7 keV power spectrum 
off  the 1996 March 12 observation is shown in Figure 6.2. In the 1-60 keV band the QPO 
hadd a frequency of 693.0+g;| Hz, a FWHM of 3.9+̂  Hz, and an rms amplitude of 5.4+^;°% 
(3.7a,, single trial). The 1.6-14.4 keV light curve and the hard color curve of the 1996 March 
122 observation are shown in Figure 6.3. In order to examine the variability of the QPO in 
thee 6.6-18.7 keV band, selections were made on time, 1.6-14.4 keV count rate, and hard 
color.. The selections for count rate and hard color were performed only for the data before 
thee dip (t < 7000 s). The results for the different selections are shown in Table 6.1. The 
QPOO frequency increased slightly with time and perhaps count rate, but it did not depend 
onn hard color. Note that the detection of the QPO in the dip, at 708 Hz, is only at a 1.8a 
significancee level (in the 6.6-18.7 keV band). We made some sub-selections on the last time 
intervall  (which includes the dip) to test whether the QPO amplitude varied with decreasing 
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Figuree 6.3: The 1.6-14.4 keVV light curve (a) and hard color curve (b) of the 1996 March 12 
observation.. For definition of hard color, see text. The data gap between 4000 and 6000 s is 
duee to a passage of RXTE through the south Atlantic anomaly. 

countt rate; only upper limits could be determined for those sub-selections, with values higher 
thann obtained for the whole selection. The energy dependence of the QPO, in the part before 
thee dip, was determined using four energy bands and is shown in Figure 6.4. The QPO energy 
spectrumm is rather steep, with an upper limit of 3.6% in the lowest energy band and an rms 
amplitudee of 18% in the highest energy band. For reasons of comparison we also plotted the 
energyy dependence of the lower and upper kHz QPOs of 4U 1608-52 (Berger et al. 1996; 
Méndezz et al. 1998; M. Méndez et al. 2001, in preparation). 

Upperr limits (6.6-18.7 keV) on any second kHz QPO (as often observed in other low-mass 
X-rayy binaries) were determined in the 100-1500 Hz range. They were 9.5%, 10.5%, 14.3%, 
andd 16.7% rms, for fixed widths of 10 Hz, 20 Hz, 50 Hz, and 100 Hz, respectively. Since 
thee frequency of the QPO varied little, the "shift and add" method (Méndez et al. 1998) could 
nott usefully be applied. No ~1 Hz QPO was found either, as was already reported by Homan 
ett al. (1999). Upper limits (1-60 keV) are - 7% rms in the 0.001-1 Hz range, ~2% rms in the 
1-100 Hz range, and ~4% rms in the 10-50 Hz range. 

Forr the other observations only upper limits to the presence of a kHz QPO could be deter-
mined.. This was done in the 1-60 keV and 6.6-18.7 keV bands. The upper limits are given 
inn Table 6.2, for four different fixed widths. Most of the upper limits are comparable to or 
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Figuree 6.4: Energy dependence of the 695 Hz QPO in the 1996 March 12 observation (bullets). 
Forr comparison the energy dependencies of the lower peak (open circles) and upper peak 
(squares)) of 4U 1608-52 are shown. 

largerr than the values found for the QPO in the 1996 March 12 observation, and therefore not 
veryy constraining. Note that the count rate in these observations was a factor 2 to 3 smaller 
thann that during the 1996 March 12 observation, resulting in a greatly reduced sensitivity. A 
similarr kHz QPO as the one seen there would, when present, be significant only at a ~ lCT 
level.. In all these observations a ~1 Hz QPO was found, with a frequency between ~0.4 and 
~3Hz. . 

Tenn type-I X-ray burst were observed, and they were examined for the presence of burst 
oscillations.. This was done in the 100-1000 Hz frequency range, for a fixed width of 2 Hz. 
Nonee were found, with upper limits during the rise of the burst between 4% and 11% rms in 
thee 1-60 keV band, and between 6% and 14% rms in the 6.6-18.7 keV band. This is well 
beloww the amplitudes of burst oscillations observed in some other sources (Strohmayer et al. 
1998b;; see also van der Klis 2000 and references therein). It should be noted that the rise 
timess of the bursts were rather long, between 2 and 12 s. This could be an indication for 
thee presence of a scattering medium surrounding the neutron star, which might wash out the 
rapidd burst oscillations. The ~1 Hz QPO was observed in all the bursts (see also Homan et al. 
1999). . 
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6.44 Discussion 

Thee properties of the 695 Hz QPO are similar to those of the kHz QPOs in atoll sources; the 
QPOO is relatively narrow (5-18 Hz) and has an rms amplitude of ~6.5% (1-60 keV, outside 
thee dip). Since only a single peak is observed, we can not tell whether it corresponds to 
thee lower or the upper peak of a kHz QPO pair. However, comparison with kHz QPOs in 
atolll  sources (see van der Kli s 2000) suggests that the observed QPO is the lower QPO of a 
kHzz pair, for the following reasons: (1) of the 11 kHz QPO pairs found in atoll sources, 8 
havee ranges of lower peak frequencies that include 695 Hz, which is the case for only 3 of 
thee upper peaks. (2) The upper peaks in atoll sources have widths in the 50-200 Hz range, 
althoughh occasionally peaks with widths of only 10 to 20 Hz have been observed. On the 
otherr hand, the 5-18 Hz width we find is much more common for lower peaks. (3) When 
comparingg the energy dependence of the QPO with that of the two kHz peaks in 4U 1608-52, 
whichh have rather different energy dependencies (Berger et al. 1996; Méndez et al. 1998; M. 
Méndezz et al. 2001, in preparation), we find that it was very similar (i.e. steep) to that of the 
lowerr peak (see Figure 6.4). Hence three of the QPO properties hint towards the QPO being 
thee lower peak. 

Thee properties of the QPO varied on a time scale of a few 103 s, as can be seen from Table 
6.1.. Comparing the first time selection with the second, one can see that a relatively small 
frequencyy change is accompanied by a factor 3 (2a) increase in width, and an almost 50% 
(2a)) increase in fractional rms amplitude. 

Thee other source in which only a single kHz QPO has been observed is XTE J1723-3 76 
(Marshalll  & Markwardt 1999). However, most sources in which kHz QPO pairs have been 
found,, have at times also shown single kHz QPOs. The fact that EXO 0748-676 and XTE 
J1723-3766 have only shown single kHz QPOs is therefore most likely a matter of a small 
amountt of data and coincidence. 

Withh i = 75° - 82° EXO 0748-676 is probably the source with the highest inclination 
anglee of the ~20 sources that have shown kHz QPOs. Twin kHz QPOs were already found in 
4UU 1915-05 (Barret et al. 1997,2000; Boirin et al. 2000), a source that also shows dips (but no 
eclipses,, which for a similar mass ratio would imply a lower inclination than EXO 0748-o76). 
Thee fact that kHz QPOs are found over a large range of inclinations means that the radiation 
modulatedd by the kHz QPO mechanism should to a large extent be isotropic. The kHz QPO 

Energyy band (keV) rms amp. (%) rms amp. (%) rms amp. (%) rms amp. (%) 
FWHM=10Hzz FWHM=20 FWHM=50 FWHM=100 

1-600 6.4-13.9 9.4-14.9 10.7-17.6 11.6-21.7 
6.6-18.77 6.3-13.6 6.6-16.3 8.2-19.5 9.2-23.0 

Tablee 6.2: 95% confidence upper limits for kHz QPOs in non-outburst power spectra, in two 
energyy bands and for four different fixed FWHM. Ranges represent the lowest and highest 
upperr limits measured among all observations. 
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wass detected during the dip, but at a significance of only 1.8a. This means that with ~90% 
confidencee we can say that either the source producing the kHz QPO was not fully covered by 
thee dipping material, or that a considerable amount of the modulated radiation went through 
thee dipping material unperturbed, indicating that it has a scattering optical depth of at most a 
few.. Also, the fact that the rms amplitude changes only a littl e in the dip suggests that the kHz 
QPOO and the bulk of the flux are produced at the same site. 

Thee outburst of EXO 0748-676 in early 1996 (see Fig. 6.1) may have been a transition 
fromm the island state to the banana state, and back, as is common for atoll sources. In addition 
too the increase in count rate, theree are several power spectral properties that seem to confirm 
thiss idea: (1) The strength of 0.1-1.0 Hz noise during the outburst was lower than in the non-
outburstt observations (see Homan et al. 1999). Most atoll sources show a decrease of the 
noisee strength when they move from the island to the banana state (Hasinger & van der Kli s 
1989).. (2) The ~1 Hz QPO was not observed during the only outburst observation. In 4U 
1746-37,, one of the other two sources were a similar ~1 Hz QPO was found, the QPO was 
observedd only in the island state, and not in the banana state (Jonker et al. 2000). (3) Although 
theree are a few exceptions, in most atoll sources kHz QPOs are found only in the lower banana 
statee (van der Kli s 2000). 

Wee find the kHz QPO in the only observation where the ~1 Hz QPO was absent. The ~1 
Hzz QPO is thought to be due to obscuration of the central source by an orbiting structure in the 
accretionn disk at a distance of ~ 1000 km from the central source (Jonker et al. 1999; Homan 
ett al. 1999). It is interesting to see that in two of the sources were the ~1 Hz QPOs are found, 
theyy are not observed in the banana state, indicating a change in the accretion disk geometry 
(att least in the area where the ~1 Hz QPO is formed). This, together with the fact that in 
mostt atoll sources kHz QPO are only found in the banana state, suggests that changes in the 
accretionn disk geometry (at ~1000 km from the central source) may affect the production of 
kHzz QPOs close to the central source. 
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LMCC X-3 in the low/hard state 
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Abstract t 

Wee present results from three observations with the Rossi X-ray Timing Explorer (RXTE) of 
LMCC X-3, obtained while the source was in an extended 'low/hard' state. The data reveal a 
hardd X-ray spectrum which is well fit  by a pure power law with photon index , 
withh a source luminosity at 50 kpc of 5-16xl036 erg s_1 (2-10 keV). Strong broad-band 
(0.01-1000 Hz) time variability is also observed, with fractional rms amplitude , plus 
aa quasi-periodic oscillation (QPO) peak at 2 Hz with rms amplitude ~14%. This is 
thee first reported observation in which the full canonical low/hard state behavior (pure hard 
powerr law spectrum combined with strong broad-band noise and QPO) for LMC X-3 is seen. 
Wee reanalyze several archival RXTE observations of LMC X-3 and derive consistent spectral 
andd timing parameters, and determine the overall luminosity variation between high/soft and 
low/hardd states. The timing and spectral properties of LMC X-3 during the recurrent low/hard 
statess are quantitatively similar to that typically seen in the Galactic black hole candidates. 

7.11 Introductio n 

Galacticc X-ray binaries harboring a black hole candidate (BHC), such as Cygnus X- l and 
GXX 339-4, exhibit a number of distinguishable states characterized in terms of total luminos-
ity,, energy spectral parameters, and time variability (see e.g. reviews by van der Kli s 1995; 
Tanakaa & Lewin 1995; Nowak 1995, and references therein). During the high/soft state, the 
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2-100 keV spectrum can be modeled with a significant thermal component, and the rms time 
variabilityy of the power spectral density is only a few percent. The more typical (for Galactic 
systems)) low/hard state is well described by a non-thermal spectrum, represented by a power 
laww with photon index ~1.7, and significant time variability with rms amplitudes of 30-50%. 
QPOss seen in this state have typical frequencies of 0.2-3 Hz (Wijnands & van der Kli s 1999). 

LMCC X-3, a bright (up to 3x 1038 erg s_1) BHC in the Large Magellanic Cloud, is highly 
variablee on time scales from days to years. It is typically observed in the high/soft state, with 
ann X-ray spectrum qualitatively similar to that of other BHCs in the soft state: an "ultra-
soft"componentt and a hard (> lOkeV) tail (White & Marshall 1984). The ultrasoft component 
iss well represented by an optically-thick accretion disk model (Shakura & Sunyaev 1973) with 
kTkT = ~ 1.1 keV and a variable mass accretion rate. The B3 V (V ~ 16.7-17.5) optical coun-
terpartt shows a large velocity range with semi-amplitude K=235 kms- 1 through its 1.7-day 
orbitall  period. The lack of eclipses implies an orbital inclination of <70° and a compact object 
masss of ~7M© (Cowley et al. 1983; Paczynski 1983; Ebisawa et al. 1993, but see also Mazeh 
ett al. 1986). Cowley et al. (1991) presented evidence for a long-term periodicity of ~198 (or 
perhapss ~99) days based on HEAO I and Ginga observations. This variability was attributed 
too the precession of a bright, tilted, and warped accretion disk. Later ASM observations reveal 
aa much more complex, and less periodic, behavior (Nowak et al. 2001; Paul et al. 2000; P. T. 
Boyd,, in preparation) 

LMCC X-3 has been the subject of two monitoring campaigns with RXTE, spanning 1996 
Februaryy 2 through 1999 August 31. The first consisted of short ~1 ks pointings, separated 
byy several days; the second used longer (~8-10 ks) pointings separated by 3-4 weeks. Based 
onn these data, Wilms et al. (2001) report the discovery of transitions from the high/soft to the 
low/hardd state; during the observation with lowest count rate, the disk component vanishes 
andd the spectrum can be fit by a pure power law. This implies that a state transition, rather 
thann the periodically changing absorption column arising from a tilted, precessing disk, may 
bee responsible for the low-flux episodes of LMC X-3. Wilms et al. (2001) suggest a model in 
whichh a wind-driven limit cycle gives rise to the long term variability. 

Thee RXTE ASM light curve of LMC X-3 showed that a possible low/hard state that 
begann around 2000 April 10 was lasting longer than typical. We therefore arranged Target of 
Opportunityy RXTE observations to search for the characteristic time variability of BHCs in 
thee low/hard state (Boyd & Smale 2000; Homan et al. 2000). We present the first analysis 
inn which the full canonical low/hard state behavior for LMC X-3 is seen. This is the first 
timee such behavior has been observed for a BHC outside our Galaxy, as well as being the first 
detectionn of QPO in LMC X-3. Our analysis of archival data shows that such low/hard states 
aree recurrent in LMC X-3. 

7.22 Observations and Analysis 

Observationss were performed with the RXTE satellite (Bradt et al. 1993) on 2000 May 3, 10 
andd 13 for a total on-source good time of 10.4 ksec (see Table 7.1). The PCA instrument 
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Date e 

19966 Jun 29 
19966 Jul 04 
19966 Jul 10 

19988 May 29 
19988 May 29 

20000 May 05 
20000 May 10 
20000 May 13 

Exposure e 
(s) ) 

1056 6 
976 6 
896 6 

6400 0 
3568 8 

1712 2 
2024 4 
6656 6 

Rate e 
(countss s- 1 PCU-1' 

2.25 5 
0.76 6 
0.76 6 

2.15 5 
2.20 0 

2.56 6 
1.5 5 

4.86 6 

r r 
ii  OO+0.08 1-ö-5-0.Q? ? 
ii  V7+0.22 
l»J'_g.25 5 
ii  on+0.16 ll--WW-0A6 -0A6 

ii  87+0.03 
1- 8 Z -0 .03 3 
tt 77+0.05 

''  -0.03 

1.60*$ $ 

1.69+2;°! ! 

Api Api 
(xlO" 3) ) 

66 30+0•97 

O" 3U-0.84 4 ,, 7Q+0.63 

77 M + 0 . 8 0 

6-0 6^o;2 9 9 
44 Rfi+0-42 
4 ' 8 Ö-0 .40 0 

66 01+045 

-ii  ™+0.34 

ii  7 7+0.26 
l z - ' - 0 . 26 6 

X2/dof f 

26.8/32 2 
23.8/32 2 
30.6/32 2 

21.7/32 2 
26.0/32 2 

36.7/52 2 
32.6/52 2 
65.2/55 5 

LLxx (ergs/s 
(xlO36) ) 
t.t. -j+0.9 6.3_08 8 

11 9 + 0 9 
1- y -0 .7 7 
2 6+ 0 .8 8 
i l O - 0 .7 7 

66 1+ 0 3 

SS 8+0-5 
: ) -ö-0.5 5 

88 fi+0 6 

44 7+ö-5 
4 4 

11 5 7+0-3 

Tablee 7.1: LMC X-3 RXTE Low/Hard State Observations 

onn RXTE consists of five Xe proportional counter units (PCUs), with a combined effective 
areaa of about 6500 cm2 (Jahoda et al. 1996). In each of the three observations, 4 PCUs were 
collectingg data. We present results using the Standard 2, E_500us_64M_0_ls, and Good Xenon 
dataa modes, with effective time resolutions of 16 s, 500jus and < l|*s respectively. 

Thee spectral data were analyzed using FTOOLS 5.0. Background subtraction was per
formedd using the faint source model ("L7-240", vl9991214). We analyzed data from the top 
layerr only, to increase signal to noise. Response matrices were generated using PCARSP 2.43 
withh the latest energy-to-channel relationship (e04v01). Spectral fitting was performed using 
XSPECC 11.0. We ignored data below 2.5 keV and above 25 keV. 

Wee created power spectra using the high time resolution data modes in three energy bands: 
3-200 keV, 3-10 keV and 10-20 keV. No background and dead time corrections were ap
plied.. The power spectra were generated from 256s data segments, using a Nyquist frequency 
off 1024 Hz. The individual power spectra were averaged and rms normalized (Belloni & 
Hasingerr 1990; Miyamoto et al. 1991). The Poisson level, determined by taking the un
weightedd average of all powers between 500 and 1000 Hz, was subtracted from the power 
spectrum.. The resulting power spectrum was rebinned logarithmically (to 60 frequency bins 
perr decade) and fitted in the 1/256-256 Hz range. Errors on the fit parameters were deter
minedd using A%2 = 1 ( lo for a single parameter of interest). For observations with low count 
ratess (<5 counts/s/PCU) the uncertainty in the background estimation introduces an additional 
fractionall error of 5-10% in the rms amplitudes. The errors quoted here are only the statistical 
ones. . 

7.33 Spectral Results 

Thee long-term light curve of LMC X-3 as measured by the All-Sky Monitor (ASM) aboard 
RXTEE is shown in Figure 7.1. Locations of the low/hard and high/soft state PCA observations 
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Figuree 7.1: Long term variation of LMC X-3 as observed by the RXTE All-Sky Monitor. 
One-dayy averages are shown. PCA observations discussed in this paper are indicated with 
verticall  lines. Target of Opportunity Observations occurred near the minimum of the most 
recentt ASM minimum. 

discussedd below are indicated with vertical dashes. 
Forr each of the three 2000 May observations, the spectra were well modeled with a pure 

powerr law, with photon index r=1.6-1.7. The derived 2-10 keV flux, on the other hand, varies 
byy a factor ~3, between 4.7 and 15.7xl036 erg s~' (at 50 kpc). Table 7.1 summarizes the 
observationss and spectral fitting results; the single-component power law model is sufficient to 
describee the spectrum, without the need for a second continuum component or a line feature. 
(Wilmss et al. (2001) and Nowak et al. (2001) formally include such a line in their fits but quote 
onlyy upper limits on its detection. We derive an upper limit of 90 eV (90% confidence) for a 
Gaussiann line with a width of 0.1 keV centered at 6.4 keV, comparable to the upper limit of 
600 eV quoted by Wilms et al. (2001)). 

Inn Figure 7.2 we show the data and derived model for the three observations from 2000 
May.. We also include for comparison a spectrum of LMC X-3 taken at the relatively high 
ASMM rate of 3 counts/s on 1996 April 28. The high/soft spectrum is well described by the 
power-laww plus black body model with T=4.95 and a disk inner-edge temperature of kT=l.34 
keV. . 

Duringg the 3.5-yr period covered by previous RXTE monitoring campaigns, LMC X-3 has 
displayedd seven episodes where the count rate decreased to levels comparable to those seen in 
20000 May (Fig. 7.1). To compare with the current observations, we extracted PCA pointings 

68 8 



TIMIN GG AND SPECTRAL BEHAVIOR OF LMC X-3 IN THE LOW/HARD STATE 

O.I I 

0.01 1 

> > v v 

6 6 
o o 

\ \ 
w w 
a a 
| l 0 " 4 4 

xi xi 
cu u 

10~5 5 

55 10 20 

Channell  Energy (keV) 

Figuree 7.2: The PCA spectra from our three observations in 2000 May, together with the pure 
powerr law fits. The flux varies from 4.7 to 15.7x 1036 erg s_1 while the spectra are fit with a 
constantt photon index . A typical high/soft state spectrum from 1996 April 28 
iss shown for comparison. Here, the disk + black body model is an acceptable fit, with photon 
indexx of 4.95 and a disk inner-edge temperature of 1.34 keV. The flux for this observation is 
2.95xlO388 ergs- 1. 

fromm the RXTE archive obtained near low ASM count rates. Many of the data sets are either 
tooo short for good statistics, or are not centered in the minimum of the low/hard state. In 
addition,, the observations span all four gain epochs of the PCA instrument. We restricted 
ourselvess to observations containing at least 600s of good data, from PCA gain epochs 3 and 
44 (1996 April 15 and following) where the calibration is best understood. We further limited 
ourselvess to those minima where the 1-day ASM count rate was <0.5 counts/sec for more 
thann 10 days. 

Thee selected observations are included in Table 7.1, and their times marked on Figure 7.1. 
Thee data from 1998 May 29 are presented in Wilms et al. (2001) as evidence for the low/hard 
statee in LMC X-3, reanalyzed here with the latest backgrounds and response matrices; the 
remainderr of the observationss are previously unpublished. For each observation, the spectrum 
iss well described by a featureless power law, with photon index <1.8. We conclude that 
thesee low count-rate episodes have all the spectral characteristics of the low/hard state. The 
spectrumm of the low/hard state is characterized by a pure power law with nearly constant 
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Figuree 7.3: The combined 3-20 keV power spectra of LMC X-3 for the three 2000 May 
(crosses)) and the November 30/December 2 1996 (bullets) RXTE/PCA observations. For 
plottingg purposes additional rebinning was applied to the power spectra. The solid line rep-
resentss the best fit with a Lorentzian and a broken power law (see Section 4 for parameters). 
Thee arrows are 1 sigma upper limits to the power density. The lower power spectrum is mostly 
duee to background fluctuations and should be regarded as an upper limit to the intrinsic source 
variabilityy in the high/soft state. 

photonn index of , over a broad range of flux corresponding to Lx=(2-16)xl036 

ergg s at 50 kpc. 

7.44 Timing Results 

Thee combined 3-20 keV power spectrum for the three 2000 May RXTE observations is shown 
inn Figure 7.3 (crosses). A QPO peak is evident in the data, centered at ~0.5 Hz. 

Wee experimented with two models for the band-limited noise: a single power law, and a 
brokenn power law (the most commonly used model for Galactic BHCs in their low/hard state). 
Thee QPO was modeled with a Lorentzian. The broken power law fit yielded a break frequency 
off  0.15+o J*  H z- a nd Po w er l aw indices of 0.0+̂  (v < vbreak) and 7 (v > vbreak). The 
strengthh of the broken power law was % rms in the 0.01-1 Hz range, and % 
rmss in the 0.01-100 Hz range. We measured a central QPO frequency of 2 Hz, a 
FWHMM of 0.14+^f*  Hz, and a strength of 14.0+ %̂ rms. The %2

r for this model is 1.1 (for 
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2100 d.o.f.) and the fit is shown as a solid line in Figure 7.3. The significance of adding the 
QPOO component to the broken power-law model was assessed using the standard F-test. For 
thiss case, the F-statistic Fs is 3.92, with probability P(F > Fj)=0.009. 

Thee single power law fit yielded an index of 4 and strengths of % rms 
(0.01-11 Hz) and % rms (0.01-100 Hz) for the noise. With this as the underlying model, 
wee determined a QPO frequency of 2 Hz, a FWHM of 0.23+J 52 H z ' md ***  Tms 

amplitudee of 18.4^jg%. The %l for this model is 1.15 (for 212 d.o.f.). For this case, adding 
thee QPO results in an F-statistic of 16.8, with P(F > Fs) -Sx 10"10. 

Too study the energy dependence of the band-limited noise and the QPO, we analyzed the 
powerr spectra in the 3-10 keV and 10-20 keV energy bands. We adopted the single power 
laww for simplicity, fixed the index, QPO frequency, and QPO FWHM to values obtained in 
thee 3-20 keV range, and allowed the other parameters to float. In the 3-10 keV band the rms 
amplitudess were % (0.01-1 Hz), % (0.01-100 Hz), and % (QPO); 
inn the 10-20 keV band they were % (0.01-1 Hz), % (0.01-100 Hz), and <24% 
(QPO). . 

Wee also compared the strength of the noise in the three 2000 May observations with that 
off  several archival RXTE/PCA observations during troughs and peaks in the ASM light curve 
(seee Figure reffig:asm). The noise had strengths of 5-10% rms (0.01-1 Hz) and 10-40% rms 
(0.01-1000 Hz) during the troughs, somewhat lower than during the 2000 May observations 
butt still consistent with a low/hard state. In the peak observations values were found of ~ 1% 
rmss (0.01-1 Hz) and ~1.5% rms (0.01-100 Hz). We compared the power spectra of the 
peakk observations with power spectra calculated from ~25 ks randomly chosen background 
observations,, and concluded that the power spectra of the peaks are consistent with those and 
shouldd therefore be regarded as upper limits (see also Nowak et al. 2001). The upper limits are 
consistentt with the source being in a high/soft state. An example of a power spectrum during 
highh ASM count rate is included in Figure 7.3 (bullets). It is the combined power spectrum of 
thee 1996 November 30 and December 2 observations (Nowak et al. 2001). 

7.55 Discussion 
Thee Galactic BHCs share many characteristics: (1) A mass function that implies a compact 
objectt mass in excess of 3 M®; (2) At least two distinct emission states; (3) Prominent time 
variabilityy in the low/hard state, in the form of band-limited noise with rms amplitudes of 30-
50%,, in contrast to the weak (< 10%) variability seen in the higher states; and (4) QPO activity 
inn the range 0.01-10 Hz. (Useful summaries and references to results from individual sources 
cann be found in reviews by e.g. Tanaka & Lewin (1995); van der Kli s (1995); Wijnands & van 
derr Kli s (1999).) Until the current work, the extragalactic binary LMC X-3 fulfilled only the 
firstfirst two of these criteria. Here, we have unambiguously determined the presence of the latter 
twoo characteristics in LMC X-3, which thus now joins the Galactic sources in showing the 
fulll  range of canonical BHC behavior. 

Att low inferred accretion rates, observed QPO frequencies in GBHCs fall in the lower 
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rangee 0.2-3 Hz (Wijnands & van der Klis 1999, and references therein). A total of eight 
GBHCC exhibit both strong band-limited noise and low-frequency QPO peaks at these moder-
atee to low accretion rates; at frequencies > 1 Hz, this noise component can be modeled as a 
powerr law with index ~ 1, with a break frequency at ~0.02-0.4 Hz, below which the spectral 
indexx flattens to ~0. For these sources, Wijnands & van der Klis (1999) find a monotonie re-
lationn between the QPO centroid frequency and the break frequency of the band-limited noise. 
Ourr measured values for the break frequency (0.15 Hz) and the QPO frequency (0.46 Hz) in 
LMCC X-3 obey this relation, suggesting that the basic (and unknown) physical mechanism 
thatt underlies the fast aperiodic variability in the Galactic sources extends also to LMC X-3. 

AA total of ten GBHC sources with previously published QPOs and corresponding spectral 
statess were investigated by di Matteo & Psaltis (1999), who conclude that the inner radii of 
thee accretion disks around the black holes do not change significantly from one state to the 
next.. This is contrary to the qualitative predictions of the ADAF models (Esin et al. 1998, and 
referencess therein), wherein the inner radius retreats quite dramatically from soft-to-hard state 
transitions,, di Matteo & Psaltis (1999) find that the GBHCs occupy a fairly narrow, confined 
regionn when plotted in the photon index T versus QPO frequency plane. Our measured values 
forr the photon index (1.69) and QPO frequency (0.45 Hz) in LMC X-3 fall in this region as 
well. . 

Beloww a critical source luminosity L< 5-10% Eddington, GBHCs have spectra described 
byy a pure power law (Nowak 1995). Our observations, combined with the archival results pre-
sentedd here, show that LMC X-3 follows this trend, with the three low/hard states presented 
herehere corresponding to a luminosity of ~2% or less of L,Edd-

Forr all low/hard state properties measured here-photon index, QPO frequency, band-
limitedd noise, and luminosity- LMC X-3 falls squarely in the range measured for the GBHCs. 
Thiss is significant, for it implies that the dominant mechanism responsible for the low/hard 
statee and state transitions in BHCs is robust against variations in system parameters such as 
compactt object mass, inclination, and initial chemical composition. 
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Debi:: You know what you need? 
Martin:: What? 
Debi:: Shakabuku. 
Martin:: You wanna tell me what that means? 
Debi:: It's a swift, spiritual kick to the head that alters your reality forever. 
Martin:: Oh, that'd be good. I think. 

Fromm 'Grosse Pointe Blank' (1997) 
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Correlatedd X-ray spectral and timing 
behaviorr of the black hole candidate 
XTEE J1550-564: a new interpretation of 
blackk hole states 

Jeroenn Homan, Rudy Wijnands, Michiel van der Klis, Tomaso Belloni, Jan van Paradijs, 
Marcc Klein-Wolt, Rob Fender, & Mariano Méndez 

AstrophysicalAstrophysical Journal Supplements, 132, 377 

Abstract t 

Wee present an analysis of data of the black hole candidate and X-ray transient XTE J1550-
564,, taken with the Rossi X-ray Timing Explorer between 1998 November 22 and 1999 May 
20.. During this period the source went through several different states, which could be divided 
intoo soft and hard states based on the relative strength of the high energy spectral component. 
Thesee states showed up as distinct branches in the color-color and hardness-intensity dia-
grams,, connecting to form a structure with a comb-like topology, the branch corresponding 
too the soft state forming the spine and the branches corresponding to the various hard states 
formingg the teeth of the comb. 

Thee power spectral properties of the source were strongly correlated with its position 
onn the branches. The broad band noise became stronger, and changed from power law like 
too band-limited, as the spectrum became harder. Three types of quasi-periodic oscillations 
(QPOs)) were found: 1-18 Hz and 102-284 Hz QPOs on the hard branches, and 16-18 Hz 
QPOss on and near the soft branch. The 1-18 Hz QPOs on the hard branches could be divided 
inn three sub-types. The frequencies of the high and low frequency QPOs on the hard branches 
weree correlated with each other, and anticorrelated with spectral hardness. The changes in 
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Figuree 8.1: The one-day averaged All Sky Monitor (ASM) 2-12 keV light curve of XTE 
J1550-564.. The dashed line marks the beginning of the PCA data set used in this paper. 

QPOO frequency suggest that the inner disc radius only increases by a factor of 3 4̂ as the 
sourcee changes from a soft to a hard state. 

Ourr results on XTE J1550-564 strongly favor a two-dimensional description of black 
holee behavior, where the regions near the spine of the comb in the color-color diagram can be 
identifiedd with the high state, and the teeth with transitions from the high state, via the inter-
mediatee state (which includes the very high state) to the low state, and back. The two physical 
parameterss underlying this two-dimensional behavior, vary to a large extent independently, 
andd could for example be the accretion rate through the disk and the size of the Comptonizing 
regionn causing the hard tail. The difference between the various teeth is then associated with 
thee mass accretion rate through the disk, suggesting that high state <-> low state transitions 
cann occur at any disk mass accretion rate and that these transitions are primarily caused by 
another,, independent parameter. We discuss how this picture could tie in with the canonical, 
one-dimensionall  behavior of black hole candidates that has usually been observed. 

8.11 Introduction 

Thee X-ray transient XTE J1550-564 was discovered on 1998 September 7 (Smith 1998) with 
thee All Sky Monitor (ASM) on board the Rossi X-ray Timing Explorer (RXTE). Soon after 
opticall  (Orosz et al. 1998) and radio (Campbell-Wilson et al. 1998) counterparts were identi-
fied.fied. Observations with the RXTE Proportional Counter Array (PCA) were performed on an 
almostt daily basis between 1998 September 7 and 1999 May 20. 

Thee 1998/1999 outburst of XTE J1550-564 consisted of two parts, separated by a mini-
mumm that occurred around 1998 December 3 (MJD 51150; see Figure 8.1). The first part of 
thee outburst (until MJD 51150) has been the subject of work by Cui et al. (1999, timing be-
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haviorr during the rise), Sobczak et al. (1999, spectral behavior), and Remillard et al. (1999a, 
timingg behavior). During the initial 10 day rise a quasi-periodic oscillation (QPO) was found, 
togetherr with a second harmonic (Cui et al. 1999). It had a frequency between 82 mHz and 4 
Hzz that smoothly increased with the X-ray flux. During the strong flare (reaching 6.8 Crab) 
thatt occurred around MJD 51075 (Remillard et al. 1998), a QPO was found with a frequency 
off  185 Hz (Remillard et al. 1999a). High frequency oscillations were also found on three other 
occasions,, with frequencies between 161 and 238 Hz. Low frequency QPOs (3-13 Hz) were 
alsoo observed, during the strong flare and the decay of the first part of the outburst. Correla-
tionss between spectral parameters and the low frequency QPOs (for the entire outburst) have 
beenn presented by Sobczak et al. (2000b). 

Traditionallyy the behavior of black hole X-ray transients has been described in terms of 
transitionss between four canonical black hole states (for overviews of black hole spectra and 
powerr spectra we refer to Tanaka & Lewin 1995 and van der Kli s 1995a). The classification 
off  an observation into one of these four states is based on luminosity, spectral and timing 
properties,, and on the order in which they occur. 

Thee spectra of black hole X-ray binaries are often described in terms of a disk blackbody 
component,, believed to be coming from an accretion disk, and a power law tail at high ener-
gies,, which is thought to arise in a Comptonizing region (e.g. Sunyaev & Titarchuk 1980). 
Thee power spectra can be described by a (broken) power law, with sometimes one or more 
QPOO peaks superimposed. The parameter usually thought to determine the state of the black 
holee is the mass accretion rate. The definitions of the different states are rather loose and have 
shownn some variation between authors; we therefore only give a general overview of the four 
canonicall  states in order of inferred increasing mass accretion rate: 

•• Low State (LS): The 2-20 keV X-ray spectrum can be described by a single power law, 
withh a photon index (T) of ~ 1.5 plus sometimes a weak disk blackbody component 
(kT(kT <1 keV; less than a few percent of the total luminosity). The power spectrum 
showss strong band-limited noise with a typical strength of 20-50% rms and a break 
frequencyy (v&) below 1 Hz. 

•• Intermediate State (IS): In the X-ray spectrum both the power law (T «2.5) and disk 
blackbodyy components (kT ^,1 keV) are present. The noise in the power spectrum is 
weakerr (typically 5-20% rms) and the break frequency is higher (v̂ , «1-10 Hz) than in 
thee LS. QPOs between 1 and 10 Hz are sometimes observed. 

•• High State (HS): The X-ray spectrum is dominated by the disk blackbody component 
(kT(kT «1 keV), and the power law component (T « 2 — 3) is weak or absent. The noise in 
thee power spectrum is power law like and very weak, with a strength of less than 2-3% 
rms. . 

•• Very High State (VHS): Like in the IS the X-ray spectrum is a combination of a disk 
blackbodyy (kT «1-2 keV) and a power law (T « 2.5). The power spectrum shows noise, 
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thatt can either be HS-like (power law) or LS-like (band-limited; 1-15% rms, vb «1-10 
Hz).. QPOs are often seen in the VHS with frequencies between 1 and 10 Hz. 

Notee that there is littl e difference between the power spectral and X-ray spectral properties 
off  the VHS and IS, although conventionally the total flux in the VHS is described as much 
higherr than that in the IS (Belloni et al. 1996; Méndez & van der Kli s 1997; Belloni et al. 
1997).. The reason that me IS was introduced as a separate state (Belloni et al. 1997) basically 
iss that it occurred in GS 1124-68 at epochs when the source appeared to be evolving gradually 
fromm HS to LS and had a flux that was only 10% of that during the peak of the VHS (Ebisawa 
ett al. 1994). It could not, therefore, in the one-dimensional classification outlined above, be 
identifiedd with the VHS which by definition occurs at the upper end of the inferred mass 
accretionn range, above the HS. All three states, LS, IS, and VHS are characterized by the 
presencee of strong band limited noise and a hard power law component, and are in that sense 
muchh more similar to each other than to the HS, which is characterized by these features being 
veryy weak or absent. 

Accordingg to Sobczak et al. (1999) XTE Jl550-564 went through the VHS, HS, and IS 
duringg the first part of the outburst. In this paper we present a study of the correlated spectral 
andd timing behavior of XTE J1550-564 during the second part of its outburst. We will discuss 
thee results for XTE J1550-564 using some of the canonical terminology, in order to compare 
ourr results with those of other transients. However, we will also discuss the discrepancies 
off  the canonical one-dimensional model with the results obtained for XTE J1550-564; these 
discrepanciess concern in particular the way in which the various states relate to each other. We 
findd the source moved through all the four black hole states, in a way that is highly suggestive 
off  a new two dimensional interpretation of the black hole states. 

Inn Section 8.2 we explain our analysis methods. Our results are presented in Sections 8.3, 
8.4,, and 8.5. These sections are intended for the specialized reader, the level of detail is rather 
high.. A separate summary of the most important results is therefore given at the beginning of 
thee discussion (Section 8.6). We end by summarizing our main conclusions in Section 8.7. 

8.22 Observations and analysis 

Forr our analysis we used all Public Target Of Opportunity RXTE/PCA (Bradt et al. 1993; 
Jahodaa et al. 1996) data for XTE J1550-564 taken between 1998 November 22 23:38 UTC 
(MJDD 51139) and 1999 May 20 19:37 UTC (MJD 51318). This adds up to 171 single ob-
servations,, corresponding to a total observing time of ~400 ks. When we refer to a single 
observation,, we mean a part of the data with its own unique RXTE observation ID; all obser-
vationss wil l be referred to by their Modified Julian Date (MJD) at the start of the observation. 
Inn all light curves and color-color diagrams each point represents one single observation, un-
lesss otherwise stated. 

Thee PC A data were obtained in several different modes (see Table 8.1), some of which 
weree active simultaneously. On 1999 March 22 (MJD 51259), the high voltages of the PCA 
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Date e 

22/11/1998-20/05/1999 9 
(MJDD 51139-51318) 

22/11/1998-22/03/1999 9 
(MJDD 51139-51259) 

22/03/1999-29/04/1999 9 
(MJDD 51259-51297) 

30/04/1999-20/05/1999 9 
(MJDD 51297-51318) 

Timee Resolution (s) 

2 - 33 (Standard 1) 
244 (Standard 2) 
2 - 8 8 

2-13 3 
2-13 3 
2-16 6 

2 - 8 8 
2-13 3 
2-13 3 
2-16 6 

2-20 0 

## Energy Channels 

1 1 
129 9 

8 8 
1 1 
1 1 
16 6 

8 8 
1 1 
1 1 
16 6 

256 6 

Energyy Range (keV) 

2-60 0 
2-60 0 

2-13.1 1 
2-6.5 5 
6.5-13.1 1 
13.1-60 0 

2-15.8 8 
2-7.9 9 
7.9-15.8 8 
15.8-60 0 

2-60 0 

Tablee 8.1: Data modes of the RXTE Proportional Counter Array (PC A). The firstt column gives s 
thee dates during which the different modes were active (MJDs in brackets). The Standard 1 
andd 2 modes (top two lines) were always active. 

instrumentt were changed, resulting in a different energy gain. The count rates and the colors 
obtainedd after this change (gain Epoch 4) can not be directly compared with the data obtained 
beforee the change (gain Epoch 3). Data obtained during satellite slews, Earth occultations, 
andd South Atlantic Anomaly passages were removed from our data set. 

Thee Standard 2 data (see Table 1) were used to create light curves, color curves, color-color 
diagramss (CDs), and a hardness-intensity diagram (HID). Only data of proportional counter 
unitss (PCUs) 0 and 2 were used for this, since these were the only two that were active during 
alll  the observations. All PCA count rates and colors given in this paper are only for those 
twoo PCUs combined. The data were background subtracted, but dead time corrections (<6%) 
weree not applied. For the light curves and colors, the photon energy channel boundaries were 
chosenn in such a way that the corresponding energies for Epoch 3 and 4 matched as well as 
possible.. A color is the ratio of the count rates in two energy bands. We define the soft color 
(SC)) as the ratio of the count rates in the 6.2-15.7 keV and 2-6.2 keV bands (Epoch 3), or 
6.1-15.88 keV and 2-6.1 keV bands (Epoch 4); hard color (HC) is defined as the ratio of the 
countt rates in the 15.7-19.4 keV and 2-6.2 keV bands (Epoch 3), or 15.8-19.4 keV and 2-6.1 
keVV bands (Epoch 4). This definition of colors, with the same band in the denominator for 
bothh the hard and soft color, has the advantage that comparison with a two-component model 
iss straightforward. Namely, if the source spectrum is dominated by the contribution from 
twoo spectral components (in our case a disk blackbody and a power law), then a color data 
pointt will lie on the line connecting the color points of the individual spectral components 
(Wadee 1982; van Teeseling & Verbunt 1994) and the ratio of distances from the data point to 
thee points representing the components is the inverse ratio of their contribution in the 2-6.2 
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keVV (Epoch 3) or 2-6.1 keV (Epoch 4) bands. For the HID we used the 2-60 keV count 
ratee (representing the full energy range covered by the PCA) as intensity, and the hard color 
(seee above) as hardness. The observation starting at MJD 51298.18 was included in the light 
curves,curves, but not in the CD, HID, and color curves, since at high energies the source could not 
bee detected above the background. 

Thee Standard 2 data were also used to perform a number of spectral fits. The spectra were 
backgroundd subtracted, and fitted in the 2.5-25.0 keV (Epoch 3) or 3.1-25.0 keV (Epoch 4) 
band,, using a systematic error of 2%. Fits were made with XSPEC 10.00, using a fit  function 
thatt consisted of a disk blackbody, a power law, a Gaussian line with a fixed energy of 6.5 
keVV and a width of 1-1.5 keV, and an edge around 7 keV. Interstellar absorption was modeled 
usingg the Wisconsin cross sections (Morrison & McCammon 1983), with NH fixed to a value 
off  2 x 1022 atoms/cm2 (Sobczak et al. 1999). We found that the results of the spectral fits were 
veryy sensitive to the version of the PCA response matrix we used. The response matrices were 
initiallyy created using FTOOLS version 4.2 and later with the updated version 5.0. Our initial 
fitss showed that the inner disk radius and color temperature of the disk blackbody component 
were,, respectively, correlated and anticorrelated with the hardness of the spectrum. However, 
bothh correlations were found to be reversed when using the updated version of the response 
matrices.. In view of this we decided to omit the spectral fits from the current paper, and only 
discusss the spectral behavior using the color-color diagrams (which are matrix-independent). 
Forr a complete spectral analysis of XTE J1550-564 we refer to Sobczak et al. (1999, 2000a). 

Thee three high time resolution modes (with time resolution < 2- 13 s, see Table 8.1) were 
usedd to produce 1/16-512 Hz power spectra in their respective energy bands and in the com-
binedd 2-60 keV band; the same was done for the 2~20 s mode (MJD 51297-51318), which 
wass split into three energy bands with similar energy ranges. In order to study the variability 
att lower frequencies, 1/128-128 Hz power spectra were created in the 2-60 keV band, and for 
somee observations also in 8 energy bands covering 2-60 keV. No background or dead time 
correctionss were applied to the data before the power spectra were created; the effect of dead 
timee on the Poisson noise was accounted for in the power spectral fits. The power spectra were 
selectedd on time, count rate, color, or a combination of these, before they were averaged and 
fitted.. Although most of the power spectra presented in this paper are normalized according 
too Leahy et al. (1983), the actual power spectral fits were made to power spectra that were rms 
normalizedd (van der Kli s 1995b). 

Thee power spectra were fitted with a combination of several functions. A constant was 
usedd to represent the Poisson level. The noise at low frequencies was fitted with a power 
laww (P oc v_ a) , or with a broken power law (P <*  v_ctl for V < v ,̂; P <*  v_ot2 for v > v^). In 
practice,, the low frequency noise component in the power spectra of most observations could 
bee fitted with a single power law. However, when combining several observations, due to the 
smallerr uncertainties, it became apparent that a single power law did not yield acceptable fits, 
especiallyy around 1 Hz; using a broken power law for those combined observations resulted 
inn much better fits. For the single observations we continued using a single power law, since 
forr a broken power law the break frequency was poorly constrained, and %2 did not differ 
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significantlyy between the two fit functions. Most QPOs were fitted with a Lorentzian, P °= 
[(vv - vc)

2 + (FWHM/2)2}'1, where vc is the central frequency and FWHM the full-width-
at-half-maximum.. In some cases narrow QPOs were found for which a Lorentzian provided 
inadequatee fits; in those cases a Gaussian was used, P <*  e^~Vc  ̂ / , where vc is the central 
frequencyy and a the width of the Gaussian. Furthermore, we sometimes used an exponentially 
cutofff  power law (P <*  v_ae_v/Vc«'0^) to fit  an extra noise component at low frequencies. 
Thee errors on the fit parameters were determined using Ax2 = 1. The energy dependence 
off  the power spectral features was in general obtained by fixing all parameters, except the 
amplitude,, to their values obtained in a specific band. However, in some cases, when the 
shapee of the QPOs was found to change between energy bands, the FWHM and/or frequency 
weree not fixed. Upper limits on the strength of the power spectral features were determined 
byy fixing all their parameters, except the amplitude, to values obtained in another energy band 
orr observation, and using A^2 = 2.71 (95% confidence). 

Unlesss otherwise stated, all the power spectral parameters are those in the 2-60 keV band, 
andd the noise rms amplitude is that in the 0.01-1 Hz range. 

8.33 Light curves and color-color  diagrams 

Figuree 8.1 shows the one-day averaged ASM 2-12 keV light curve of the 1998/1999 outburst 
off  XTE J1550-564, with the dashed line marking the start of our PCA data set. It shows a 
broadd local minimum around MJD 51150, which naturally divides the outburst into two parts. 
Followingg this minimum (~8.5 ASM counts s_1) the count rate increased by a factor of 10 
withinn 20-25 days, and then rose to about 200 counts s_1 in 40 days. After a relatively flat 
topp XTE J1550-564 showed an initially slow decline (~55 days) to about 100 ASM counts 
j - 1 ,, which was followed by a decrease by a factor of 100 in ~45 days. On one day during 
duringg the first part of the decline, MJD 51250, the ASM light curve showed a strong dip; 
thee count rate was found to be ~40% lower than in the two adjacent observations (see also 
Sectionn 8.4.3). At the end of the outburst, around MJD 51310, two small flares occurred, 
reachingg a few ASM counts s~l. Although XTE J1550-564 never again reached the level of 
thee MJD 51074-51076 flare (6.8 Crab or ~490 ASM counts s_1), it was bright (in the 2-12 
keVV band) for a longer period of time during the second part than during the first part of the 
outburst;; during the first part it was observed above 150 counts s^1 on only six days, during 
thee second part it was above this level on more than 70 days. 

Thee PCA data set used in our analysis started on MJD 51138 (dashed line in Figure 8.1), 
justt before the minimum between the two parts of the outburst was reached. PCA light curves 
inn different energy bands are shown in Figures 8.2a-f. The time of the PCA gain change is 
indicatedd by the dotted line. As expected, the overall 2-60 keV light curve, dominated by the 
contributionn of the low energy bands, has a shape that is similar to that of the ASM light curve. 
Notee that as the photon energy increases, the local minimum near MJD 51150 occurs later and 
seemss to become broader. While the light curves in the low energy bands have more or less the 
samee profile as in the ASM light curve, in the high energy bands they look strikingly different. 
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Figuree 8.2: The background subtracted PCA light curves in six energy bands (a-f), and the 
softt (g) and hard color (h) curves. The dotted line indicates the date of the PCA gain change 
(seee Section 8.2). Energy bands are given for Epoch 3 (upper left corner) and Epoch 4 (upper 
rightt corner). Note that all curves, except (f), are plotted logarithmically. In (e) the locations 
off  the flares (1-5) and branches (I-V) are indicated. Errors in the light curves are smaller than 
thee symbol size, and are therefore omitted. See Section 8.2 for the energy bands used to create 
thee color curves. 
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Figuree 8.3: Color-color diagrams for RXTE Gain Epoch 3 (a) and Epoch 4 (b). The inset in 
(b)) shows an enlargement of the lower left part of the track in (b). Errors in (a) are omitted 
sincee they were smaller than the symbol size. The definition of the colors can be found in 
Sectionn 8.2. The squares give the expected location for a pure disk blackbody spectrum, with 
differentt temperatures as indicated, and the triangles those for a pure power law spectrum, 
withh different indices as indicated. The begin and end points of the data are marked. The 
locationss of the flares and hard branches are indicated by 1-5 and I-V, respectively. The 
RXTE/PCAA observation taken on the day of our radio observation (MJD 51248) is indicated 
inn (a) by 'ATCA'. 

Thee light curve in Figure 8.2e shows several strong flares on top of the overall outburst profile, 
andd above 17.5 keV (Fig. 8.2f) the light curve is dominated by these flares. For later use the 
relativelyy small flares were numbered 1 to 5 (Fig. 8.2e), and the bigger (and broader) ones, 
thatt clearly showed up as branches in the CD (see below) were numbered I to V. 

Figuress 8.2g and 8.2h show the evolution of soft and hard color with time. The change 
fromm Epoch 3 to 4 is again indicated by a dotted line. Until the end of flare/branch II the colors 
weree quite well correlated with the count rate in all energy bands, the only clear exception 
beingg the drop in hard color during the rise (MJD 51150-51160). After that, while the count 
ratess dropped, the colors increased (indicating a hardening of the spectrum) and were only 
correlatedd with the count rates during flares/branches III-V (see Fig. 8.2e). 

Combiningg the two color curves, two color-color diagrams (CDs) were produced. The 
CDss for Epoch 3 and 4 are shown in Figure 8.3a and 8.3b, respectively. In both CDs we also 
plottedd the expected colors for a disk blackbody (DBB) spectrum at different temperatures 
(squares),, and the expected colors for a power law spectrum with different indices (triangles), 
bothh for an assumed A^ of 2 x 1022 atoms cm~2 (Sobczak et al. 1999). Note that the values of 
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thee expected colors (unlike the observed colors) do depend on the version of the PCA response 
matrixx that is used; the lines in Figure 8.3 were produced using FTOOLS version 4.2. As 
explainedd in Section 8.2, if the energy spectrum were a combination of only a DBB and a 
powerr law, then the corresponding point in die CD would lie on the straight line that connects 
thee appropriate point on the DBB curve with the one on the power law curve. Although fits 
showw that more spectral components are needed to obtain a good x2 (see e.g. Sobczak et al. 
1999),, we do gain some insight into how the parameters (temperature of the DBB, index of 
thee power law) and relative strength of the two most important spectral components behave. 

Thee pattern traced out in the CD before the gain change (Figure 8.3a) shows roughly 
threee branches. A spectrally soft branch lies very close and nearly parallel to the DBB curve 
betweenn 0.8 and 1.05 keV, and two spectrally hard branches (I and II, corresponding to big 
flaress I and II in Figure 8.2) that lie more or less parallel to the power law curve. It should 
bee noted that the values for the temperature are read from the CD; values obtained from 
spectrall  fits yield a maximum temperature of ~ 1.1 keV (instead of 1.05 keV), see Sobczak 
ett al. (2000a). In the following, we give a short description of how the source moved through 
thee CD. The spectrum of the first observation, on MJD 51139 (marked BEGIN in Figure 8.3a), 
cann be described as a combination of a DBB and a power law spectrum; it neither lies close 
too the DBB curve nor to the power law curve. As time progressed the source moved to the 
leftt in the CD along branch I, i.e. towards a pure DBB spectrum. Around MJD 51157 the 
sourcee was located close to the DBB curve, with a temperature of ~0.8 keV. Subsequently the 
temperaturee increased to ~ 1.0 keV, while the source stayed close to the DBB curve. Around 
MJDD 51180, at SC~0.13 in the CD, the source suddenly left the DBB curve in the direction 
off  the power law curve (flare 1), indicating a relative increase in the strength of the power law 
component.. On MJD 51182 the source had returned close to the DBB curve, with a somewhat 
higherr temperature than before. After that, the temperature increased to a maximum value 
off  ~1.05 keV (on MJD 51204), and then decreased to ~ 1.0 keV (on MJD 51235). During 
thiss period four more flares (4-5) occurred, around MJDs 51200, 51208, 51215, and 51231 
(seee also Figure 8.2e). Similar to flare 1, these four flares also pointed away from the DBB 
curve.. After each flare, except flare 5, the source returned to the DBB curve at a similar 
temperaturee as before. During the decay of flare 5 a new (big) flare started, which developed 
intoo branch/flare II. This branch lay relatively close to the power law curve, indicating that 
thee power law became the dominant spectral component. The spectrally hardest observation 
onn branch II was the one on MJD 51250. After MJD 51250, the source moved back into the 
directionn of the DBB curve again, but at a lower temperature. The time it took the source 
too move down branch II was shorter than for it to move up that branch, ~4.5 days and ~9 
days,, respectively. The transition down from HC=0.02 to HC=0.008 even occurred in less 
thann one day. After the gain change, on MJD 51260 (see inset in Figure 8.3b, indicated by 
BEGIN)) the source was found relatively close to the DBB curve. A small branch (III ) was traced 
outt around MJD 51272, almost parallel to the power law curve. From MJD 51283 to 51298 
anotherr branch (IV) was traced out which also lay parallel to the power law curve. Finally, 
duringg the last observations (MJDs 51299-51318) a branch (V) was traced out, that pointed 
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Figuree 8.4: Hardness-Intensity diagram of the PCA data, with the 2-60 keV count rate as 
intensity.. Bullets are RXTE Gain Epoch 3 data, stars Epoch 4 data. The location of the flares 
(1-5)) and hard branches (I-V) is given. See Section 8.2 for definition of hard color. 

towardss the regions of the power law curve with indices lower than 2.5. 
Thee HID (2-60 keV count rate vs. hard color) is shown in Figure 8.4. It clearly shows that 

thee five flares (1-5) occurred at the highest count rates, and that the five branches (I-V) are 
welll  separated from each other in count rate. On each hard branch the count rate never varied 
moree than by a factor 2-3. Note that at the lowest count rates the observations between hard 
branchess tend to have harder spectra than those at higher count rates. 

8.44 Power spectra 

Thee power spectra will be presented in order of time, but when it seems more appropriate 
alsoo according to their position in the CD. We start by giving a short overview of the broad 
bandd power spectral behavior in the next paragraph. Then, a more detailed study follows of 
thee power spectra during the start of the second part of the outburst, the broad maximum and 
flares,flares, branch II, and the decay. 

Inn Figure 8.5b we show the total power in the 1/128-128 Hz power spectra as a function of 
time.. One can immediately see that increases in source variability occur whenever the source 
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Figuree 8.5: The fractional rms amplitude of 0.01-0.1 Hz noise (a) and the 1/128-128 Hz 
noisee (b) as a function of time. Some observations were added together, to obtain significant 
detections,, and they were each plotted at their combined value. Upper limits are depicted by 
smalll  arrows. Flares are labeled 1-5 in (a) and branches I-V in (b). 

iss on one of the five branches. Between MJDs 51150 and 51240, when the X-ray spectrum 
wass soft, the total power had a strength of 1% to 3% rms, which is typical for the high state. 
Similarr weak noise was also found between branches II, III , and IV. On branches I, II, and III 
thee power spectra had strengths between 5% and 15% rms, suggesting that the source was is 
thee intermediate and/or very high state. On the last two branches the power increased from 
aroundd 5% to almost 60% rms. Noise rms amplitudes of several tens of percent are usually 
onlyy found in the low state. 

8.4.11 Start of the second part of the outburst 

Duringg our first PCA observations the source was still in the decay of the first part of the 
outburst.. The power spectra of the first three observations (MJDs 51139-51143) were very 
similar.. Their combined 2-60 keV power spectrum (Figure 8.6a) showed band-limited noise 
att low frequencies, a peaked feature around 2.5 Hz and a QPO around 9 Hz, which were 
fittedfitted with, respectively, a broken power law, and two Lorentzians. The strength of the noise 
wass % rms, with vb = 4.2+°;;? Hz, a, = 0.1+°;;?, and a2 = . The peaked 
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Figuree 8.6: The combined power spectrum of the observations on MJD 51139-51143 in four 
energyy bands. Poisson level was not subtracted. 

componentt or QPO close to the break had a frequency of 6 Hz, a FWHM of 5 
Hz,, and an rms amplitude of . The QPO at 4 Hz had a FWHM of 8 
Hz,, and an rms amplitude of 3.8+Q3%. The power spectrum depended strongly on energy, 
ass can be seen from Figure 8.6. At low energies (Fig. 8.6b) it was dominated by the noise 
componentt with a peaked feature around the break, whereas at higher energies (Fig. 8.6c) 
bothh this peak and the noise component were replaced by a broad peak around 9 Hz. The 
moderatee noise strength and presence of QPOs classify these observations as IS/VHS. Since 
thee count rates in these observations are considerably lower than during earlier (and later) 
observationss where QPOs and moderate noise strengths were found, the source was probably 
inn the IS rather than in the VHS. These observations were also classified as IS by Sobczak 
ett al. (1999). It should be noted that by combining several power spectra, narrow features in 
thee individual power spectra may be smoothed out and form broad bumps like the one seen 
inn Figure 8.6c. For instance, Figure 8.7 shows the 6.5-13.1 keV power spectrum of the first 
off  the three observations, on MJD 51139. It could be fitted with QPOs at , , 

,, and 3 Hz and no broken power law needed (a weak, single power law at 
loww frequencies was used instead). This is reminiscent of the complex of harmonically related 
QPOss that was found during later observations (see Section 8.4.3). A small frequency shift 
betweenn different observations would at this point already be enough to smooth out all but the 
mostt significant peaks. 
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Figuree 8.7: The 6.5-13.1 keV power spectrum of the MJD 51139 observation. The solid line 
showss the best fit with four QPOs and a power law. Poisson level was not subtracted. 

Onn MJD 51145 the source had moved considerably down branch I, towards the DBB curve 
inn the CD (HC~0.01). The count rate had dropped from ~530 counts s_1, in the previous 
observations,, to ~340 counts s_1. The power spectrum did not show any QPO and was fitted 
withh a power law with a strength of less than 1% (a fixed to 1). Although the count rate 
actuallyy went down, the weak noise, the absence of QPOs, and the softer X-ray spectrum 
indicatee that the source had changed from the IS to the HS. 

Onn MJD 51147 the location in the CD was close to that of the first three observations, on 
MJDD 51139-51143, and the count rate had increased again to ~450 counts s_1. The power 
spectrumm looked similar to that of MJDs 51139-51143, but the more complex shape of the 
noisee made it necessary to use a fit function comprised of a power law, a power law with 
ann exponential cutoff (for the low frequency noise), and a Lorentzian (for a QPO around 7 
Hz).Hz). The power law component had an rms amplitude of 1.31 ̂ {5^% and an index of 1-2 Q̂ 3. 
Thee cutoff power law had an rms amplitude of , vcuro// = 7  1 Hz, and an index 
off  O.OiO.1. The QPO at 3 Hz had a FWHM of 2.3+̂  Hz and an rms amplitude of 
2-6 0̂0 \°fo- Like in the MJD 51139-51143 observations, the power spectrum showed a strong 
energyy dependence. The source had probably returned to the IS. 

Onn MJD 51150 the source was very close to the MJD 51145 observation in the CD, al-
thoughh the count rate was somewhat higher (~420 counts s_1). The power spectrum showed 
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Figuree 8.8: A comparison of the combined flare and interflare power spectra. Both (a) and (b) 
showw the flare and interflare power spectra. In (a) the fitted flare power spectrum (black) is 
shown,, with the interflare power spectrum (gray) for comparison, and in (b) the fitted interflare 
powerr spectrum (black) is shown, with the flare power spectrum (gray) for comparison.The 
solidd black lines in (a) and (b) are the best fits with a broken power law and a QPO (see Table 
8.22 for fit  results). The power spectra in this figure are rms normalized, and the Poisson level 
wass subtracted 

noo QPOs, and the power law noise was weak (less than 1%), which is typical for a HS. 
Afterr MJD 51150 the source moved closer to the DBB curve, along branch I. From MJDs 

511522 to 51178 (HC~0, SC~0.5-0.13) the individual power spectra could be described by a 
singlee power law with an index of ~1 and a strength that increased from ~0.5% to ~2% rms. 
Duringg this period the count rate increased from ~470 to ~7950 counts s~'. 

8.4.22 The broad maximum and the flares 

Duringg the broad maximum of the source five flares were observed (see Figure 8.2). We 
comparedd the averaged power spectrum of these flares with that of the parts between the 
flaresflares (hereafter 'interflares'). For the interflare observations we took all observations be-
tweenn MJDs 51170 and 51237 that were neither in a flare, nor within one observation from 
aa flare. Although their hard color (Fig. 8.2h) and 0.01-0.1 Hz noise (Fig. 8.5a) showed be-
haviorr similar to that of the flares, the observations on MJD 51220 were not included in either 
category,, since they did not show up as a flare in the light curves and the CD. 

Figuree 8.8 shows the 1/128-128 Hz power spectra (2-60 keV) of the combined flare obser-
vationss and the combined interflare observations. For reasons explained in Section 8.2, we did 
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Tablee 8.2: Power spectral properties of the combined flare and interflare observations in the 
2-600 keV band. 

nott use a single power law to fit  the noise (as we did for the individual observations). Instead, 
wee used a broken power law, with a Lorentzian for a QPO around 15-18 Hz. The power spec-
trall  fit  parameters for the flare and interflare observations are given in Table 8.2. Both power 
spectraa show a clear break around 3 Hz. The noise component in the power spectrum of the 
flaresflares is steeper than that in the interflare power spectrum, both below and above the break. 
Thee rms normalized power spectra of the flares and interfiares cross each other around 1 Hz 
(seee Figure 8.8), with the 0.01-1 Hz noise being stronger in the flares, and the 1-10 Hz noise 
beingg stronger in the interfiares (see Table 8.2). Figure 8.5a shows the strength of the 0.01-0.1 
Hzz noise as a function of time. When comparing this figure with Figure 8.2, it is evident that 
increasess in the strength of the 0.01-0.1 Hz noise occurred at the times of the hard flares. 
Notee that we used the 0.01-0.1 Hz noise instead of the 0.01-1 Hz noise, since the effect is 
moree pronounced in the 0.01-0.1 Hz range. Figure 8.9 shows the energy dependence of the 
0.01-O.11 Hz (Fig. 8.9a) and 1-10 Hz (Fig. 8.9b) noise, for both the flares (bullets) and the 
interflaress (diamonds). From this figure it is apparent that the fractional rms energy spectrum 
off  the 0.01-0.1 Hz noise in the flares was softer than that in the interflares (Fig. 8.9c), as op-
posedd to the spectrum of the source itself, which was harder in the flares than in the interflares 
(Fig.. 8.2g,h). Apart from it being stronger in the interflares below 3 keV, the 1-10 Hz noise 
showedd (Fig. 8.9d) no clear spectral change between the flares and interflares. Although the 
detectionss of the noise are very significant, we note that the amplitudes are compatible with 
thee HS observations of other sources. The large amount of data, and the relatively high count 
ratess of XTE J1550-564 made it possible to study the HS power spectra in much higher detail 
thann was possible in other sources before. 

Apartt from the difference in the noise, some of the individual power spectra during the 
flaresflares also showed a QPO around 18 Hz. The only flare in which the QPO was not significantly 
detectedd was flare 3, the softest flare. Figure 8.8a shows the 2-60 keV power spectrum of the 
combinedd flares (including flare 3), with the QPO at a frequency of 7 Hz. The 
energyy spectrum of the QPO in the flares is shown in Figure 8.10a. In the highest energy band 
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Figuree 8.9: The energy dependence of the 0.01-0.1 Hz (a) and 1-10 Hz (b) noise components 
inn the flares (bullets) and interflares (diamonds). The ratios of these energy spectra are shown 
inn (c) and (d). 
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Figuree 8.10: The energy spectra of the 18 Hz QPO in the flares (a) and the 16 Hz QPO in the 
interflaress (b). The highest energy point in (b) is an upper limit. 
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Figuree 8.11: Four types of power spectra that were observed on the MJD 51241-51259 VHS 
branchh (branch II). Type A on MJD 51241 and MJD 51244 (a and c), type B on MJD 51245 
(b),, and type C on MJD 51250 (d). Poisson level was not subtracted. 

(13.1-600 keV) the probable second harmonic of the QPO was detected at 0 Hz, with 
aa FWHM of 10+3 H z a nd an rms amplitude of 4.6+gg%. In the two lower bands only upper 
limitss could be determined to the rms amplitude of the harmonic: 0.17% (2-6.5 keV) and 
0.8%% (6.5-13.1 keV). We also searched for a QPO around 18 Hz in the combined interflare 
powerr spectra; a QPO was found at 15.6+ 3̂ Hz. Its energy spectrum is shown in Figure 8.10b. 
Thee energy spectra of the 17.87 Hz QPO, its harmonic, and the 15.6 Hz QPO are consistent 
withh each other. 

8.4.33 Branch II - The Very High State 

Ass mentioned in Section 8.3, the source did not return to the DBB curve after the fifth flare. On 
MJDD 51237 (HC~0.001, SC-0.13) the source reached the position closest to the DBB curve. 
Afterr that, on MJDs 51239 and 51240, it started to move away from the DBB curve, along 
branchh II. On both these days the 18 Hz QPO was found again. On MJD 51241 the source 
hadd moved further away from the DBB curve than during the previous flares: HC~0.008, 
SC~0.24.. The power spectrum of this observation (see Figures 8.11a, 8.12, and 8.20) was 
ratherr different from those seen during the HS and the flares. A broad peak around 6 Hz 
wass found, and also a peak around 280 Hz. The presence of the 6 Hz and 280 Hz peaks, the 
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reappearancee of the hard component in the energy spectrum, and the muchh higher count rate 
comparedd to branch I suggest that the source had entered the VHS, as was already reported by 
Homann et al. (1999). This VHS lasted from MJD 51241 until MJD 51259 (the entire branch 
nn in the CD). 

Inn the power spectra of nearly all the VHS observations one or more QPOs are present 
aroundd 6 Hz. Although the frequency of this QPO varied between 5 and 9 Hz, for reasons 
off  clarity this QPO will be referred to as 'the 6 Hz' QPO. Some observations also show a 
singlee QPO with a frequency between 100 and 300 Hz. Based on the Q-value (the QPO 
frequencyy divided by the QPO FWHM) of the 6 Hz QPO, and its harmonic structure, Wijnands 
ett al. (1999) distinguished two types of VHS power spectra: one type with a relatively broad 
(ÖÖ < 3) 6 Hz QPO and sometimes a harmonic at 12 Hz (type A low-frequency QPOs; see 
Sec.. 8.4.3), and one with a relatively narrow (Q > 6) 6 Hz QPO, with harmonics at 3 and 
122 Hz (type B low-frequency QPOs; see Sec. 8.4.3). We decided to divide type A into two 
subclasses;; one in which the 6 Hz QPO is strong (rms > 2%) and the harmonic at 12 Hz was 
detectedd (type A-I), and one in which the 6 Hz QPO was weak (rms < 2%) and no harmonic 
wass detected (type A-II) . In addition to type A and B a third type, type C, was introduced 
byy Sobczak et al. (2001), which mainly occurred during the first part of the outburst. Its 
harmonicc structure is similar to that of type B, but the 6 Hz QPO has a higher Q-value (Q^,10) 
andd its time lag behavior is different. The only type C observation, found by Sobczak et al. 
(2001),, during the second part of the outburst (MJD 51250) was already classified as an odd 
typee B observation by Wijnands et al. (1999). Since this observation and the one on MJD 
512544 showed odd behavior, compared to the other VHS observations, they will be discussed 
separatelyy in Section 8.4.3. Figure 8.11 shows representative 1/128-128 Hz 2-60 keV power 
spectraa of type A-I (Fig. 8.11a, MJD 51241), A-II (Fig. 8.11c, MJD 51244), B (Fig. 8.11b, 
MJDD 51245), and C (Fig. 8.1 Id, MJD 51250). 

Inn Table 8.3 the types of all observations on branch JJ can be found. In the remainder of 
thiss section we describe the three types of low frequency power spectra and the high frequency 
QPOss in more detail. 

Typee A observations 

Onn MJD 51241 (HC~0.008) the first observation in the very high state was made. The power 
spectrumm was of type A-I, and it can be regarded as representative for the other type A-I power 
spectra.. It is therefore the only type A-I power spectrum that will be discussed in detail in this 
paper.. Figure 8.12 shows the power spectrum of MJD 51241 in four energy bands. Apart from 
aa QPO around 6 Hz, there was some excess around 11 Hz, which in the high energy power 
spectraa showed up as a QPO. In the 13.1-60 keV band, the 6 Hz peak had almost disappeared. 
Thee two peaks seemed to be harmonically related, but fitting them simultaneously in the 2-60 
keVV band gave frequencies that were not consistent with the two being harmonically related: 

33 Hz and 3 Hz. However, when comparing the frequency of the lower 
frequencyy QPO in the 2-6.5 keV band 3 Hz) with that of the higher frequency QPO 
inn the 13.1-60 keV band 9 Hz) we found a ratio of , which suggests an 
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Figuree 8.12: The power spectrum of MJD 51241 in four energy bands. The ~284 Hz QPO 
cann be seen in the two highest energy bands. Poisson level was not subtracted. 

harmonicc relation (see also Wijnands et al. 1999). The reason that the frequencies differed 
soo much between the energy bands might be that the chosen fit function was not appropriate, 
orr that an extra component was present between the two QPOs. The FWHM of the 5.85 Hz 
QPOO in the 2-6.5 keV band was 1 Hz, and that of the 11.52 Hz QPO in the 13.1-60 
keVV band 7 Hz. Their rms amplitudes in the 2-60 keV band were % and 
2.64+QQ ̂ %. At low frequencies a noise component was present. It could be fitted with a 
singlee power law with an index of , and a strength of 1.31 % rms. Figure 8.13 
showss the photon energy spectra of the two low frequency QPOs and the noise component. 
Thee frequencies of the low frequency QPOs were not fixed, for reasons explained above. The 
5.88 Hz QPO first increased in strength with energy, but above 10 keV it dropped by a factor 
off  ~2,5. Its harmonic showed a strong increase with photon energy, from ~ 1% rms in the 
lowestt energy bands to more than 11% rms in the highest band. The 0.01-1 Hz noise had a 
relativelyy flat energy spectrum, with strengths between 1% and 2% rms, although it became 
slightlyy weaker (~0.9%) above 10 keV. Selections were made on time, color and count rate, 
butt no significant dependencies were found. 

Thee next observation, on MJD 51242, was located close to the previous observation in the 
CD,, and its power spectrum was also very similar. Again two low frequency QPOs were 
found,, with frequencies of 1 Hz (2-6.5 keV) and 3 Hz (13.1-60 keV), 
FWHMM of 3.1 4 Hz and 1 Hz, and rms amplitudes (2-60 keV) of 2.53+£ %̂ and 
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Figuree 8.13: The energy spectrum of the power spectral components of the MJD 51241 (type 
A-I)) observation. Points whose negative rms error extends to the bottom edge are upper limits. 

2.51+Q'i4%% respectively. 
Inn the power spectrum of MJD 51244 (see Figure 8.1 lc) a QPO was found with a fre-

quencyy of 3 Hz, a FWHM of 3.8+̂  Hz, and an rms amplitude of 1.34+°-\\% (2-60 
keV).. The QPO was considerably weaker than the 6 Hz QPOs in the two previous observa-
tionss (~3% and ~2.5%, 2-60 keV), and no sub- or second harmonics were found. The energy 
dependencee of the QPO was rather steep, but in the highest band only an upper limit could be 
determined:: % (2-6.5 keV), % (6.5-13.1 keV), and <3.7% (13.1-60 keV). 
Althoughh the Q-value is similar to that of the previous two observations the above charac-
teristicss set this observation apart, and we therefore defined it to be of type A-II . In the CD 
thee observation was located further along branch II, away from the DBB line and towards a 
strongerr power law spectral component (HC~0.13). 

Thee next type A observations occurred on MJD 51246, after a type B observation on MJD 
512455 (see Sec. 8.4.3). In the CD it was located close to the MJD 51244 observation. A QPO 
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Figuree 8.14: The frequencies of the QPOs in the MJD 51241-51259 (VHS, branch II) power 
spectraa as a function of hard color. Crosses depict the high frequency QPOs, circles type A-I, 
triangless type A-II , squares type B, and stars type C. Filled symbols represent those QPOs that 
accordingg to Figure 8.22 can be identified with the same harmonic component. The 2.9 Hz 
QPOO found in the MJD 51259 observation is shown as a triangle (HC~0.011), although its 
typee (A-I to A-II ) was uncertain. The QPOs of the MJD 51254 observation are plotted as type 
BB (HC=0.195; after jump) and type C (HC=0.205; before jump), although their types were 
alsoo uncertain. 

wass found at 3 Hz, with a FWHM of 3.1 4 Hz. Since the QPO was rather weak 
%% rms) and no harmonics were found, it was classified as type A-II . 

Duringg MJDs 51247-51254 the source moved further up branch II in the CD, and the 
powerr spectra only showed type B and C QPOs (see Sections 8.4.3 and 8.4.3). Type A QPOs 
reappearedd on MJD 51255, when the source returned to a location in the CD close to the other 
typee A observations (see Figure 8.3: HC~0.01, SC~0.2). From MJD 51255 to 51258.5 the 
sourcee showed both type A-I and A-I I QPOs, with similar properties as those in the beginning 
off  the VHS. The power spectrum of MJD 51258.9 showed a broad feature around 6 Hz that 
hadd a width larger than 6 Hz, and the power spectrum of MJD 51259 showed a QPO at ~3 
Hzz with a FWHM of ~1 Hz, and a broad (FWHM~12 Hz) peak around 9 Hz. We classified 
thesee two power spectra as type A, but it was not clear of what sub-type they are; both broad 
peakss might have been unresolved pairs of harmonics. 
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Figuree 8.15: The power spectrum of MJD 51245 in four energy bands. Poisson level was not 
subtracted. . 

Figuree 8.14 shows the frequency of all VHS (branch II) QPOs as a function of the hard 
color,, which is a good measure of the position along branch II, as can be seen from Figure 
8.3.. The frequencies of the broad peaks in the MJD 51258.9 and MJD 51259 power spectra 
aree not included. Note that type A-II (triangles) observations were located both at lower and 
att higher hard colors with respect to the type A-I (circles) observations in Figure 8.14. 

Typee B observations 

Thee first type B observation occurred on MJD 51245. The source had moved further up branch 
III  (HC~0.016), compared to the previous (type A) observations. Figure 8.15 shows the power 
spectrumm of this observation in four energy bands. A very sharp QPO was present around 6 
Hz,, with harmonics around 12 and 18 Hz, and a sub-harmonic around 3 Hz. There were also 
indicationss for a peak around 24 Hz, but our fits showed it was not significant. Fitting the 
powerr spectrum with a power law and Lorentzians (six in total) gave a poor result (x2

red = 2.6, 
d.o.f.d.o.f. = 230). We tried using a power law and Gaussian functions (again six) instead, which 
improvedd the quality of the fit (%2

red = 1.4, d.o.f. = 230, see also Wijnands et al. 1999). The 
twoo extra peaks, at ~0.2 Hz and at ~1.25 times the frequency of the 6 Hz QPO, were added 
too the fit function to account for a low frequency component, and for the shoulder of the 6 Hz 
QPO,, respectively. The fit results (2-60 keV) for the four QPOs and the shoulder component 
aree given in Table 8.4. The QPOs are not perfectly related harmonically, most likely because 
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Figuree 8.16: The energy spectrum of the power spectral components of the MJD 51245 (type 
B)) observation. Points whose negative rms error extends to the bottom edge are upper limits. 

thee fit function did not describe the data well enough. The 0.01-1 Hz noise was fitted with a 
singlee power law, with ot = 1.8 1 and an rms amplitude of 5.6^2%. The photon energy 
spectraa of the various power spectral components are shown in Figure 8.16. Except for the 
33 Hz QPO, and the noise component, all QPOs showed a considerable increase in strength 
withh photon energy. The 0.01-1 Hz noise only showed a weak increase, and the 3 Hz QPO 
behavedd similar to the 6 Hz QPO in the type A-I power spectra, in that it seemed to become 
weakerr above 10 keV. Selections were made on color, time and count rate. It was found that 
thee harmonic at 18 Hz was more significant at low hard colors. 

Otherr type B power spectra were found between MJD 51247 and MJD 51253, with QPOs 
thatt were similar to those on MJD 51245. Their 6 Hz QPOs had frequencies between 5.3 
Hzz and 6.1 Hz, rms amplitudes between 3.3% and 3.4%, and Q-values between 6.2 and 7.3. 
Thee 3 Hz QPOs had rms amplitudes between 1% and 2.3% and showed a weak trend of an 
increasee with hard color. The MJD 51245 observation remained the only one in which the 
harmonicc around 18 Hz was significantly detected. Figure 8.14 shows the frequencies of the 
typee B QPOs (squares) as a function of the hard color. 

Speciall  cases: Strong noise on MJD 51250 and the transition on MJD 51254 

Although,, based on the Q-value (~8) of the 6 Hz QPO and the harmonic content, the power 
spectrumm of the MJD 51250 observation was classified as type B by Wijnands et al. (1999), 
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Frequency y 
(Hz) ) 

3 3 
8 8 

2 2 
6 6 
5 5 

FWHM M 
(Hz) ) 

1 1 
2 2 

3 3 
4 4 

22 6+ 06 

Rmss Amplitude 
(%) ) 

,, 54+0.06 

4 4 
9 9 
4 4 
7 7 

Tablee 8.4: Fit values for the Gaussian peaks in the power spectrum of MJD 51245. Note that 
thee FWHM in this case refers to the width of a Gaussian and not to that of a Lorentzian. 

theyy also found that the time lag behavior of this observation was quite different from that 
off  the other type B observations. Based on this time lag behavior the observation was clas-
sifiedd as type C by Sobczak et al. (2001), making it one of only two (see below for the sec-
ond)) type C observations during the second part of the outburst. More deviations from the 
typee B power spectra were found; in addition to the power law noise 2 %) a strong 
noisee component was present at 0.1-1 Hz (see Figure 8.1 Id; also Wijnands et al. (1999)). 
Thiss noise component, which we fitted using a zero-centered Lorentzian with a width of ~3 
Hz,, was present in all the energy bands, with rms amplitudes of 13.1 % (2-60 keV), 

%% (2-6.5 keV), % (6.5-13.1 keV), % (13.1-60 keV). Four low 
frequencyy QPOs were found in the 2-60 keV band at (rms amplitudes in brackets) 1.7 6 
Hzz (2.74+g;J%), 3 Hz , 5 Hz , and 5 Hz 
(3.2^QQ 2%). When comparing these numbers with those of the type B observations, it shows 
thatt the rms amplitudes of the 3 Hz and 6 Hz QPOs are, respectively, a factor ~2.5-6 and 
~22 higher than in the type B observations. The QPO frequencies are shown as stars in Figure 
8.14.. In the ASM and PCA light curves the MJD 51250 observation is clearly visible as a dip 
(seee Figures 8.1 and 8.2), with a count rate of only ~5150 counts s_1, compared to ~8200 
countss s_1 on MJD 51249 and ~7025 counts s_1 on MJD 51253. This dip is strongest at low 
energies,, causing a hardening of the spectrum a (see Figure 8.2). 

Figuree 8.17 shows the 2-60 keV light curve and the color curves of the MJD 51254 obser-
vation.. Clearly visible is the jump in count rate that occurred around 1100 s after the start of 
thee observation. The soft color seemed to be unaffected by this change, and though the hard 
colorr showed a small change (~10%) it was more gradual than the change in count rate. It 
shouldd be noted that the observed transition is not related to the temporary gain change that 
wass applied to the PCA later during this observation (around t=3100 s; not shown here). 

Figuree 8.18 shows the power spectra from before (0-1000 s) and after (1500-3000 s) the 
jumpp in the 2-60 and 13.1-60 keV bands. The 2-60 keV power spectrum before the jump 
showedd a broad noise component around a few Hz, that was fitted with a power law with an 
exponentiall  cutoff. It had a strength (1-100 Hz) of % rms, a power law index (a) 
off , and a cutoff frequency of 3 Hz. In the 13.1-60 keV band the strength 
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Figuree 8.17: The 2-60 keV light curve (a), soft color curve (b), and hard color curve (c) of 
thee MJD 51254 observation. The transition (around t=l 100 s) can clearly be seen in the light 
curve.. The soft color (b) does not change significantly, whereas the hard color (c) starts to 
decreasee slowly after t=l 100 s. 

off  this component was 12.5+°'% rms. In that same band we found a QPO at 1 Hz, 
withh an rms amplitude of 8.6+05% wd a FWH M of 5 Hz. The post-jump 2-60 keV 
powerr spectrum showed a similar noise component as before the jump, though somewhat 
weakerr % rms), with two QPOs superimposed on it, at 2 Hz and 3 
Hz.. These QPOs had rms amplitudes and FWHM of % and 6 Hz (3.17 Hz 
QPO),, and % and 6 Hz (6.14 Hz QPO), respectively. In the post jump 
2-6.55 keV power spectrum an additional QPO at 4 Hz was found (3.7o) when the 
highh count rate part was selected. Both before and after the transition power law noise was 
present:: respectively, % rms with a = 0.92 2 (before) and % rms with 
a == 1.04 3 (after). 

Thee fast transition in the power spectrum can be seen in Figure 8.19, which shows the 
dynamicall  power spectrum in the 13.1-60 keV band. The time scale for the change in the 
powerr spectrum is similar to that of the transition in the 2-60 keV light curve. It was not 
possiblee to track the QPO across the transition since it became weaker during the transition. 

Wijnandss et al. (1999) and Sobczak et al. (2001) classified the power spectrum after the 
jumpp as type B. Indeed, the strengths of the 3 and 6 Hz QPOs were consistent with those in 
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Figuree 8.18: Power spectra of the MJD 51254 observation in two energy bands, before and 
afterr the transition. Poisson level was not subtracted. 

thee other type B observations. On the other hand, the Q-value of the 6 Hz QPO was only 5, 
andd the 5% rms noise component under the QPOs was not seen in other type B observations. 
Thee type of the power spectrum before the jump is not clear either. The hardness of that part 
off  the observation suggests type B or C, but the Q-value of the 9.8 Hz QPO was only ~ 3. The 
strengthh of that QPO was lower than that of the type B and C 6 Hz QPOs in the same energy 
bandd (~11% rms), but higher than that of the type B and C 12 Hz QPOs (5-6% rms). Since 
thee power spectrum showed a strong noise component, and the 2-60 keV count rate was lower 
thann that of the type B part it was most likely of type C. The QPO frequencies of both parts 
aree shown in Figure 8.14 (the part before [HC=0.205] as type C, the part after [HC=0.195] as 
typee B). 

Thee exceptional cases of low frequency QPOs presented in this section clearly demonstrate 
thatt the A, B (and C) classification, which works well for the majority of the observations, is 
nott able to unambiguously describe all of them.The characteristics on which this classification 
iss based (Q-value, harmonic content, time lags) show strong correlations, but deviations from 
thee usual correlations do occur. 

Highh frequency QPOs 

Duringg several observations in the VHS (branch II), QPOs were found with frequencies be-
tweenn 100 and 300 Hz. An example can be seen in Figure 8.20, which shows the 284 Hz QPO 
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Figuree 8.19: Dynamic power spectrum of the MJD 51254 observation in the 13.1-60 keV 
band.. The first vertical line depicts the approximate time of transition, the second vertical 
representss a ~300 s data gap that was only present in the high time resolution data (and 
thereforee not visible in Figure 8.17). The time resolution is 3x64=96 s, and the frequency 
resolutionn 32 x 1/64=0.5 Hz . 

foundd in the power spectrum of MJD 51241. The frequencies of the high frequency QPOs 
(VHF)(VHF) are given in Table 8.3, and the locations in the CD of the observations in which they 
weree found are indicated in Figure 8.21. Note that we only report QPOs whose single-trial 
significancee exceeds 3o. It can be seen from Figure 8.21 that VHF is related to the location in 
thee CD. It decreased from 284 Hz to 102 Hz as the source moved up branch II, and increased 
againn to 280 when it moved down this branch. Figure 8.14 more clearly shows that VHF de-
creasedd as the hard color increased. In the high energy bands, the QPOs tended to be stronger 
whenn they had a frequency around 280 Hz, as can be seen from Table 8.3. The Q-values of 
thee QPOs were not related to those of the low frequency QPOs, and had values between 5.6 
andd 13. 

Wee measured time lags for the ~282 Hz QPO in the combined Fourier spectra of the 
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Figuree 8.20: The 13.1-60 keV power spectrum of the MJD 51241 observation, showing a 
QPOO at 284 Hz. Poisson level was not subtracted. 

observationss on MJDs 51241, 51242, and 51255. Lags were measured between three en-
ergyy bands, in the frequency range 272-292 Hz. All lags were consistent with being zero: 
O.OOiO.111 ms (2-6.5 keV and 6.5-13.1 keV), 3 ms (2-6.5 keV and 13.1-60 keV), 
andd 4 ms (6.5-13.1 keV and 13.1-60 keV), where a positive number means that 
thee photons in the second band lag those in the first one. A time lag analysis of the low fre-
quencyy QPOs in the VHS (branch II) can be found in Wijnands et al. (1999), Sobczak et al. 
(2001),, and Cui et al. (2000). 

Figuree 8.22 shows the frequency of several low frequency QPOs (V/./r) plotted against VHF» 
forr those observations where they were detected simultaneously. We also included the values 
forr the high frequency QPO that was observed on branch II I  (represented by the diamond; 
seee Section 8.4.4). The 123 Hz QPO on MJD 51254 was only found in the data taken after 
thee count rate jump (Section 8.4.3). This data included a ~600 s interval (with different 
PCAA gain settings) that was not used for the analysis of the low frequency QPOs in Figure 
8.14.. The low frequency QPOs plotted at VHF = 123 Hz in Figure 8.22 therefore have a 
slightlyy different frequency than those of the same observation in Figure 8.14. Four lines 
couldd be fitted to the data points, with the first, third and fourth line having slopes that were, 
respectively,, , , and 5 times the slope of the second line. This 
iss consistent with the four lines representing the fundamental and second, fourth and eighth 
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Figuree 8.21: A color-color diagram showing branch II. Observations in which high frequency 
QPOss were found are marked with the frequency (Hz) of the QPO. 

harmonics.. Note that the four lines do not pass through the origin and cross each other around 
VLFVLF = 0 HZ and VHF = 75 Hz. The only two points that were not fitted by these four lines were 
thee sixth harmonic in the MJD 51245 observation (v///r=178 Hz) and the sixteenth harmonic 
inn MJD 51250 observation (V///?=102 Hz). These components were only observed once, and 
thereforee no fits could be made. The four lines can be used to connect the low frequency 
QPOss in Figure 8.14. For example, using the second line in Figure 8.22, it can be seen that 
thee type A-I 10-12 Hz QPOs are related to the type ATI 8-9 Hz QPOs, the type B ~6 Hz 
QPOs,, the 3.1 Hz (type B?) QPO on MJD 51254, and the 1.7 Hz type C QPO on MJD 51250. 
Thee QPOs that lie on the second line in Figure 8.22, and those that based on similarities in the 
powerr spectrum and hard color are expected to, have been represented by the filled symbols in 
Figuree 8.14. The filled symbols show that the frequency of the low frequency QPOs decreases 
withh hard color, like that of the high frequency QPO. 

8.4.44 The Decay 

Onn MJD 51260 (indicated by BEGIN in Figure 8.3b) the power spectrum showed no QPOs; it 
couldd be fitted with a single power law, with a strength of % rms and an index of 
1.11 . This weak noise, the absence of QPOs, and the relatively soft colors suggest that 
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Figuree 8.22: Frequency of the low frequency QPOs as a function of the frequency of the 
highh frequency QPOs, for those observations where they could be measured simultaneously. 
Similarr symbols have been used as in Figure 8.14, based on the type of the low frequency 
QPOs.. The four solid lines are the best linear fits to the data. The two symbols that are not 
fittedd by a solid line are harmonics that were only observed once. They are consistent with 
beingg a 16th harmonic (highest star at 102 Hz) and a 6th harmonic (highest square at 178 Hz). 
Symbolss on the second solid line are filled, and have been used to identify the filled symbols 
inn Figure 8.14. The dashed lines represent the relations found by Psaltis et al. (1999a) for the 
ZZ sources, and the dotted line the relation found by Di Salvo et al. (2001) for 4U 1728-34 (see 
Sectionn 8.6.3). The diamond shows the values for the MJD 51270/51271 observations. 

thee source had returned to the HS. 
Thee power spectrum of the next observation (MJD 51261) showed a noise component with 

aa similar strength % rms), but also a QPO at 17.0+g j Hz, with a FWHM of 2.5+}-\ 
andd a rms amplitude of 1.02+Q^}%. Based on the hardness at which this QPO is found, its 
frequency,, and its FWHM, it may be related to the 15.6/17.9 Hz QPO that was found in the 
flare/interflareflare/interflare observations during MJD 51170-51237 (see section 8.4.1). In the next few 
observationss (MJD 51263-51267) no QPO around 17 Hz was found, and the power spectra 
couldd be fitted with single power laws, with strengths between 0.4% and 1.2% rms, typical for 
HS. . 

Onn MJD 51269 the source had started to move up branch III . Two QPOs were found in 
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Figuree 8.23: Four power spectra during the decay: (a) bottom of branch III (MJDs 51269 and 
51273),, (b) top of branch III (MJDs 51270 and 51271), (c) bottom of branch IV, and (d) top 
off  branch IV. Poisson level was not subtracted. 

+0.5 5 thee power spectrum of that observation: at 5 Hz % rms, FWHM=1.5lJ,;4 
Hz)) and 6 Hz (2.0^3% rms, F W H M = 4 . 5 + IJ Hz). The noise at low frequencies was 
fittedd with a single power law, with a strength of % rms and an index of . 
Basedd on their Q-values, the QPOs are either of type A-I or A-II ; the strength of the QPOs 
(andd their frequency) suggests type A-II , whereas the detection of an harmonic suggest type 
A-II  (see section 8.4.3). 

Thee next two observations (MJDs 51270 and 51271) were located near the top of branch 
III .. Their power spectra were very similar. The MJD 51270 power spectrum showed a QPO 
att 1 Hz (1.8+o %̂ rms, FWHM=2.1+̂  Hz) and a broad peak around 2 Hz that was 
fittedfitted with a Gaussian at 1 Hz % rms, 4 Hz) plus an expo-
nentiallyy cutoff power law % rms, a = , vcu,0ff = 1 Hz). The power 
spectrumm of MJD 51271 showed a QPO at 2 Hz % rms, FWHM=1.4+̂  
Hz)) and a broad peak around 2 Hz that was fitted with a Gaussian at 3 Hz (3.8+03% 
rms,, 5 Hz) plus an exponentially cutoff power law % rms, a = 

,, vculoff = 1 Hz). The combined 1/128-128 Hz power spectrum of the two ob-
servationss is shown in Figure 8.23b. The strength of the 0.01-1 Hz noise, which was fitted 
withh a power law, was ~ 1.5% rms, but it should be noted that some of the power in the 0.01-1 
Hzz range was absorbed by the Gaussian and the exponentially cutoff power law. The two ~9 
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Figuree 8.24: The 6.5-60 keV power spectrum of MJD 51271, showing similar structure as 
foundd in the type B power spectra. The solid line shows the best fit with four QPOs and a 
powerr law. Poisson level was not subtracted. 

Hzz QPOs had relatively high Q-values (4.2 and 6.5), which suggests that they were of type B; 
thiss seems to be confirmed by the shape of the power spectra at higher energies; Figure 8.24 
showss the 6.5-60 keV power spectrum of MJD 51271, which could be fitted with a power law 
andd QPOs at 1 Hz, , 1 Hz, and 0 Hz. This is reminiscent of 
thee type B QPO found on branch II, and the IS power spectrum shown in Figure 8.7, except for 
thee presence of a third harmonic, that is not seen in the type B power spectra. In the combined 
2-600 keV power spectrum of the two observations a QPO at 251 3 Hz was found. It had an 
rmss amplitude of 2.21 % and a FWHM of 6 Hz. Its location in Figure 8.22 is shown 
byy a diamond. Although the frequency of the QPO lies in the VHF range found on branch II, 
thee count rate at which is was found was considerably lower (~1350 counts s compared to 
4700-83000 counts s_1 on branch II). 

Thee power spectrum of the next observation (MJD 51273), which in the CD was located 
closee to the MJD 51269 observation, showed a QPO at 3 with an rms amplitude 
off % and a FWHM of 1.1+̂  Hz. The QPO is most likely of type A, based on 
itss strength and lack of harmonic structure. The low frequency noise had a strength of 

%% rms. The combined power spectrum of MJDs 51269 and 51273 is shown in 
Figuree 8.23a. 

108 8 



SPECTRALL AND TIMIN G BEHAVIOR OF THE BLACK HOLE CANDIDATE XTE J1550-564 

Figuree 8.25: Combined power spectrum of the last six observations during the low state (MJD 
51307-51318).. The solid line is the best fit with a broken power law. The Poisson level was 
subtracted. . 

Thee observation on MJD 51274 showed no QPOs, and the 0.01-1 Hz noise had an rms 
amplitudee of less than 0.4%. During MJD 51274-51280 (HC-0.007, SC~0.13) the source 
showedd similar power spectra that, when combined, were fitted with a single power law with 
aa strength % rms and an index of , which is typical for the HS. 

Betweenn MJD 51283 and MJD 51298 XTE J1550-564 traced out branch IV in the CD. 
Att the top of the branch (SC>0.35) the power spectra showed a QPO and a peaked noise 
component.. These were not found at the bottom of the branch (SC<0.35). The combined 
powerr spectrum of the bottom of branch IV (Fig. 8.23c) was fitted with a power law with an 
rmss amplitude of % and an index of . In the combined power spectrum of the 
topp of branch IV (Fig. 8.23d) a QPO was found at 5 Hz, with an rms amplitude of 
4.1*05%% a nd a FWHM of 2.9l0g Hz. A peaked noise component was present below 10 Hz. 
Itt was fitted by a Lorentzian with a frequency of 3 Hz, an rms amplitude of 10.1^Q|%, 

andd a FWHM of 9 Hz. The 0.01-1 Hz noise was fitted with a power law that had a 
strengthh of % and an index of . 

Bothh branch III and IV showed behavior that was similar to that seen in the VHS (branch 
II) .. Since the count rates were lower than on the branch II, these branches were probably IS 
(att least, when QPOs were seen). 
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Betweenn MJD 51299 and MJD 51318 branch V was traced out in the CD. It reached 
muchh harder colors than before, and the movement up the branch was accompanied by a 
considerablee increase in the strength of the low frequency noise, as can be seen from Figure 
8.5.. There was a clear difference between the power spectra at the top and bottom of the 
branch.. The combined MJD 51299-51306 (bottom part of branch V, SC <0.6) power spectrum 
wass fitted with a power law with an rms amplitude of % and an index of . A 
singlee power law yielded a poor x2

red (3.2 for d.o.f.=67) for the combined MJD 51307-51318 
(topp of branch V, SC>0.6) power spectrum, and a broken power law was used instead (see 
Figuree 8.25). Its rms amplitude was , with v ^ ^ = 1 Hz.oti = , 
andd aa = 1.2 1 (y?red = 1.1 for d.o.f.=67). The strength and shape of the noise, and the 
spectrall  hardness suggests that the bottom of branch V the source was in the IS, and that at 
thee top of branch V the source was in the LS. 

8.55 Radio Observation 

Onn 1999 March 11 (MJD 51248) we observed the radio counterpart of XTE J1550-564 
(Campbell-Wilsonn et al. 1998) with the Australia Telescope compact array (ATCA), in a high-
resolutionn 6 km configuration. Observations were made simultaneously at 6.3 and 3.5 cm, and 
att 21.7 and 12.7 cm, in order to obtain broad band spectral coverage. The observations were 
interleavedd with those of a nearby reference source B1554-64, for phase calibration every 25 
min.. The source was clearly detected at all four wavelengths; the mean flux densities at 21.7, 
12.7,6.33 & 3.5 cm were, respectively, 5.1,3.0,2.8, and 1.9 mJy (errors ~10%). The four flux 
densitiess were fitted with a power law corresponding to a spectral index (a = AlogSv/Alogv) 
off . The location of the MJD 51248 RXTE observation is indicated with by 
'ATCA'' in Figure 8.3. 

8.66 Discussion 

Inn this section we present a discussion of our results. We start by briefly summarizing the 
results.. After that the source states and power spectra are discussed. 

8.6.11 Summary of Results 

Inn the period of 1998 November 22 to 1999 May 20 XTE J1550-564 showed a wide variety 
off  behavior. To organize the different phenomena and relate them to each other, it is useful to 
comparee the rapid time variability and the energy spectra. An initial division of the observa-
tionss can be made based on the strength of the broad band (1/128-128 Hz) power, which is 
shownn in Figure 8.5b. It can be seen that the source alternated between states with low power 
(aa few percent rms) and states with high power (more than a few percent). When comparing 
thiss figure with Figure 8.2 it is obvious that observations with high power were mainly found 
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whenn the spectrum was hard. These spectrally hard states appeared as branches (I-V) in the 
color-colorr (Fig. 8.3) and hardness-intensity (Fig. 8.4) diagrams. From the hardness-intensity 
diagramm it is apparent that the hard branches occurred at rive distinct count rate levels, and 
thatt they were separated by periods that were spectrally soft(er); in the color-color diagram 
thee hard branches lay more or less parallel to the power law curve. The power spectra on the 
fivee hard branches often showed QPOs, and in some cases also strong peaked and/or band-
limitedd noise (Fig. 8.11). These properties classify the observations on the hard branches as 
VHS,, IS, or LS. The power spectra that were not on the hard branches showed noise with 
strengthh of a few percent rms and, when combined, a weak QPO around 17 Hz (Fig. 8.8). 
Thesee observations can be classified as HS; in the color-color diagram they lay close to the 
diskk blackbody curve. When the source moved up a hard branch, the low frequency noise 
changedd from a weak power law to strong band-limited. On branch II this change was ac-
companiedd by the QPOs changing from the broad type A, to the narrow types B and C (Fig. 
8.14).. On branches II and III we also found high frequency QPOs in the 102-284 Hz range. 
Theirr frequencies were anticorrelated with the hardness of the energy spectrum (Fig. 8.14), 
andd correlated with the frequency of the type A, B, and C low frequency QPOs (Fig. 8.22). 

8.6.22 Source States 

Inn recent years the picture of black hole behavior that emerged from observations was con-
sistentt with a one-dimensional scheme, in which four canonical source states were linked by 
onee parameter, usually taken to be the mass accretion rate (see, e.g. Esin et al. 1997 and Esin 
ett al. 1998 for recent elaborations on this view). In the context of two-component spectral 
models,, often interpreted in terms of emission from an accretion disk and a hot Comptonizing 
medium,, this implies that both components contribute to the energy spectrum and power spec-
trumm in amounts that depend strictly on this parameter; if both components were to vary inde-
pendently,, the description of the phenomenology would have to be at least two-dimensional. 
XTEE J1550-564 seems to provide evidence for such two-dimensional behavior. Although the 
sourcee was observed in all four canonical states, their occurrence was more complex than 
expectedd on the basis of a simple relation with the mass accretion rate. 

Wee start by discussing the relation between the source states and the position of the source 
inn the CD and HID (see Figures 8.3 and 8.4). The motion of the source through the CD was 
alongg branches. One branch (hereafter the soft branch) lay parallel to the DBB curve in the 
CD,, and quite close to it (Fig 8.3a). Whenever XTE J1550-564 was on or close to this branch 
(e.g.. flares 1-5), it could be classified as being in the HS: it showed soft energy spectra, and 
thee (power law-like) low frequency noise had a strength of only a few percent rms. All the 
otherr branches (hereafter hard branches) lay approximately parallel to the power law curve 
inn the CD. In time, these hard branches were traced out one after the other, and all but the 
lastt two were clearly separated from each other by intervals that showed HS behavior. When 
thee source was on a hard branch it was in the VHS, IS or LS: the energy spectrum was hard, 
andd the power spectrum showed QPOs and/or strong noise. The hard branches were similar 
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too each other in that the shape of the noise changed from power law like to band-limited as 
thee source moved up such a branch (i.e. when it became harder). When the source was on a 
hardd branch still relatively close to the soft branch it would, based on the energy and power 
spectrum,, usually be classified as being in the canonical HS - only further up the hard branches 
full-fledgedd VHS, IS and LS behavior emerged. Canonical LS (variability) behavior was only 
foundd at the top of branch V, the branch that reached the hardest colors. 

Althoughh the observations on hard branches I, III,  and IV were classified as IS, and those 
onn hard branch II as VHS, they had in fact very similar properties, the only difference being 
thee count rate at which they were observed. This was already found for the IS and VHS in 
otherr sources, e.g., GS 1124-68 and GX 339-4 (Belloni et al. 1997; Méndez & van der Kli s 
1997).. We therefore regard the VHS as an instance of the IS, but just the one that happens to 
bee the brightest. 

Thee behavior on the hard branches that were traced out beforee our observations, during the 
firstt part of the outburst (Remillard et al. 1999a; Cui et al. 1999), was similar to that during 
ourr observations. During the first part of the outburst LS behavior (strong band-limited noise 
withh a break around 0.1 Hz) was observed only when the hardness was similar to that at the 
topp of branch V (at the start of the outburst, when the count rate was ~100 times as high as 
onn branch V). Moreover, the source evolved from LS to the HS via a VHS (or IS as we shall 
henceforthh call it), clearly showing the same ordering of states (as a function hardness) as 
duringg our observations. 

Thee above shows that as the hardness increased the source evolved from the HS via the 
IS,, to the LS; the hard branches therefore corresponded to HS<->IS<->LS transitions, or at 
leastt attempts to, since not every branch reached the LS and the source did not always return 
completelyy to the HS. Similar conclusions were also drawn by Rutledge et al. (1999), on the 
basiss of a comparative study of 10 black hole candidates. They found that the VHS and IS 
weree spectrally intermediate to the HS and LS, and also that as the hardness increases the 
noisee switches from HS-like to LS-like. They also concluded that transitions between the 
HSS and LS could take place at luminosities/count rates both above and below that of the HS. 
Inn our observations transitions between HS and IS were found at around 8000, 1200, 600, 
andd 200 counts s_1 (see Fig. 8.4); transitions between IS and LS were found at around 40 
(Fig.. 8.4) and 4000 counts s_1 (during the first part of the outburst). Moreover, we observed 
HSS behavior at all count rate between 200 and 10000 count s"1. All this argues against a 
one-dimensionall  description of the state transitions as a function of the mass accretion rate. 

Thee observations of XTE J1550-564 contradict the old picture of black hole states, in 
whichh hard states are only found at the highest and lowest count rates. XTE J1550-564 
clearlyy shows that hard states can be observed at any count rate level. However, some remarks 
shouldd be made. All the hard states (I-V) were observed during the decay of the source 
(II  during the decay of the first part of the outburst, II-V during the decay of the second 
part).. Also, the intervals between branches II-IV , although they could be classified as HS, had 
significantlyy harder spectra than the HS observations during the rise, which were extremely 
soft.. This suggests that the conditions for the presence of the hard spectral component are 
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moree favorable during the decay or phases of low count rate. This is supported by the fact 
thatt all small flares (1-5) were observed at count rates higher than that of the hard branches. 
Thee fact that these flares did not develop into real transitions suggests that the conditions for 
transitionss and development of the hard spectral component are less favorable at the highest 
countt rates. Also, it can be argued that the only LS that was observed during our observations 
wass found at the lowest count rates at the end of the outburst, as expected in the canonical 
picturee of black hole states. On the other hand, a LS was also found during the first part of the 
outburstt when the count rate was at least a factor 100 higher than during the LS at the end of 
thee outburst, clearly showing that LS is not only found at the lowest count rates. 

Basedd on the CD, HID, and power spectral fits one gets the impression that the behavior 
off  XTE J1550-564 is two-dimensional, i.e. at least two (observable) parameters are needed 
twoo describe the appearance of the source and to account for the occurrence of the different 
states.. Phenomenologically, the two parameters describing this two-dimensional behavior 
aree the count rate and the spectral hardness. A schematic representation of the behavior of 
XTEE J1550-564 in terms of these parameters is shown in Figure 8.26. It shows that the 
statess are arranged in a comb-like topology, with the soft (HS) branch being the spine, and 
thee HS<->IS<-*LS transitions being represented by the teeth. Note that the parameter on the 
verticall  axis is the logarithm of the count rate, and that we decided to show the hard branches 
ass horizontal lines; for reasons of clarity we did not depict the exact movement of the source 
throughh the diagram. We also included the location of the flares, which occurred at count rates 
higherr than that of the brightest hard branch. 

Thee most important aspect of XTE J1550-564 is probably the fact that two observable 
parameterss (count rate and hardness) varied too a large extent independently from each other. 
Thiss suggests that at least two physical parameters underlie this behavior, since this complex 
behaviorr is hard to explain within a framework where the appearance of the source is deter-
minedd by a only single physical parameter (e.g. only mass accretion rate). Physically the two 
underlyingg parameters might for example be the mass accretion rate through the disk (roughly 
increasingg with count rate, at least in the HS) and the size of a Comptonizing medium (increas-
ingg with spectral hardness). In that case the state of the source is determined by the (relative) 
sizee of the Comptonizing medium, with it being small or absent in the HS and growing in 
sizee towards the LS. The fact that we see increases in the spectral hardness at many count rate 
levelss suggests that the size of this medium, and therefore also the state of the source, is to a 
largee degree not determined by the accretion rate through the disk. We note that the inner disc 
radiuss as derived from variability properties (i.e. QPO frequencies, see Section 8.6.3) corre-
latess well with hardness, suggesting that the Comptonizing medium grows as the inner disk 
edgee moves out. The two physical parameters do not necessarily vary completely indepen-
dentlyy from each other. For instance, changes in one parameter may be triggered by changes 
inn the other, and certain values of one parameter may restrict the value of the other parameter 
(e.g.. in between the hard branches XTE J1550-564 seemed to become slightly harder towards 
lowerr count rates (Fig. 8.4)). 

Whilee previous authors, inspired by the description of black hole spectra in terms of two 
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Figuree 8.26: A diagram of the two-dimensional behavior of XTE J1550-564 during the sec-
ondd part of its 1998/1999 outburst. In the color-color and hardness-intensity diagrams the 
sourcee traced out a comb-like structure, with the spectrally soft state (HS) being the regions 
onn and near the spine, and the HS <-> IS(VHS) «-• LS transitions being the teeth. The comb
likee structure in the CD and HID is caused by three effects. First, the disk and power law 
luminosityy change to a large extent independently. Second, the power law luminosity can 
bee negligible for times comparable to the time scale on which the disk luminosity changes. 
Third,, the time scale on which the power law luminosity changes, when it is not negligible, 
iss short compared to that of the disk luminosity changes. As the relative contribution of the 
powerr law component increases, the low frequency noise changes from HS-like (weak power 
law)) to LS-like (strong band-limited). In this scheme it is possible to have a soft state (HS) at 
aa higher disk luminosity than a the brightest IS (VHS). Although the structure traced out by 
XTEE J1550-564 was comb-like, similar two-dimensional behavior of other black holes may 
leadd to different structures. 

components,, have also discussed black hole phenomenology in terms of two-dimensional 
diagramss (Miyamoto et al. 1994; Nowak 1995), the overall picture has in our view been con
siderablyy clarified by the clues provided by XTE J1550-564 described in this paper. The basic 
phenomenologyy seems to be one where the hard and soft component can vary to a large extent 
independentlyy from each other. The HS is the name we have given in the past to all cases 
wheree the hard component is weak compared to the soft component, and the IS/VHS and LS 
aree unified into cases where the hard component is, respectively, comparable to or dominating 
thee soft component. The difference between the VHS and IS is reduced to a difference in the 
luminosityy of the soft component at which they occur, and the difference between IS/VHS and 
LSS is caused by differences in the relative contributions of the soft and hard components. 

Thiss two-dimensional interpretation might very well be applicable to all black hole candi-
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datess showing the canonical states. The often observed order of states (VHS—>HS—»IS—»LS) 
iss still consistent with the diagram drawn Figure 8.26. The fact that black hole state behav-
iorr often seems one-dimensional can be explained by considering how the behavior of XTE 
J1550-5644 would have appeared if the data were of lower quality, the source sampling was 
moree infrequent, its distance was larger, and if it had different characteristic time scales for 
variationss in the soft and hard component. Much of its subtle behavior would have been 
missedd or may have been misinterpreted. It is mainly thanks to the combination of source 
brightness,, the quality of the RXTE/PCA data, and the excellent source sampling that we 
clearlyy see the two-dimensional nature of its behavior. Since the observations of XTE J1550-
5644 strongly suggest that mass accretion rate through the disk and state are decoupled, it 
wouldd be possible to see transients that remain in the same state during a whole outburst. 
Moreover,, one could also see state transitions in sources with a more or less constant mass 
accretionn rate. Suggestions of such behavior have been seen in, respectively, GS 2023+338 
(Sunyaevv et al. 1991; Terada et al. 1992; Miyamoto et al. 1992) and Cyg X-l (Zhang et al. 
1997,, however see Frontera et al. 2001). 

Thee radio brightness of XTE J1550-564 during the MJD 51248 ATCA observations in-
dicatess that an outflow event was going on or had recently occurred. The spectral index 
suggestss that the radio source was optically thin, and observed during the decay of such an 
outfloww event. This event might be associated with the state change on MJD 51237/51239 (the 
onsett of branch II). Although XTE J1550-564 was observed in radio only once (on branch 
U),, observations of other black hole candidates (Fender et al. 1999; Fender 2001) suggest 
thatt radio emission is associated with spectrally hard states. The hard branches may therefore 
correspondd to changes in the accretion flow geometry, where an inflow (HS) is gradually ac-
companiedd by (or changing into) an outflow (LS). Jet-like outflow models have already been 
proposedd for the VHS in GX 339-4 by Miyamoto & Kitamoto (1991). 

8.6.33 Power spectra 

Althoughh not always observable in individual observations, QPOs were found on all branches, 
exceptt for the last one (branch V). Several types were found: 1-18 Hz QPOs on the hard 
branchess (type A, B, and C), 15-18 Hz (plus an harmonic) on the soft/HS branch and in the 
flares,flares, and 100-285 Hz QPOs on the two brightest hard branches. 

Highh frequency QPOs 

Highh frequency QPOs in black hole candidates are a relatively new phenomenon. Previous to 
XTEE J1550-564, they were found in GRS 1915+105 (Morgan et al. 1997,67 Hz) and in GRO 
J1655-400 (Remillard et al. 1999b, 300 Hz). Remillard et al. (1999a) found high frequency 
QPOss in XTE J1550-564 in the 161-238 Hz range, during the first part of the outburst. With 
thee observations of the second part of the outburst this range has been expanded to 100-285 
Hz.. It is obvious that the frequency of the high frequency QPOs in XTE J1550-564 can not 
bee explained by models that predict an approximately constant frequency, e.g. orbital motion 
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att the innermost stable orbit (Morgan et al. 1997), Lense-Thirring precession at the innermost 
stablee orbit (Cui et al. 1998), or trapped-mode disk oscillations (Nowak et al. 1997). 

Thee high frequency QPO was found on two branches; between 100 and 285 Hz on branch 
II ,, and at 251 Hz on branch III . The count rates at which it was observed, were much lower 
onn branch III (~1350 counts s_1) than on branch II (~4700-8300 counts s_1), which shows 
thatt the QPO frequency does not strongly depend on the count rate. A similar effect is also 
seenn for the high frequency QPOs in some neutron star X-ray binaries (Méndez et al. 1999; 
Fordd et al. 2000), where the frequency varies along parallel branches in a frequency-count 
ratee diagram. A certain frequency can therefore be observed at different count rate levels, 
andd a range of frequencies can be found within a relatively small range of count rates. This 
suggestss that if the QPO frequency is related to a certain (variable) radius, this radius varies 
almostt independently from the count rate (and probably mass accretion rate; van der Kli s 
2000).. Similar two-dimensional behavior as discussed in Section 8.6.2 may therefore also be 
presentt in some of the neutron star sources. 

Ann obvious question to ask is, whether the high frequency QPOs in black hole candidates 
havee the same origin as the kilohertz QPOs that are observed in the neutron star sources (see 
vann der Kli s 2000 for a review). Of course, since the QPOs in the neutron star sources are 
oftenn observed in pairs, only one (if any) of those two QPOs can have the same origin as 
thee QPOs in black hole sources, which until now have always appeared as single peaks. It 
is,, however, not clear which of the two QPOs that would be; both the lower and upper kHz 
QPOO have Q-values and rms energy spectra that are consistent with those of the QPO in XTE 
J1550-564.. The frequency ranges in which the high frequency QPOs are observed are 102-
2844 Hz for the QPO in XTE J1550-564, 200-1070 Hz for the lower kHz QPO, and 325-1330 
forr the upper kHz QPO in the neutron stars. Here we combined the kHz QPO data for all 
neutronn star sources in van der Klis (2000). Although the lower and upper kHz QPOs cover a 
frequencyy range of a factor of 5.4 and 4.1, respectively, the values for individual neutron star 
sourcess are more like that found for XTE J1550-564 (~2.8). 

Althoughh the high frequency QPO in XTE J1550-564 has parameters that are consistent 
withh those of both the lower and upper kHz QPO (within a simple orbital frequency model), 
aa major difference between XTE J1550-564 and the neutron star sources is the fact that the 
latterr often show two high frequency QPOs. However, this could be explained if one of the 
twoo kHz QPOs in the neutron star sources is due to a mechanism that requires the presence of 
aa solid surface. 

Loww frequency QPOs 

Onn all the hard branches, except branch V, QPOs were found with frequencies between 1 and 
188 Hz. Due to the low count rates the quality of the power spectra on branch V was poor, 
andd the presence of QPOs could therefore not be ruled out. The frequencies of the QPOs 
weree not constant, as can be seen from Figure 8.14 (showing the QPOs found on branch 
II) ,, but it is not immediately clear from that figure how the frequency of the low frequency 
QPOss (VLF) depended on the hard color (which is a good measure of the distance along the 
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branch).. Although the figure is suggestive of a positive correlation, especially for HC<0.015, 
thee behavior of the low frequency QPOs during the rise of the first part of the outburst of 
XTEE J1550-564 (anticorrelation with hardness; Cui et al. 1999) and the correlation found 
betweenn the low and high frequency QPOs (see below, and Figure 8.22) lead us to believe that 
hardd color and frequency were anticorrelated, and that the frequencies of both the high and 
loww frequency QPOs decreased as the source moved up branch n. This contradicts the switch 
fromm a correlation into anticorrelation when the hard color passes a certain value, that was 
reportedd by Rutledge et al. (1999) for other black hole candidates. We want to stress again 
thatt the fact that several harmonics were present and that not always the same harmonic was 
thee strongest one, can easily lead to confusion. On the other hard branches not enough QPOs 
weree observed to confirm the anticorrelation with hardness. 

Itt was usually the QPO that happened to be located between 5 and 8 Hz that was the 
strongestt in the 2-60 keV power spectra of branch n, even though it could be identified with 
differentt harmonic components (as can be seen from Figures 8.14 and 8.22). Perhaps vari-
ationss within that frequency range are less prone to damping than outside, or a resonance 
occurs.. The shoulder component that was present at a frequency of 1.25 times that of the 
5-88 Hz type B QPOs, has been found before in QPOs in other black hole candidates like GS 
1124-681124-68 and GX 339-4 (Belloni et al. 1997), but recently also in the 20-50 Hz QPOs in the 
neutronn star system GX 340+0 (Jonker et al. 2000). 

Figuress 8.14 and 8.22 seem to indicate that the low frequency QPOs evolve from type 
AA via type B into type C, and vice versa. On branch II the type A QPOs were located at 
thee bottom of the branch, and those of type B and C further along it. This was also seen on 
branchh HI for type A and B (Figs. 8.23 and 8.24), and to certain extent also on branch I, 
wheree indications for type B-like QPOs were found at a similar hardness as where they were 
foundd on branch II (Fig. 8.7). No direct transitions between type A and B were seen, so it 
iss not known whether such transitions are smooth or abrupt. In the MJD 51254 observation 
aa jump in the count rate was accompanied by a change in the power spectrum that may have 
beenn a transition from type C to B. This suggests that the transitions between the different 
typess are quite sudden. Apart from the difference in spectral hardness at which type A and 
BB occurred, it is clear that there are at least two other fundamental differences between the 
twoo types. First there is the difference in the Q-value, which is higher in type B. This might 
alsoo explain why more harmonics are detected in the type B power spectra, since narrower 
featuress are easier to identify. Second, there is the difference in time lag spectra (Wijnands 
ett al. 1999), which can not be reconciled even when one compares the time lags of similar 
harmonicss (i.e., the type A-I 12 Hz QPO and the type B 6 Hz QPO, which in our view are 
supposedd to be the same harmonic, still have opposite signs for their time lags). As mentioned 
alreadyy in Section 8.4.3 the type A QPOs were divided in two types, A-I and A-II . Figure 8.14 
showss that type A-II QPOs (triangles) were found both at higher and lower hardness than type 
A-II  (circles). The A-II subtype should therefore be regarded as a collective rather than a real 
type.. The two filled triangles (HC~0.012) can be identified with second harmonics and are 
forr that reason different from the A-I observations, where the fundamental was the dominant 
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harmonic.. The nature of the two observations represented by the open triangles in Figure 8.14 
remainss uncertain; their frequency is lower than expected on the basis of their hardness and in 
onee case an additional broad bump was observed in the power spectrum. 

Wee found that the frequencies of the high frequency QPOs and low frequency QPOs that 
weree detected simultaneously are well correlated (Fig. 8.22); it is mainly on the basis of 
thiss that we conclude that the different types (A, B, and C) of low frequency QPOs have 
thee same origin. Similar correlations have also been found for the low and high frequency 
QPOss in a number of neutron star source (e.g. van der Klis et al. 1996, 1997; Wijnands 
ett al. 1997; Jonker et al. 1998; Ford & van der Kli s 1998; Psaltis et al. 1999b; Markwardt 
ett al. 1999) and in neutron star and black hole sources for QPOs and broad noise components 
(Psaltiss et al. 1999a). The main correlation that was found for the neutron star and black hole 
sourcess extended over a frequency range of 0.1-1200 Hz, and was consistent with the relation 
VLFVLF = (42  3)(vHF/500HZ)°  '6, that was found in the neutron star Z sources (Psaltis 
ett al. 1999b,a). A second correlation was present in Figure 2 of Psaltis et al. (1999a) that was 
fittedfitted with vLF = 2.09 x 10-3(v„ f )

1 46 by Di Salvo et al. (2001) for data of 4U 1728-34. Both 
relationss are plotted in Figure 8.22 (dashed and dotted lines, respectively), and are apparently 
nott consistent with the data of XTE J1550-564. 

Thee fact that the data in Figure 8.22 are well fitted with four linear relations that do not 
passs through the origin excludes models in which \LF and VHF are related by a simple power 
laww expression. The four linear fits to the data in Figure 8.22 cross each odier at VLF ~ 0 HZ 
andd \HF ~ 75 Hz. 

Loww frequency QPOs were also found on the soft branch (15.6 Hz) and in the high state 
flaress (17.9 Hz). They were much weaker than the low frequency QPOs found on the hard 
branchess and had a rather high Q-value (~10). Their frequency was apparently correlated 
withh hard color (assuming that we observed the same harmonical component), unlike that of 
thee hard branch QPOs. The above suggests that the 15.6 Hz and 17.9 Hz QPOs may have a 
differentt origin than the type A, B and C QPOs, and it may also explain why the only 18 Hz 
QPOO (MJD 51239) reported by Sobczak et al. (2000b) did not follow the relation between 
QPOO properties and the spectral parameters seen on the hard branches. On the other hand, 
theree some clues that do suggest a relation with the type A, B, and C QPOs: when their values 
wouldd be plotted in Figure 8.14 they would lie close to the extrapolation of a line through the 
filledfilled symbols. Moreover, the 15.6 Hz and the 17.9 Hz QPO both fall on the empirical relation 
foundd by Wijnands & van der Klis (1999) for the low frequency QPO and break frequency 
foundd in many types of X-ray binaries, including black holes. Hence, it is not clear whether 
thesee QPO really have a different origin than the A, B, and C type QPOs, or that they only have 
appearr to be different because the hard spectral component is so much weaker. The properties 
off  the 16-18 Hz QPO are in fact remarkably similar to those of the 14-23 Hz QPO in GRO 
J1655-40,, studied by Sobczak et al. (2000b); the similarity extends to the frequency at which 
theyy are found, their amplitude, and their relation with the disk spectral parameters. Note 
thee apparent switch from a correlation of QPO frequency with hardness (15.6 Hz and 17.9 
Hzz QPOs) to an anticorrelation (A, B and C types) is probably not related the one reported 
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byy Rutledge et al. (1999, see above). They did not find QPOs in such spectrally soft states. 
Moreover,, the frequencies of the 15.6/17.9 Hz QPOs are still well above that of most A, B, 
andd C type QPOs. 

Thee range over which the fundamental of the low frequency QPOs is observed in XTE 
J1550-5644 is 0.1 Hz to 6 Hz (which includes the QPOs reported by Cui et al. (1998), but not 
thee 16-18 Hz QPOs discussed in the previous paragraph). Using the expression for the lowest 
linee in Figure 8.22, VHF = 38.1 (VLF 4-1.61), and assuming that the high frequency QPO is due 
too orbital motion at inner disc radius (/?,-„), VHF ^Rjn , one can estimate the corresponding 
changess in the inner disc radius. For the low frequency QPO changing from 0.1 to 6 Hz we 
findfind a decrease in Rt„  by a factor 2.6, which is comparable to what was found by di Matteo 
&&  Psaltis (1999) for other black hole systems. However, their relation between /?,„  and VLF 
wass based on the empirical relation between \u? and VHF found for neutron star sources by 
Psaltiss et al. (1999a). Using the relation of di Matteo & Psaltis (1999) we find a decrease in 
Ri„Ri„  by factor ~4.2. Both numbers suggest that the inner radius changes are rather small when 
aa black hole changes from a hard state (where the 0.1 Hz QPO was observed) to a much softer 
statee (where the 6 Hz QPO was observed). It should be noted that these changes may in fact 
bee somewhat larger if the 15.6/17.9 Hz QPO turns out to be related to the A, B, and C type 
QPOs,, and/or if the lowest peak in the Cui et al. (1998) power spectra is not the fundamental, 
butt a higher harmonic. 

Theree are two types of low frequency QPOs in the neutron star Z sources (Hasinger & 
vann der Kli s 1989) that may be compared with the low frequency QPOs in XTE J1550-
5644 (and other black hole candidates): these are the horizontal branch QPOs (HBO) and the 
normall  branch QPOs (NBO) (see van der Kli s 1995a for a review). Similar QPOs have also 
beenn found in a number of neutron star atoll sources. Of the two QPO types in Z sources 
itt is the HBO that bears most resemblance to the QPOs in XTE J1550-564. Unlike NBOs, 
HBOss have a strong harmonic content; e.g., in GX 340+0 the HBOs could be fitted with 
threee harmonically related peaks (1st, 2nd and 4th) plus a shoulder component for the second 
harmonicc (Jonker et al. 2000), similar to the type B QPOs in XTE J1550-564. HBOs are 
foundd in the 15-60 Hz range, and their frequency changes smoothly; NBOs are found in 
thee 6-20 Hz range, but their frequency changes are strongly related to sudden spectral/state 
changes.. Although the 6-20 Hz range of the NBOs is closer to the values we found for the 
loww frequency QPOs in XTE J1550-564, it should be noted that if one scales the frequency 
off  those low frequency QPOs with a factor ~5 (which is maximum vupper in the neutron star 
sourcess divided by the maximum VHF in XTE J1550-564), one gets values that are similar to 
thosee found for the HBO. Another indication that the QPOs in XTE J1550-564 are related to 
thee HBOs (at least to the HBOs in the Z source GX 17+2, see Di Salvo et al. 2000; J. Homan 
ett al. 2001, in preparation) is the fact that they are both observed when a hard power law tail is 
presentt in the energy spectrum, and that both show an anticorrelation between their frequency 
andd the strength of this high energy component. Finally we note that the HBO in Z sources 
iss accompanied by a low frequency noise component that becomes stronger when the HBO 
frequencyy decreases, which is similar to what is observed in XTE J1550-564, where a strong 
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noisee componentt develops when the QPO frequency drops (see also figures in Cui et al. 1999 
andd Remillard et al. 1999a). 

Whenn comparing the properties of the 0.01-0.1 Hz noise in the high state flares with 
thosee in between the flares, we find that in the flares the noise was stronger, but had a softer 
fractionall  rms spectrum, whereas the overall X-ray spectrum of the source was harder. Though 
thiss might at first appear remarkable, it is in perfect agreement with the assumption that the 
extraa noise is associated with the hard power law component. A hard spectral component, 
withh associated noise that remains a constant fraction of it, in combination with a soft spectral 
componentt that remains unchanged, will lead to a softer fractional spectral dependence of the 
noisee when the hard component increases. 

Thee transition observed on MJD 51254 showed many similarities to the "dips" and "flip -
flops"flops" observed in GX 339 1̂ and GS 1124-68 (Miyamoto & Kitamoto 1991; Takizawa et al. 
1997),, although the time scale of the transition we observed (~100 s) is quite long compared 
too the transitions in these dips and flip-flops. Both showed a QPO in their upper count rate 
levell  (but not in their lower level), and a somewhat stronger noise in their lower count rate 
level.. Like in GX 339-4 and GS 1124-68 the transition occurred in a region in the CD where 
powerr law noise changes to band-limited noise. Also, the count rate differences (~10%) 
weree accompanied by relatively subtle spectral differences, showing that on these short time 
scaless spectral hardness and power spectral properties do not correlate as well as they do on 
longerr time scales. The transition probably originated in the accretion disc component; the 
frequencyy of the QPOs before and after the transition were different and indicate that the inner 
diskk radius had decreased a few percent. This change did apparently not affect the spectrum 
off  the disk component, since the soft color remained constant. The hard color on the other 
handd did change, but certainly not as dramatically as the count rate. A slow decrease in the 
hardd color started around the time of the transition maybe reflecting some kind of cooling of 
thee hard spectral component. 

8.77 Conclusions 

Ourr main conclusions are summarized as followed: 

1.. XTE J1550-564 was found to change between spectrally hard and soft states on time 
scaless of days to weeks. These transition took place at a more or less constant 2-60 keV 
countt rate level, and were found at count rate levels that differed by up to a factor 1000. 

2.. As the spectral hardness increased, both the spectral and variability properties changed 
fromm HS via IS to LS. We regard the VHS as an instance of the IS. 

3.. At least two physical parameters seem to be necessary to account for the behavior of 
XTEE J1550-564. These parameters vary to a large extent independently from each 
other.. One of these parameters is probably the mass accretion rate (through the disk). 
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Thee other parameter seems to determine the state of the source and may for instance be 
thee (relative) size of a Comptonizing region. 

4.. The inner disc radius, as inferred from variability properties, increases by a factor of 
3-44 as the source moves from the HS to the LS. 

5.. The properties of the QPOs (frequency, coherence and harmonic content) as well as the 
shapee and strength of the broad band noise (weak power law or strong band-limited) are 
welll  correlated with spectral hardness. 

6.. The frequencies of the low and high frequency QPOs correlated well with each other, 
butt in a way that is inconsistent with empirical relations found for the low and high 
frequencyy QPOs in neutron star systems. 
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RXTERXTE observations of the neutron star 
low-masss X-ray binary GX 17+2: correlated 
X-rayy spectral and timing behavior 

Jeroenn Homan, Michiel van der Klis, Peter G. Jonker, Rudy Wijnands, 
Erikk Kuulkers, Mariano Méndez, & Walter H. G. Lewin 

InIn preparation 

Abstract t 

Wee analyzed ~600 ks of Rossi X-ray Timing Explorer data of the neutron star low-mass 
X-rayy binary and Z source GX 17+2. A study was performed of the properties of the noise 
componentss and quasi-periodic oscillations (QPOs) as a function of the spectral properties, 
withh the main goal to study the relation between the frequencies of the horizontal branch and 
upperr kHz QPOs. It was found that when the upper kHz QPO frequency is below 1030 Hz, , 
itt correlates with the HBO frequency, whereas above 1030 Hz they anti-correlate. GX 17+2 
iss the first source in which this is observed. We also found that the frequency difference of 
thee high frequency QPOs was not constant. Observations of the normal branch oscillations 
duringg two type I X-ray bursts showed that their absolute amplitude decreased as the flux from 
thee neutron star became stronger. We discuss these and other findings in terms of models that 
havee been proposed for these phenomena. 

9.11 Introductio n 
Basedd on their spectral and variability properties, six of the persistently bright neutron star 
low-masss X-ray binaries (LMXBs) were classified as Z sources (Hasinger & van der Kli s 
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1989),, after the Z-like tracks they trace out in X-ray color-color (CDs) and hardness intensity 
diagramss (HIDs). These sources are GX 17+2, Cyg X-2, GX 5-1, GX 340+0, Sco X-l , 
andd GX 349+2. The Z-like tracks consist of three branches, which, from top to bottom, are 
referredd to as the horizontal branch (HB), the normal branch (NB), and the flaring branch (FB). 
Soo far, GX 349+2 is only found on the NB and FB, whereas the other Z sources show all three 
branches.. It is generally believed that the parameter that determines the position along the 
ZZ track is the mass accretion rate, increasing from the HB to the FB. In addition to spectral 
changess along the Z-track, some of the Z sources show long term changes in the shape and 
positionn of the Z-track in the CD and HID. These secular changes, as they are referred to, are 
clearlyy observed in Cyg X-2 (Kuulkers et al. 1996; Wijnands et al. 1997b), GX 5-1 (Kuulkers 
ett al. 1994), and GX 340+0 (Kuulkers & van der Kli s 1996) (the Cyg-like sources; the other Z 
sourcess are referred to as the Sco-like sources), and more recently also in GX 17+2 (Wijnands 
ett al. 1997a). It has been suggested that they are related to the relatively high inclination at 
whichh these sources are seen (Kuulkers et al. 1994; Kuulkers & van der Kli s 1995), or to a 
higherr magnetic field strength of the neutron stars (Psaltis et al. 1995). 

Thee power spectra of the Z sources show several types of quasi-periodic oscillations 
(QPOs)) and noise components (see van der Kli s 1995a, for a review). It was found that 
theirr presence and properties are very well correlated with the position of the source along 
thee Z track (Hasinger & van der Klis 1989), even when the Z-tracks show secular changes 
(e.g.. Kuulkers et al. 1994). Three types of low frequency (<100 Hz) QPOs are seen in the 
ZZ sources: the horizontal branch (HBOs), normal branch (NBOs) and flaring branch QPOs 
(FBOs).. Their names derive from the branches on which they were originally found. The 
HBOO is found on the HB and NB with a frequency (15-60 Hz) that gradually increases along 
thee HB towards the NB. When the sources move from the HB onto the NB the frequency 
increasee flattens off. In GX 17+2 and Cyg X-2 it was found that when the source passes a 
certainn point on the NB, the HBO frequency starts to decrease (Wijnands et al. 1996, 1997b). 
Thee NBO and FBO are most likely the same phenomenon. They are found on the NB and FB 
(nearr the NB/FB vertex) but not on the HB. On the NB the QPO has a frequency of ~5-7 Hz, 
whichh rapidly increases to ~20 Hz when the source moves across the NB/FB vertex (Pried-
horskyy et al. 1986; Dieters & van der Kli s 2000). In recent years two types of high frequency 
(orr kHz) QPO were found in the Z sources (van der Kli s et al. 1996; Wijnands et al. 1997a, 
1998a,b;; Jonker et al. 1998; Zhang et al. 1998, see van der Kli s 2000, for a review). They 
havee frequencies between 215 Hz and 1130 Hz, which increase from the HB to the NB. The 
twoo QPOs are often observed simultaneously, with a frequency difference of ~300 Hz. In 
Scoo X-l this frequency difference was found to decrease with increasing QPO frequency (van 
derr Kli s et al. 1997b). The frequency difference in the other Z sources is both consistent with 
thee behavior seen in Sco X-l and with being constant (Wijnands et al. 1997a; Jonker et al. 
1998;; Psaltis et al. 1998). Three types of noise are seen in die Z sources. They are the very 
loww frequency noise (VLFN), the low frequency noise (LFN), and the high frequency noise 
(HFN).. The VLFN and HFN are found on all branches, whereas the LFN is only observed on 
thee HB and NB. The VLFN, which is found at frequencies below 1 Hz, can be described by a 
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powerr law. The HFN and LFN are both band limited components, with cutoff frequencies of, 
respectively,, 10-100 Hz, and 2-10 Hz. 

Manyy competing models have been proposed for the origin of the QPOs and noise com-
ponents.. It is beyond the scope of this introduction to mention these models in detail - most 
off  them will be discussed in Section 9.4. 

Inn this paper we present a study, based on data acquired with the Rossi X-ray Timing Ex-
plorerplorer (RXTE), of the correlated spectral and variability properties of the Z source GX 17+2. 
Itt is a continuation of the workk by Wijnands et al. (1996,1997a). The current paper constitutes 
thee first report on the very large observing campaign of 1999, which more than doubled the 
totall  coverage of the source. This campaign was undertaken with the express purpose of in-
vestigatingg if a non-monotonic relation exists between the frequency of the kHz QPOs and the 
HBOO in GX 17+2. Section 9.2 deals with the observations and analysis. The spectral results 
aree presented in Section 9.3.1 and the results for each power spectral component in Sections 
9.3.22 and 9.3.3. A number of qualitatively new results is found in our greatly expanded data 
set.. In particular, we find that when the upper kHz QPO frequency is below 1030 Hz, it cor-
relatess with the HBO frequency, whereas above 1030 Hz they anti-correlate. We also find 
thatt kHz QPO frequency difference is not constant and that the Q values of the HBO and kHz 
QPOss cannot be explained by life time broadening. These and other results are compared to 
observationss of other Z sources and discussed in terms of current models in Section 9.4. 

9.22 Observations and Analysis 

Thee data used for the analysis in this paper were all obtained with the Proportional Counter 
Arrayy (PCA, Jahoda et al. (1996)) on board RXTE (Bradt et al. 1993). The PCA consists 
off  five xenon filled proportional counter units (PCUs), each with an effective area of ~1250 
cm22 (at 10 keV). Although the five PCUs are in principle identical they all have a slightly 
differentt energy response. These responses change continuously due to slow processes such 
ass gas leakage and the aging of the electrodes. In addition, the high voltage settings of the 
instrumentss are occasionally altered (gain changes), resulting in rather more drastic changes 
inn the detector response. These changes have been applied three times during the life time of 
RXTERXTE thereby defining four gain epochs. Occasionally one or more PCUs are not operational. 
Theyy can be switched off by an internal safety mechanism, or by the ground control crew, for 
reasonss of detector preservation. Therefore, the number of active detectors varies between the 
observations. . 

Al ll  our RXTE/PCA observations of GX17+2 were done between 1997 February 2 and 
20000 March 31. A log of the observations is given in Table 9.1. We do not include the 
observationss done in February 1996, which were used by Wijnands et al. (1996). The reasons 
forr this are the limited time resolution in the energy range of interest, difficulties with scaling 
thee Sz due to an incomplete Z track, and the relatively small amount of data (~60 ks). Data 
takenn during satellite slews and Earth occultations were removed, as were the nine type IX -
rayy bursts that were observed; they are the subject of a separate article by Kuulkers (2001). 
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Beginn Time (UTC) 
1997-02-022 19:13 
1997-04-011 19:13 
1997-07-277 02:13 
1998-08-077 06:40 
1998-11-188 06:42 
1999-10-033 02:43 
2000-03-311 12:15 

Endd Time (UTC) 
1997-02-277 03:34 
1997-04-044 23:26 
1997-07-288 00:33 
1998-08-088 23:40 
1998-11-200 13:31 
1999-10-122 07:05 
2000-03-311 16:31 

Totall  (ks) 
58.7 7 
34.6 6 
42.9 9 
71.0 0 
86.0 0 
297.6 6 
6.9 9 

Modes0 0 

33 or 4,5,6,9 
4,5,6,9 9 
4,5,6,9 9 
4,5,8 8 

4,5(,7),8 8 
10,11,12 2 
10,11,12 2 

Gainn Epoch 
3 3 
3 3 
3 3 
3 3 
3 3 
4 4 
4 4 

aa Modes in addition to the Standard 1 and Standard 2 modes. See Table 9.2 for modes. 

Tablee 9.1: A log of all RXTE/PCA observations used in this paper. Mode 7 was not always 
activee during the November 1998 observations. Note that none of the observations represents 
ann uninterrupted interval. Each is a collection of observations that were done around the same 
time.. These observations were separated in time from each other for various reasons, such as 
Earthh occultations, passages of the South Atlantic Anomaly, or observations of other sources. 

Thee total amount of good data that remained was ~600 ks. 
Dataa were collected in several modes with different time and spectral resolutions. Two of 

thesee modes, 'Standard 1' and 'Standard 2', were always operational. These modes have time 
resolutionss of, respectively, 1/8 s and 16 s, and the numbers of energy channels in the 2-60 
keVV range are, respectively, 1 and 129. In addition to these two modes, other modes were 
activee that varied between the observations. Their properties are given in Table 9.2. 

Thee Standard 2 data were used to perform a spectral analysis. The data were background 
subtracted,, but no dead time corrections were applied; these were in the order of 2-5%. Al-
thoughh dead time is intrinsically independent of energy, by not correcting for it the spectral 
propertiess are affected. The reason for this is that the model background is relatively too high 
comparedd to the total (not dead time corrected) count rate. The effects for this are strongest at 
highh energies, where the source contribution is lowest and the background is strongest. As a 
resultt the spectrum becomes a bit softer; however, the changes in the soft and hard color are 
inn the order of only 10_3% and 0.1%, respectively, much less than the errors due to counting 
statistics.. In any case, we are usually not interested in the absolute values of the colors, but 
merelyy in using them as a tool to study the variability. 

Forr each 16 s data segment (i.e. the intrinsic resolution of the Standard 2 mode) we defined 
twoo colors, which are the ratios of count rates in two different energy bands, and an intensity, 
whichh is simply the count rate in one energy band. The energy bands used for the colors (soft 
andd hard color) and intensity, are given in Table 9.3. The lower energy boundaries for the 
softt color and intensity were chosen relatively high in order to avoid to the lowest and least 
reliablee energy channels. By plotting the two colors against each other a color-color diagram 
(CD)) was produced. A hardness-intensity diagram (HID) was produced by plotting the hard 
colorr against the intensity. To produce the CDs and HIDs we only used data obtained with 
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Mode e 
1 1 
2 2 

3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10 0 
11 1 
12 2 

Name e 
Standardd 1 
Standardd 2 

E_8us-8A_0_ls s 
SB_125us_0_13_ls s 
SBJ25us_14_17_ls s 
SB_125us_18_23_ls s 
SB_125us_18_249_ls s 
E_16us_64M_18_ls s 
SB_125usJ24_249_ls s 

SB_125us_0_13_ls s 
SB_125us_14_17_ls s 
E_16us_64M_18_ls s 

Timee Resolution (s) 
2"3 3 

24 4 

2-17 7 

2-13 3 
2-13 3 
2-13 3 
2-13 3 
2~16 6 
2-13 3 

2-13 3 

2-13 3 

2 - i 6 6 

Energyy range (keV) 
2-60 0 
2-60 0 

2-60 0 
2-5.1 1 

5.1-6.6 6 
6.6-8.7 7 
6.6-60 0 
6.6-60 0 
8.7-60 0 

2-5.8 8 
5.8-7.5 5 
7.5-60 0 

Energyy channels 
1 1 

129 9 

8 8 
1 1 
1 1 
1 1 
1 1 

64 4 
1 1 

1 1 
1 1 

64 4 

Tablee 9.2: Names and settings of the data modes that were used in our analysis. The lower 
andd upper energy boundaries of the PCA energy sensitivity range are given as 2 and 60 keV, 
althoughh they changed between (and also slightly during) the different gain epochs. 

thosee PCUs that (for each gain epoch) were always on. For gain epoch 3 these were PCUs 0, 
11 and 2, and for gain epoch 4 PCUs 0 and 2. Due to the different numbers of detectors and 
thee differences in the detector settings we decided to produce the CDs and HIDs separately 
forr the two gain epochs. However, in choosing the energy channels we tried to take channels 
whosee energy boundaries were as close a possible. 

Duee to the aging processes mentioned earlier, observations with the same source spectrum 
thatt are made more than a few weeks apart end up at a different location in the CD. To correct 
forr this effect we analyzed a number oiRXTEIVCK observations of the Crab pulsar (which is 
assumedd to have a constant spectrum, see also Kuulkers et al. 1994) that were taken around the 
timee of our GX 17+2 observations. For all Crab observations we produced the colors in the 
samee energy bands as we used for GX 17+2. We found that the observed colors of the Crab 
indeedd changed. For each observation we calculated multiplicative scaling factors, for both 
colors,, with respect to those of the first Crab observation. We used these factors to scale the 
colorss of the GX 17+2 observations back to those of the first GX 17+2 observation, assuming 
thatt the differences in the spectra of the Crab and GX 17+2 do not lead to very different 
scalingg factors. This procedure could only be applied to die epoch 3 observations, where, as 
expected,, we found it to result in a narrower track in the CD. No corrections were applied for 
thee intensity. Since no Crab observations were available for the March 2000 observations, no 
correctionss could be applied to epoch 4 data. 

Ourr power spectral analysis was based on selecting observations as a function of the po-
sitionn along the Z track in the CD. We used a method that is based on the 'rank number' and 
'S'Szz'' parameterization methods introduced by Hasinger et al. (1990) and Hertz et al. (1992), 
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Gainn Epoch Soft Color Hard Color Intensity 
(Channels)) (keV) (Channels) (keV) (Channels) (keV) 

33 10-16/5-9 4.8-7.3/3.0-4.8 26-50/17-25 10.5-19.7/7.3-10.5 5-50 3.0-19.7 
44 8-13/4-7 4.6-7.1/2.9-4.6 22^*2/14-21 10.5-19.6/7.1-10.5 4-42 2.9-19.6 

Tablee 9.3: Channel and energy boundaries of the soft and hard colors and the intensity used for 
thee spectral analysis. The channel numbers refer to the Standard two mode channels (1-129). 

andd that has been gradually refined in similar studies (Kuulkers et al. 1994; Kuulkers & van 
derr Klis 1996; Kuulkers et al. 1997; Wijnands et al. 1997b; Dieters & van der Kli s 2000). In 
thiss method in its current form, all points in the CD are projected onto a bicubic spline (see 
Presss et al. 1992) whose normal points are placed by hand in the middle of the Z track (see 
Figuree 9.1). The HB/NB and NB/FB vertices are given the values Sz=l  and Sz=2, respectively. 
Thee rest of the Z track is scaled according to the length of the NB. Problems arise when sharp 
curvess are present in the track, in our study most notably around the NB/FB vertex. Due to 
scatter,, points that have FB properties end up on the NB and vice versa. This is not a problem 
thatt is only intrinsic to the Sz parameterization; it is a limitation that applies to all selection 
methodss based on colors. No observable parameter, apart from the power spectra, has been 
identifiedd that could be used to distinguish NB and FB observations around the vertex better 
thann the X-ray colors. 

Inn order to improve on the results of Wijnands et al. (1997a) we wished to combine the 
epochh 3 and epoch 4 data sets. Unfortunately, the tracks traced out in the CDs for epoch 3 
andd 4 are not the same and two different splines had to be used for the Sz parameterization. 
Sincee the normal points for these splines were drawn by hand, the Sz scales for the epoch 3 
andd epoch 4 CDs were unlikely to be exactly the same. Therefore, we first transformed the Sz 

scalee of epoch 4 to that of epoch 3. To accomplish this, we measured the frequency of either 
thee HBO or NBO at several places along the Z track of epoch 3, and determined the Sz interval 
correspondingg to the same frequency in the epoch 4 data. The results are shown in Figure 9.2. 
Wee found that Sz,epoch4 = (0.06 ) + (1.005 z,epocA3, showing that, although 
thee scales are the same (within the errors), a small shift is present. We subsequently scaled 
thee Sz values of epoch 4 using the above expression. The above scaling method assumes that 
thee HBO and NBO frequencies are strongly related to Sz. Previous studies of Z sources (see 
e.g.. Kuulkers et al. 1997; Wijnands et al. 1997a; Jonker et al. 2000b; Dieters & van der Kli s 
2000),, as well as the fact that only littl e scatter is present around the linear relation in Figure 
9.22 seems to confirm this. 

Powerr spectra were created from the data in modes with high time resolution (< 2~l3s; 
seee Table 9.2) using standard Fast Fourier Transform techniques (see van der Klis 1989, and 
referencess therein). The data were not background subtracted and no dead time corrections 
weree applied prior to the Fourier transformations. We made power spectra in several energy 
bands,, with several frequency resolutions and Nyquist frequencies. We finally settled on 
0.0625^0966 Hz power spectra in the 5.1-60 keV (epoch 3) and 5.8-60 keV (epoch 4) bands, 
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Figuree 9.1: Color-color diagrams (left column) and Hardness-Intensity diagrams (right col-
umn)) for the epoch 3 (top) and epoch 4 data (bottom). Each point represent a 16 s average. 
Thee splines and vertices (white circles) that were used for the Sz parameterization are shown, 
ass are the typical error bars. See Table 9.3 for the energy bands used for the soft and hard 
colorr and intensity. 
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Figuree 9.2: 5Z selections with similar HBO or NBO/FBO frequencies for epoch 3 and epoch 
4.. The best linear relation between the two scales is S êpoch4 = (0.06  0.04) + (1.005
0.018)5;,.ep0chi-- The errors are the widths of the Sz selections. 

sincee the QPOs were most significantly detected in that band. This choice of frequency range 
meanss that the properties of the VLFN, which dominates the power spectrum below 0.1 Hz, 
couldd not always be measured satisfactorily, but it does allow to follow the power spectral 
evolutionn on time scales down to 16 s. Note that the power spectra of epoch 4 were produced 
inn a slightly higher energy band than those of epoch 3. Due to the gain changes and the limited 
choicee of energy channels this was the best possible match. 

Thee power spectra were selected on the basis of Sz, as determined from the CD. The Sz 

selectionss usually had a width of 0.1 and did not overlap - no power spectrum was represented 
inn more than one ^-selection. Different widths were used in cases where the power spectrum 
changedd rapidly as a function of Sz (narrower selections) or when the powers were weak 
(widerr selections). All the power spectra in a selection were averaged, and the resulting power 
spectrumm was rms normalized according to a procedure described in van der Klis (1995b). 

selected,, value of 

Thee properties of the power spectra were quantified by fitting functional forms to them. 
Thee low frequency (0.0625-256 Hz) and high frequency (100-4096 Hz) parts of the power 
spectrumm were fitted separately. The high frequency part was fitted with one or two Lorentzians 
(forr the kHz QPOs) and with the function P(v) = Pi + P2COS(2TW/VN) +P3cos(4irv/vN) for 
thee dead time modified Poisson level (Zhang 1995; Zhang et al. 1995); no separate term was 
usedd for the contribution by the Very Large Events (VLE) count rate since it was absorbed by 
thiss fit  function. At low frequencies the noise that was present could not be fitted consistently, 

11 1 1 i i r 
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andd varying combinations of Junctionals had to be used: 

•• Sz<0.0: A Lorentzian (LFN+VLFN) 

•• 5^=0.0-0.1: A cut-off power law (LFN+VLFN) 

•• Sz=0.1-1.4: A power law (VLFN) and a cut-off power law (LFN) 

•• Sz=1.4-1.6: A power law (VLFN) and a Lorentzian (LFN+NBO) 

•• Sz=  1.6-5.0: A power law (VLFN) and a Lorentzian (LFN) 

•• Sz>5.0: A power law (VLFN) 

Thee expression for a power law is P(v) <* v _ a , that for a cut-off power law is P(v) « 
vv-a-aee~v/v~v/vcutcut (where vcut is the cut-off frequency), and for a Lorentzian P(v) <* l/[(v - v c ) 2 + 
(FWHM/2)(FWHM/2)22]]  (where vc is the centroid frequency and FWHM is the full-width-at-half-
maximum).. The HBO, its harmonic and the NBO/FBO were each fitted with a Lorentzian. 
Beloww the HBO, at about half its frequency, a broad bump was present that was also fitted 
withh a Lorentzian, whose frequency was sometimes fixed to zero. The dead time modified 
Poissonn level was fitted with a constant. 

Notee that changes in the fit function, such as using a cut-off power law instead of a 
Lorentziann or adding an extra component, may lead to changes in the values of other pa
rameters.. Errors on the fit parameters were determined using A%2 = 1. Upper limits were 
determinedd by fixing some or all of the parameters of a component, except the rms ampli
tude,, to values similar to those obtained in the closest Sz selection where it was found to be 
significant,, leaving all other fit parameters free, and using Ax2 = 2.71 (95% confidence). 

AA study of the energy dependence and time lag properties of the QPOs and noise compo
nentss will be presented elsewhere. 

9.33 Results 

9.3.11 Spectral behavior 

Thee CDs and HIDs of both epochs are shown in Figure 9.1. In both CDs the HB/NB vertex is 
nott well defined, since the HB is almost a continuation of the NB. This is mainly due to the 
relativelyy high energies that we chose for our soft color (see Section 9.2). At lower energies 
thee turn-over is much clearer. In Figure 9.3 we show the count rate in several energy bands as 
aa function of Sz, for epoch 4. It shows that the HB/NB vertex in the HID is entirely due to the 
countt rates at low energies. At high energies the HB is a perfect continuation of the NB, and 
noo vertex is present. 

Inn the HID of epoch 3 the Z track appears to be segmented, which was already noted by 
Wijnandss et al. (1997a). Although no corrections for the slow aging processes were applied 

133 3 



CHAPTERR 9 

2.9-20.11 keV 

14.8-20.11 keV 

Figuree 9.3: The count rate in three energy bands as a function of Sz (epoch 4 data only). 
Thee HB/NB vertex in the 2.9-20.1 keV band (a) is caused by the contribution from the low 
energiess (b). This vertex does not show up at high energies (c). 
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Figuree 9.4: 7bp: The average speed along the Z track ((Vz)). Bottom: the percentage of the 
timee spent in each 5z-interval as a function of Sz. 

too the intensity in this HID, we note that they would only have made the segmentation more 
apparent.. The shifts in the HID might be due to the secular motion that has been observed 
inn other Z sources. The shifts, of up to ~5% in intensity, do not show up in the CD. This is 
becausee colors are ratios of intensities and are therefore not very sensitive to overall intensity 
changes;; exactly for this reason CDs are preferable over HIDs for our purpose. Moreover, the 
widthh of the tracks in the CD is about 5%, so changes smaller than this are hard to observe. 

Thee bottom panel of Figure 9.4 shows the distribution of the time spent by the source in 
eachh part of the Z track. The sourcee spent 28% of the time on the HB (Sz < 1), 44.2% on the NB 
(1<5Z<2),, and 27.8% on the FB (5Z>2). The average speed along the Z track as a function 
off SZ((VZ)) is shown in the top panel of Figure 9.4. The speed at a given Sz(i) is defined as 
VVzz(i)(i)  = \Sz(i + 1) — Sz(i— l)|/32 (see also Wijnands et al. 1997b), where i is used to number 
thee points in order of time. As expected the (Vz) increases considerably when the source enters 
thee FB, but it also increases at the top of the HB. Combined with the small amount of time 
spentt in the upper HB we can conclude that the source reaches to Sz values this low only in 
brief,, quick dashes. 

Forr a more detailed analysis of the spectral changes as a function of the position along the 
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Frequencyy (Hz) 

Figuree 9.5: Power spectra (0.0625-256 Hz) for nine different Sz selections. The Poisson 
levell  was subtracted for all power spectra. The most important power spectral features are 
indicated. . 

ZZ track in GX 17+2 we refer to 0' Brien et al. (2001, in preparation). 

9.3.22 Power spectra 

Loww Frequency QPOs and Noise Components 

Figuree 9.5 shows the low frequency part (0.0625-256 Hz) of the power spectrum for nine 
differentt Sz selections. The power spectra shown in Figure 9.5 are selected from epoch 3 and 
epochh 4 and are therefore a combination of 5.1-60 keV and 5.8-60 keV data. The percentage 
off  epoch 3 and epoch 4 data varies between the S,-selections. The contribution of epoch 3 
dataa is highest at the extremes of the Sz range, reaching 100%, and gradually decreases from 
bothh ends to ~10% around Sz=\. 

Severall  components can be seen, which change in strength and shape as a function of Sz. 
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Component t 
LFN N 
HBOO (fund.) 
HBOO (2nd harm.) 
HBOO (sub-harm.) 
Upperr kHz QPO 
VLFN N 
Lowerr kHz QPO 
NBO O 
FBO O 

5z-range e 
-0.6-5.0 0 
-0.6-2.1 1 
-0.6-1.0 0 
-0.6-1.3 3 
-0.3-1.7 7 
0.3-5.5 5 
0.5-1.5 5 
1.6-2.1 1 
2.0-2.7 7 

Tablee 9.4: The nine different components in the combined epoch 3/epoch 4 power spectra, 
andd the 52-ranges in which they were detected. The components are listed in order of Sz 

appearance. . 

Thee different components are identified in Figure 9.5 and the Sz ranges in which they were 
detectedd are given in Table 9.4. The component identified as the sub-harmonic of the HBO is 
ratherr broad and does not have the appearance of a QPO. However, based on the frequency 
ratioss (see below) it is referred to as the sub-harmonic. 

Somee difficulties were experienced with fitting the low frequency part of the power spec-
trumm between SZ=IA  and Sz=l.6, where two or more components with similar frequencies 
weree simultaneously present. Above SZ=IA  the NBO appeared, as a broad feature on top of 
thee LFN. We were not able to distinguish the two components and decided to fit them together 
withh a single Lorentzian. The fit values are not used in figures and tables, since they do not 
representt any of the individual components. Above Sz=l.6, the NBO and LFN could be dis-
tinguishedd more easily. The fit function used for the LFN, which was underlying the NBO, 
wass changed to a Lorentzian to be more consistent with fits at higher Sz (fits with a cut-off 
powerr law gave equally good x%d at this Sz). 

Inn the following sections the results for each of the components will be presented. 

HBO O 

Thee HBO was detected between Sz=—0.6 and Sz=2.1 and its second harmonic between Sz=—0.6 
andd Sz=l.0. The second and third columns of Figure 9.6 show their rms amplitudes, FWHM 
andd frequencies as a function of Sz (see also Table 9.5). The frequency of the HBO increased 
fromm 21.3 Hz at Sz=-0.43 to 60.3 Hz at Sz-IA5 and then decreased to 48.5 Hz at Sz=2.04. 
Thee second harmonic of the HBO had a frequency that was on average 1.941 7 times 
thatt of the first harmonic, which is significantly different from the expected value of 2. A 
likelyy explanation for this discrepancy is proposed in Section 9.4.1. Between Sz=-0.6 and 
5Z=1.00 both the HBO and its second harmonic decreased in strength, with the decrease of the 
secondd harmonic occurring somewhat faster than that of the HBO. In that same Sz interval the 
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SSz z 

5 5 
4 4 
3 3 
3 3 
3 3 

3 3 
3 3 
3 3 
4 4 
4 4 
3 3 
3 3 
3 3 

0.855 3 
0.955 3 

3 3 
3 3 
3 3 
3 3 
4 4 
3 3 
4 4 
4 4 
4 4 
4 4 
4 4 

5 5 
6 6 
5 5 
5 5 
4 4 
4 4 

2.755 4 

Rmss (%) 

7 7 
6 6 
3 3 
3 3 

0 0 
4 4 
8 8 
7 7 
1 1 
1 1 
9 9 
0 0 

2.411 3 
2 2 
3 3 
7 7 
2 2 
2 2 
1 1 
2 2 

2 2 
4 4 
2 2 
2 2 
6 6 

2 2 

<1.2 2 

HBOO Fundamental 
FWHM(Hz) ) 

6 ^ ^ 

6.91H 6.91H 
4.11 9 

0 0 
9 9 
5 5 

6.11 6 
7 7 
5 5 
5 5 
5 5 
6 6 

9.11 9 
6 6 
3 3 
3 3 
0 0 

55 1+ 0 6 
DD--11 - 0 .3 

6 6 
2 2 

3 3 
3 3 
3 3 
3 3 
4 4 

»3 3 
99 (fixed) 

Frequencyy (Hz) 

8 8 
4 4 
2 2 
3 3 
2 2 
3 3 
4 4 
8 8 
5 5 
5 5 
4 4 
4 4 

2 2 
4 4 
7 7 
4 4 
3 3 
3 3 

60.111 7 
3 3 

56.7+0;8 8 

0 0 
0 0 
1 1 

50.11  1.2 
2 2 

466 (fixed) 

Rmss (%) 

4.55 7 
3 3 
2 2 

55 14+019 

2 2 
4 4 
3 3 
2 2 
2 2 

2.611 9 
2.411 8 

9 9 
1 1 
5 5 

2 2 
5 5 

<0.7 7 

HBOO 2nd Harmonic 
FWHM(Hz) ) 

Q+4 4 
v - 3 3 

7 7 
1 1 
4 4 
0 0 
9 9 
9 9 
2 2 
3 3 
2 2 
1 1 
5 5 
9 9 

3 3 
22+8 8 

155 (fixed) 
155 (fixed) 

Frequencyy (Hz) 

4 4 
5 5 
3 3 
4 4 
3 3 
2 2 
3 3 
4 4 
4 4 
4 4 

73.44 3 
5 5 
7 7 
9 9 

933 2 
1077 (fixed) 
1133 (fixed) 

Tablee 9.5: Fit results for the low frequency QPOs. 

138 8 



CORRELATEDD X-RAY SPECTRAL AND TIMIN G BEHAVIOR OF GX 17+2 

ssz z 
5 5 
4 4 
3 3 
3 3 
3 3 

3 3 
3 3 
3 3 
4 4 
4 4 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 

1.455 4 
3 3 
4 4 
4 4 
4 4 
4 4 
4 4 

5 5 
6 6 
5 5 
5 5 
4 4 
4 4 
4 4 

Rms(%) ) 

0 0 
4 4 
3 3 
2 2 

6.411 7 
9 9 

fifi  7+1 .8 

8 8 
^^  -Ï+1.8 

49+^ ^ 

4 4 
2 2 
3 3 
4 4 
4 4 

33 0+0-3 

22 7+"* 
5 , u-0 .3 3 
<2.6 6 

HBOO Sub-harmonic 
FWHM(Hz) ) 

2 7+ 15 5 
z / - 1 0 0 

6 6 
6 6 

24+* * 
191̂  ^ 

3 3 
4 4 
3 3 

321' ' 
3 3 
3 3 
3 3 
4 4 
5 5 
7 7 
7 7 
6 6 

5 7+ 17 7 
- " - 1 2 2 

4 4 

Frequencyy (Hz) 
00 (fixed) 
00 (fixed) 
00 (fixed) 
00 (fixed) 
00 (fixed) 

4 4 
2+ 3 3 
zz - 6 

3 3 
Q+2 2 
y - 8 8 

i 0 + 1 8 8 
l u - 4 .2 2 

5 5 
0 0 
0 0 
4 4 
3 3 
6 6 
6 6 

6 6 
3 3 

Rms(%) ) 

2 2 
1 1 
9 9 
2 2 

2 2 
8 8 
1 1 
7 7 
2 2 
8 8 
2 2 

1.811 4 
<1.8 8 

NBO O 
FWHM(Hz) ) 

7 7 
0 0 
1 1 

2.111 3 
4 4 

55 4+0-6 
4 4 

5.11 2 
8 8 

8.11 3 
7 7 
6 6 

4 4 
100 (fixed) 

Frequencyy (Hz) 

6 6 
4 4 

6.911 3 
2 2 
0 0 

ii  -l Q+0.6 

8 8 
6 6 
2 2 

2 2 
6 6 

23.11 9 
255 (fixed) 

Tablee 9.5: continued. Fit results for the low frequency QPOs. Note that the rms amplitude 
off  the sub-harmonic was determined between 0 and vc + FWHM, rather than between vc -
FWHMFWHM and vc + FWHM, when the FWHM was larger than the frequency. 
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HBOO subharmonic HBO HBO 2nd harmonic 

Figuree 9.6: Properties of the HBO (middle column), its second harmonic (right column), and 
sub-harmonicc (left column) as a function of Sz. For reasons of comparison the frequency of 
thee other two QPOs (gray) are also plotted in the frequency plot of each QPO. 

FWHMM of the HBO and its second harmonic were fairly constant (showing a slight increase), 
althoughh considerable scatter was present around the average values (which were, respec-
tively,, 3 Hz and 6 Hz). The Q values of the HBO and its harmonic are shown 
inn Figure 9.7. In the Sz range where both were detected their Q values were consistent with 
eachh other. When the second harmonic was not significantly detected anymore OS, > 1.0) the 
rmss amplitude and the FWHM of the HBO both decreased from, respectively, % 
andd 7 Hz (5—0.5-1.0) to % and 5.1 4 (£..= 1.0-1.5). Between Sz=1.0 and 
SSzz==  1.5 the relation between the Sz and the HBO frequency started to flatten. Above Sz=l .5 the 
frequencyy of the HBO clearly dropped, initially quite abruptly and later on more smoothly. 
Thiss frequency drop coincided with an increase in the FWHM to 5 (S,=1.5-2.1); the 
rmss amplitude showed a small increase to 2.1 % (5;,=1.76), followed by a decrease to 

,
z=2.04). . 

Underlyingg the HBO and its second harmonic, but with a central frequency lower than 
thatt of the HBO, we found a broad feature that was also fitted with a Lorentzian. It was 
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Figuree 9.7: Q values (Frequency/FWHM) of the HBO, its harmonic, and the two kHz QPOs as 
aa function of Sz. For reasons of clarity the error bars, which at a given Sz in general overlapped, 
weree omitted. 

significantlyy detected between Sz=—0.6 and Sz=1.3. The properties of the broad feature are 
shownn in the first column of Figure 9.6 (see also Table 9.5). Below Sz=0 the frequency of the 
Lorentziann was fixed to zero. Between Sz=0.5 and Sz=1.5 the frequency of the broad feature 
iss on average 5 times that of the HBO. This suggests that the broad feature is the 
sub-harmonicc of the HBO, certainly when one takes into account that the frequency of a broad 
featuree is rather sensitive to the shape of the continuum. Whereas the rms amplitude and the 
frequencyy of the sub-harmonic both change strongly with Sz the FWHM remains more or less 
constant,, with an average value of 29.5  1.5 Hz. 

NBOO and FBO 

Thee NBO and FBO were detected between Sz=l  .6 and Sz=2.7. The fit results for the NBO/FBO 
aree shown in Figure 9.8 (see also Table 9.5). Below Sz=2.1 the NBO (represented by the filled 
circless in Figure 9.8) has a fairly constant frequency, with values between 6.3 Hz and 7.0 Hz. 
Itss rms amplitude increases from 1.8% to 3.3%, and the FWHM is either ~2.1 or ~3.8. In the 
SSzz-2.0-2.-2.0-2.11 selection both the NBO and FBO were present. This is likely an artefact of the Sz 

selectionn method, since a careful inspection of dynamical power spectra showed no evidence 
forr simultaneous presence of both QPOs. It is interesting to note though, that in the Sz=2.0-2.1 
selectionn the frequency of the FBO is 1 times that of the NBO, which could mean that 
thee two NBO and FBO are harmonically related (however, see below). The FBO increased in 
frequencyy from 13.9 Hz (5^=2.04) to 23.1 Hz (Sz=2.65), while its FWHM increased from ~5 
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Figuree 9.8: Properties of the NBO (filled circles) and FBO as a function Sz. 

Hzz to ~13 Hz. The rms amplitude of the FBO initially continued the trend of the NBO rms 
amplitude;; it increased from 2.9% (Sz=2.04) to 5.5% (5—2.23), but then decreased to 1.8% 
(5Z=2.65). . 

Too study the transitions between the NBO and FBO more carefully, we inspected all dy
namicall power spectra of observations with Sz values around 2. Although no clear transitions 
weree found, mainly due to the limited quality of the dynamical power spectra, we did in some 
casess see QPOs with intermediate frequencies (~ 10 Hz), suggesting that the frequency does 
nott jump directly from ~7 Hz to ~14 Hz. Fitting the power spectra in consecutive time in
tervalss (longer than 16 s), rather than inspecting dynamical power spectra with the eye, will 
probablyy lead to more conclusive results, but is beyond the scope of the current paper. The 
timee scales on which the NBO/FBO frequency changed from ~77 Hz to ~14 Hz and back were 
ass short as a few tens of seconds. 

Wee also studied the behavior of the NBO/FBO during two long type I X-ray bursts. The 
firstfirst one started on 1998 November 18 at 08:51:26 UTC, the second one on 1999 Oct 10 
att 09:10:47 UTC. Their exponential decay times were, respectively, 2 s and 2 s 
(Kuulkerss 2001). Both bursts occurred near the NB/FB vertex and in the power spectra of 
theirr respective observations the NBO/FBO is clearly detected. No other QPOs were detected 
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Figuree 9.9: The dynamical power spectra (top panels) and light curves in the 2-60 keV 
bandd (bottom panels) of the two type I X-ray bursts in which we studied the behavior of 
thee NBO/FBO (The November 1998 burst is shown on the left [5 PCUs] and the October 
1999,, burst on the right [3 PCUs].)- The intervals in which we measured the NBO/FBO are 
indicatedd by Roman numerals (see Table 9.6). The shades of gray in the dynamical power 
spectraa represent the Leahy power, with darker shades indicating higher powers. 

inn the power spectra of these bursts. Figure 9.9 shows the dynamical power spectra of both 
bursts,, together with their 2-60 keV light curves. During the brightest part of the bursts 
thee NBO/FBO seemed to disappear. Apparently, the burst flux was not modulated at the 
NBO/FBOO frequencies with the same amplitude as the persistent flux. To quantify this, we 
determinedd upper limits on the NBO/FBO strength and compared those with the values outside 
thee bursts. The results are shown in Table 9.6. Clearly, during the brightest part of the bursts 
thee rms amplitude of the NBO/FBO was significantly weaker, not only as a fraction of the 
totall  flux, but also in absolute terms (and hence as a fraction of the persistent flux, if the 
persistentt emission is assumed to continue during the bursts). These measurements constitute 
thee first determination of the effect of X-ray bursts on the NBO/FBO. The fact that the burst 
suppressess the QPO can have important consequences for our understanding of its formation 
mechanismm (see Section 9.4.1). 
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Interval l 

Novv 1998 
Novv 1998 
Novv 1998 
Novv 1998 
Novv 1998 
Octt 1999 -
Octt 1999 -
Octt 1999 -

-I I 
-I I I 
-II I I 
-IV V 
-- V 
I I 
II I 
II I I 

Countt Rate 
(countss s"1) 

2811 1 
2648 8 
4568 8 
3232 2 
2833 3 
1742 2 
2616 6 
1847 7 

Fractionall  rms 
(%) ) 

9 9 
3 3 

<0.71 1 
<2.1 1 

2 2 
7 7 

<1.57 7 
4 4 

Absolutee rms 
(countss s_1) 

3 3 
8 8 

<32.4 4 
<68 8 

6 6 
0 0 

<41.1 1 
7 7 

Tablee 9.6: The properties of the NBO/FBO during the two bursts shown in Figure 9.9. The 
intervalss given in first column can be also found in that figure. The upper limits in the last 
twoo columns are 95% confidence. The count rates are in the 5.1-60 keV (November 1998, 5 
PCUs)) and 5.8-60 keV (October 1999, 3 PCUs) bands. 

Noisee components: LFN and VLFN 

LFNN was detected between Sz=—0.6 and Sz=5.0. As mentioned before, the appearance of the 
NBOO around 5Z=1.5, kept us from putting firm constraints on the LFN parameters between 
SSzz=l.4=l.4  and Sz=l.6. The fit results for the LFN are shown in Figure 9.10 (see also Table 9.7), 
inn two separate columns: one for the fits with a cut-off power law fit (5^=0.0-1.4) and one 
forr the fits with a Lorentzian (5z<0.O and Sz=  1.6-5.0). The strength of the LFN was in both 
casess defined as the integrated power spectral density between 1 Hz and 100 Hz. We note that 
beloww 5Z=0.1 the VLFN was not fitted separately from the LFN. An inspection of 1/256-4096 
Hzz power spectra below Sz=0.1 showed that a weak power law component was present at 
frequenciess below 0.1 Hz. This component was probably VLFN; its power in the 1-100 Hz 
rangee was much smaller than that of the LFN, so, although some VLFN power was absorbed 
byy the LFN, this did not affect the LFN rms amplitudes significantly. The strength of the 
LFNN changed considerably as a function of Sz. It showed a narrow peak between Sz=—0.6 
andd 5Z=0.2 of ~6% rms. Between 5Z=0.2 and 5Z=1.7 it gradually decreased from ~4.5% rms 
too ~ 3% rms. Another decrease was observed between Sz=2.1 and 52=5.0, from ~4.5% rms 
too ~ 1% rms. The behavior between SZ=U  and SZ=2J was quite erratic, probably due to 
interactionss with the fit  functions of NBO and FBO. 

Thee centroid frequency of a Lorentzian and the cut-off frequency of a cut-off power law 
cannott be directly compared. Since we wanted to see how the typical frequency of the LFN 
evolvedd with Sz, we chose to plot Wmax, which is the maximum in a vP(v) plot and the fre-
quencyy at which most of the power is concentrated (Belloni, Psaltis, & van der Kli s 2001, in 
prep.).. For a Lorentzian v ^ is (v̂  + (FWHM/2)2)1/2 and for a cut-off power law Vmax is 
(11 — a)vcia (see Section 9.2 for analytical expressions for a Lorentzian and cut-off power law). 
Ass can be seen from Figure 9.10, between Sz=—0.6 and Sz=l  .7 v ^ smoothly increased from 
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Figuree 9.10: LFN properties as function of Sz. The left column shows the results for the fits 
withh a Lorentzian, the right column those for fits with a cut-off power law. In both cases 
thee rms amplitude is the integrated power in the 1-100 Hz range. vmax is the frequency at 
whichh most of the power is concentrated (see text for the expressions for vmax-) For reasons 
off  comparison we also plotted the values of the other fit  function (gray) in the panels for the 
rmss amplitude and vmax. 
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Figuree 9.11: VLFN properties as function of Sz. The rms amplitude is the integrated power in 
thee 0.1-1 Hz range. The arrows in the top panel represent upper limits. 

~~ 1.2 Hz to ~14.7 Hz. Above Sz=1.7 the errors on Vmax were larger and the behavior was less 
clear.. Between Sz=\.l  and Sz=2.3 vmax decreased to ~6.5 Hz, and above Sz=2.3 it increased 
againn to ~15 Hz. We tested whether the change of the fit functions at Sz=0.0 affected the 
valuess for vmax and the other power spectral parameters, by swapping the fit functions used 
beloww and above Sz=0.0; no significant changes were found. 

VLFNN was detected over almost the whole Sz range. Although we only started fitting 
thee VLFN separately from the LFN above Sz=0.l (in the 16 s power spectra), VLFN was 
presentt at frequencies below 0.1 Hz in the 256 s power spectra below Sz=0A. In the 16 s 
powerr spectra it was only significantly detected above S,=0.3. The fit results for the VLFN 
aree shown in Figure 9.11 (see also Table 9.7). Between Sz=03 and Sz=1.4 the VLFN strength 
decreasedd from ~0.9% rms to ~0.4% rms. Above Sz=1.4 its strength increased, to a peak 
valuee of ~1.3% rms at the NB/FB vertex. On the lower FB the strength decreased again, to 
aa value of ~0.5% rms, and above Sz=3.0 it increases to ~1.6% rms at the top of the FB. The 
indexx of the VLFN slowly increased from ~0.6 to ~ 1.0 between Sz=0.1 and SZ=2A, with a 
smalll  peak between Sz=1.6 and Sz=1.9, where the index had a value of ~ 1.5. Between 5Z=2.4 
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Lowerr kHz QPO Upper kHz QPO 
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Figuree 9.12: kHz QPO properties as a function of Sz. For reasons of comparison, the frequency 
off  the other QPO (gray) is also plotted in the frequency plot of each QPO. 

andd Sz=3.2 the VLFN was much steeper. The indices were not well constrained and had values 
betweenn 1.7 and 4.0. Above Sz=3.2, where the error bars are much smaller, the index slowly 
decreasedd from 2.1 to 1.8. 

9.3.33 High Frequency QPOs 

Bothh the lower and upper kHz QPO were clearly detected; the lower kHz QPO between Sz=0.5 
andd Sz=l.5, the upper kHz QPO between 5V=-0.3 and 5^=1.7. The results can be found in 
Tablee 9.8 and are shown in Figure 9.12. The QPO frequencies showed a clear increase with 
SSzz,, although both relations flattened at their low frequency ends. The FWHM of the lower 
kHzz QPO was consistent with being constant at ~ 100 Hz, whereas the rms amplitude showed 
aa peak near 52=1.05 with a value of . The rms amplitude and FWHM of the upper 
kHzz QPO both decreased with Sz. 

Figuree 9.13a shows the frequency difference of the two kHz QPOs as a function of the 
frequencyy of the upper kHz QPO. Some fits were made to the data; they are also shown 
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Figuree 9.13: The kHz QPO frequency difference in GX 17+2 as function of the upper peak 
frequency.. In (a) three fits to the data are shown (gray): a constant (solid line), a straight line 
(dashedd line), and a parabola (dotted line). In (b) three models for the frequency difference 
(Stellaa & Vietri 1999) for three different neutron star masses (M = 1.8AfQ, M = 2.0M©, and 
MM = 2.2MQ) are shown. For comparison we also plotted the data for Sco X-l (gray) from van 
derr Kli s et al. (1997b). 

inn Figure 9.13a. The best fit to the frequency difference with a constant gave a value of 
44 Hz. The y}/d.o.f. for this fit was 18.6/9, which means that at a 97% confidence 

levell  the frequency difference was not constant. This is the first time that this is observed for 
GXX 17+2. Fits with first and second order polynomials (taking into account errors in both 
coordinates)) resulted in, respectively, %2/d.o./.= 15.0/8 and %2/d.o./.=3.7/7. Although the 
latterr two fits show that with 99.998 % confidence (3.2o) a decrease towards higher frequency 
iss not monotonie, it is not clear either whether the decrease towards lower frequencies is 
significantt or not. This would be the first time that such a decrease towards lower frequencies 
iss observed in any source with a non-constant frequency difference. To test this two fits with 
aa broken line (not shown) were performed, where in one case the slope of the low frequency 
partt was fixed to zero. They resulted in y?/d.o.f.=6.28/7 (slope fixed) and y}/d.o.f .=2.5216 
(slopee free), which suggests that the decrease is only significant at a 99.97 confidence level 
(2.3a). . 

Inn Figure 9.13b we plot the curves produced by Stella & Vietri (1999) for the frequency 
separationn as a function of the upper kHz QPO frequency. For comparison we also plotted 
thee data for Sco X-l from van der Kli s et al. (1997b). Clearly, the decrease of the frequency 
differencee towards lower frequencies occurs in a frequency range for the upper kHz QPO that 
wass not observed in Sco X-1. 

Thee Q values (frequency/FWHM) of the two kHz QPOs were consistent with each other 
andd with that of the HBO and its harmonic (see Figure 9.7; between Sz=0.5 and Sz=l.5 they 
alll  increased from ~5 to ~10. This unexpected finding may provide a keyy to understanding 

151 1 



CHAPTERR 9 

1000 0 

Upperr kHz QPO frequency (Hz) 

Figuree 9.14: HBO frequency as function upper kHz QPO frequency. The solid line is the best 
powerr law fit to the data below 1000 Hz for the upper kHz frequency. The power law index is 

.. A clear deviation from this relation can be seen for values above 1000 Hz. 

thee formation mechanism of the three QPOs - this will be further discussed in Section 9.4.1. 
Whenn comparing Figures 9.12 and 9.6 one can see that above Sz=1.5, where the HBO fre-

quencyy starts to decrease, the upper kHz QPO frequency still increases. In Figure 9.14 we plot 
thee frequencies of both QPOs against each other. For values of the upper kHz frequency lower 
thann 1030 Hz the frequencies are well correlated, but above there is a clear anti-correlation. 
Thee solid line is the best power law fit to the points below 1000 Hz. The power law with index 
iss . This is the first time in any source showing kHz QPOs that an anti-correlation 
iss observed between the frequencies of the low and high frequency QPOs (see Section 9.4.1 
forr a discussion). 

9.44 Discussion 

Wee performed a detailed study of the low and high frequency power spectral features of the 
neutronn star low-mass X-ray binary and Z source GX 17+2. As was found in previous studies 
off  GX 17+2 and other Z sources, the properties of most power spectral features correlated 
welll  with the position of the source along the Z track in the X-ray color-color diagram. Some 
neww results were found, the most interesting being the fact that the frequency separation of 
thee kHz QPOs was not constant and the decrease probably not monotonie (Fig. 9.13), that 
theirr Q values were consistent with those of the HBO and its harmonic (Fig. 9.7), and that 
thee frequency of the upper kHz QPO was found to anti-correlate with that of the HBO when 
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thee latter started to decline on the NB (Fig 9.14). We also found a sub-harmonic of the HBO 
andd showed that the NBO/FBO amplitude is suppressed during type I X-ray burst (Fig. 9.9). 
Thesee findings contribute significantly to an understanding of the processes that occur in inner 
regionss of accretion disk in neutron star LMXBs. In the remainder of this section they will be 
discussedd in more detail. 

9.4.11 Timing behavior 

Horizontall  Branch Oscillations 

Thee HBO of GX 17+2 and its second harmonic were discovered with EXOSAT (Stella et al. 
1985,, 1987; Langmeier et al. 1990). Kuulkers et al. (1997) studied the power spectra of GX 
17+22 in terms of Sz, and found the HBO between Sz=0.0 and Sz=0.3, with a frequency of 
24.0-27.33 Hz. Note that the Sz scale from Kuulkers et al. (1997) is not necessarily exactly the 
samee as ours, due to uncertainties involved in the Sz method (see Section 9.2). With Ginga 
itit  was found between 19.5 and 31.2 Hz (Penninx et al. 1990); no Sz range was determined, 
butt from the CD and HID it was clear that it was only found on the HB. Both in the EXOSAT 
andd Ginga data the frequency and FWHM ratios of the second and first HBO harmonics are 
consistentt with 2, but also with the values that we found, i.e. a frequency ratio 1.941 7 
andd a FWHM ratio of . Using RXTE data from February 1996, that were not 
includedd in our analysis (see Section 9.2), Wijnands et al. (1996) observed the HBO for the 
firstfirst time on the NB. Not only were the frequencies much higher than found before on the HB 
(~50-622 Hz), but they also decreased significantly above Sz=l.4. This decrease, again above 
5Z=1.4.. was confirmed by Wijnands et al. (1997b) using the 1997 RXTE/PCA data, that were 
alsoo part of our current data set. In our data the decrease of the HBO frequency started only 
abovee 5Z=1.5. This discrepancy is likely due to the fact that the HB/NB vertex was not (well) 
observedd in the CDs used by Wijnands et al. (1996) and Wijnands et al. (1997b), so the Sz 

scalee could not be determined as well as in our case. 
Theree were interesting features in the HBO properties which reproduced between the 1996 

RXTERXTE data and our RXTE data. In both cases the Sz dependence of the HBO frequency 
wass not symmetric around its peak value. Below, the frequency slowly flattened off to its 
maximumm value, but above it showed a fast decrease by a few Hz that was followed by a 
moree or less linearly decrease with 5Z. Simultaneously with the frequency drop, the FWHM 
increasedd by more than a factor two. The flattening of the HBO frequency in our data set 
startedd around 5Z=1.0, at the same point where the HBO harmonic became undetectable and 
thee FWHM of the HBO decreased by a factor of about two. Note that these sudden changes 
inn the HBO properties do not coincide with changes in the fit  function that was used or with 
suddenn changes in thee other low frequency components. 

Wee compared our results with RXTE studies of the Z sources GX 5-1 (Wijnands et al. 
1998a),, Cyg X-2 (Wijnands et al. 1998b) and GX 340+0 (Jonker et al. 2000b). The HBO 
frequencyy in Cyg X-2 decreased above Sz=l.l , although it was also consistent with remaining 
constantt (see also Wijnands et al. (1997b), for an analysis based on Ginga data, where a 
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similarr decrease is reported). As the decrease started, the FWHM increased by a factor almost 
two,, similar to what we observed in GX 17+2. In GX 340+0 the HBO frequency showed a 
strongg flattening above Sz=l,  but the behavior of the FWHM was not well defined above that 
point.. It is interesting to note though, that the flattening of the frequency-.̂ relation started 
aroundd the Sz where the harmonic of the HBO became undetectable (5Z=0.9). In GX 5-1 
onlyy weak flattening was observed in the frequency, which like in GX 17+2 and GX 340+0 
startedd around the Sz where the harmonic of the HBO became undetectable (5Z=1.0). When it 
disappearedd the FWHM of the HBO increased, opposite to what we observe in GX 17+2. In 
alll  sources the rms amplitude of the HBO decreased with 5Z, although both Cyg X-2 and GX 
17+22 show a small increase around the Sz where the frequency drop started. 

AA possible solution for the frequency decrease of the HBO above Sz=l.5 was put forward 
byy Wijnands et al. (1996). Based on the two-flow (disk flow + radial flow) accretion model 
describedd in Former et al. (1989), they suggested that, although the total mass accretion rate 
ontoo the neutron star increases from the HB/NB vertex to the NB/FB vertex, the mass accretion 
ratee through the thin disk actually decreases above Sz=l.5. This decrease is then compensated 
forr by a faster increase in the radial or spherical inflow. Since the HBO frequency is set 
byy the disk flow (in the framework in which they discussed the HBO), a decrease in the 
accretionn rate through the disk above Sz=1.5 would then automatically lead to a decrease 
inn frequency. This model also naturally explains the appearance of the NBO around Sz=1.5, 
whichh is strongly connected to the strength of the radial flow (Former et al. 1989). A difficulty 
withh this explanation is that there is no spectral evidence for a change in the accretion flow 
geometryy around 5Z=1.5. A possible solution for this is that this change is gradual and starts 
alreadyy before Sz=l  .5. The onset of the change in the flow geometry might for instance show 
upp as the HB/NB vertex. The increase in the disk flow would then get less until Sz=1.5, above 
whichh it decreases. Since this is a gradual process, no apparent spectral changes at Sz=l.5 are 
expected.. However, somewhat dependent on die kHz model, a decrease in the accretion rate 
throughh the disk would most likely also affect the frequencies of the kHz QPOs. Our observing 
campaignn in 1999 was aimed to a large extent to check on this. The present analysis shows 
clearlyy that such a decrease, or even a flattening, is not observed. Another possible explanation 
forr the frequency decrease of the HBO, which is also related to the appearance of the NBO, 
mightt lie in the increase of the radiation pressure. This could reduce the effective gravity 
andd thereby also the HBO frequency. However, the kHz QPO frequencies would also have to 
affectedd by this, which seems not to be the case. A more promising explanation is offered by 
Morsinkk & Stella (1999) who show that the decrease is intrinsic to their model for the kHz 
QPOss and HBO. It will be discussed at the end of this section. 

Harmonicss of the HBO have been found in all Z sources where the HBO has been ob-
served.. In GX 5-1, Cyg X-2 (Wijnands et al. 1997b) and GX 340+0, the frequency ratio of 
thee harmonic and the fundamental is generally less than two, similar to what we found in GX 
17+2.. This can be explained, at least in GX 17+2, by looking at the Sz dependence of the rms 
amplitudess of both components. From Figure 9.6 it is clear that the Sz dependence of the rms 
amplitudee of the HBO harmonic is steeper than that of the HBO fundamental. Although in a 
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certainn Sz selection both frequencies will tend to be dominated by those with the higher rms 
amplitudes,, and hence by lower Sz and lower frequencies, this effect will be stronger for the 
harmonicc than for the fundamental, since the Sz dependence of its rms amplitude is steeper. 
Thee result is that in general the frequency ratio will end up to be less than two. To test this 
hypothesiss we calculated the weighted averages of two harmonically related linear functions, 
representingg the HBO-5zrelation between Sz=0.0 and Sz=1.0. As weight we used linear func-
tionss that were fit to the rms-Sz relation between Sz=0.0 and Sz=l  .0. The ratio of the weighted 
averagess was 1.93, which is very close to the observed value of 1.94. 

Peakedd features with frequencies intermediate to those of the LFN and the HBO have been 
reportedd for GX 340+0 (Jonker et al. 2000b), Sco X-l (van der Kli s et al. 1997b; Wijnands & 
vann der Kli s 1999a), GX 5-1 (not well measured, Kuulkers et al. 1994), and now also for GX 
17+2.. Based on the average frequency ratio of this sub-HBO component and the HBO in GX 

,, we suggest that, similar to what was suggested for GX 340+0, it may be 
thee sub-harmonic of the HBO. In GX 340+0 this ratio was ~0.45, but it was consistent with 0.5 
(P.. Jonker, priv. comm.). In Sco X-l the sub-HBO peak was not fitted with a Lorentzian, but 
withh a broken power law whose break frequency was 0.6-0.7 times the frequency of the HBO 
(Wijnandss & van der Kli s 1999a). These values are not consistent with 0.5 (R. Wijnands, 
priv.. comm.); fits with Lorentzians would probably resulted in values closer to 0.5. It was 
suggestedd (van der Kli s et al. 1997b) that it could possibly be the true signature of the noise 
componentt that is expected to accompany HBOs (Lamb et al. 1985) or that it might be the band 
limitedd noise component seen in atoll sources and BHCs (Wijnands & van der Klis 1999a). 
Inn all three cases the sub-HBO component appeared as a broad feature, unlike the HBO and 
itss second harmonic. If it were really harmonically related to the HBO, technically it should 
bee called the fundamental, and the HBO and its harmonic should then be referred to as the 
secondd and fourth harmonic. However, to stay consistent with other studies we will use the 
termss sub-harmonic, fundamental and second harmonic. A comparative study by Wijnands & 
vann der Kli s (1999a) of low frequency (HBO-like) QPOs and band limited noise components 
inn the neutron star Z and atoll sources and black holes revealed strong correlations between 
thee typical frequencies of those components. However it was found that the relation of the Z 
sources,, although lying parallel to that of the atoll source and black holes, was slightly offset. 
Itt is interesting to see that this discrepancy between the Z sources on the one hand and the 
atolll  sources and black holes on the other disappears (Jonker et al. 2000b), at least for GX 
17+2,, Sco X-l and GX 340+0, when one uses the frequencies of the sub-HBO component, 
insteadd of HBO frequency (see also Wijnands & van der Kli s 1999a). If the low frequency 
QPOO in the atoll sources and the sub-HBO component of the three Z sources would indeed be 
thee same QPO, this would mean that the Z sources do not anymore follow the relation between 
thee low frequency (HBO-like) QPO and the lower kHz QPO as defined by atoll and black hole 
systemss (Psaltis et al. 1999). It is interesting to see that the three Z sources would then end 
upp near or slightly above a second relation that is traced out by atoll sources like 4U 1728-34 
andd 4U 1608-52. At the moment, however, it seems that the relation found by Wijnands & 
vann der Kli s (1999a) and the main relation of Psaltis et al. (1999) are mutually exclusive for 
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thee two types of sources. Note that Wijnands & van der Kli s (1999a) found that if in their plot 
forr Sco X-l the frequencies of the sub-HBO component and the HBO were used, instead of 
thee LFN and HBO frequencies, the discrepancy between Sco X-l and the non-Z sources also 
disappeared.. This reinterpretation has the advantage of preserving the consistency with the 
Psaltiss et al. (1999) relation as well. 

Thee dominance of the even harmonics over the odd harmonics in the low frequency (HBO-
like)) QPOs, as suggested by the presence of a sub-harmonic of the HBO, is not only observed 
inn the Z sources, but also a common feature in BHCs such as GS 1124-68 (Belloni et al. 1997) 
andd XTE J1550-564 (Homan et al. 2001). It suggests that a two-fold symmetry is present in 
thee production mechanism of these low frequency QPOs. In the case of neutron stars it could 
bee explained by a asymmetry in the magnetic field, which results in different areas for the 
polarr caps (see e.g. Kuulkers et al. 1997). However, this assumes that the magnetic field and 
polarr caps are involved in the QPO mechanism, and is therefore not applicable to BHCs. A 
moree appealing model would be one in which the QPOs are produced in the disk, and do not 
requiree the presence of a solid surface or magnetic field, such as the relativistic precession 
modell  (Stella & Vietri 1998, see below), in which a two-fold symmetry is introduced by 
thee two points at which the slightly inclined orbits of blobs of matter cross the plane of the 
accretionn disk. 

Severall  models have been proposed for the HBO. In the magnetospheric beat frequency 
modell  (Alpar & Shaham 1985; Lamb et al. 1985), which was developed soon after the dis-
coveryy of the HBO in GX 5-1 (van der Klis et al. 1985), its frequency is the beat between the 
neutronn star spin frequency and the orbital frequency of blobs of matter around the neutron 
star.. This model for the HBO prevailed until the discovery of the kHz phenomena in the neu-
tronn star LMXBs (Strohmayer et al. 1996; van der Klis et al. 1996; van der Kli s 2000, for a 
review),, when it was suggested as an explanation for the similarity of the kHz QPO frequency 
separationn and the frequency of the burst oscillations in 4U 1728-34 (Strohmayer et al. 1996; 
Cuii  2000; Campana 2000). The sonic point beat frequency model (Miller, Lamb, & Psaltis 
1998)) explains the frequencies of the kHz QPOs in terms of another beat frequency model. 
Whilee the HBO is proposed to be explained by the original model, it is assumed that a Keple-
riann disk still exists within the magnetosphere. The observed kHz frequencies are close to the 
orbitall  frequency at the sonic point of this disk and the beat of this frequency with neutron star 
spinn frequency. The model requires the presence of a magnetosphere and a solid surface, and 
cann therefore not explain the low and high frequency QPO in the black hole candidates. More 
recentlyy relativistic precession models have been proposed for the HBO. (Stella & Vietri 1998, 
1999;; Morsink & Stella 1999; Stella et al. 1999 however see Markovic & Lamb 2001). Three 
frequenciess are predicted, corresponding to the three fundamental frequencies of the motion 
off  a test particle in the vicinity of a compact object, which are identified with the HBO and 
thee two kHz QPOs. However, the lowest predicted frequency, which should explain the HBO, 
aree a factor 2 lower than the low frequency QPOs in the atoll sources and the sub-harmonic 
off  the HBO in the Z sources. Hence, a mechanism to produce second harmonics is required. 
Stellaa & Vietri (1998) suggested that a modulation at twice the precession frequency might 
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bee generated at the two points where the inclined orbit of a blob intersects the disk. A nice 
featuree of the relativistic precession model is the prediction that above a certain value of the 
upperr kHz QPO, the frequency of the HBO starts to decrease (see Morsink & Stella 1999), 
duee to the increasing importance of the classical precession that is related to the stellar oblate-
ness.. In GX 17+2 this turn-over of the HBO frequency occurs at a value of ~1 kHz for the 
upperupper kHz QPO with a peak frequency of ~60 Hz for the HBO. Judging from Figure 2 in 
Morsinkk & Stella (1999), the relation between the HBO and upper kHz QPO frequencies in 
GXX 17+2 would favor a high neutron star spin frequency (~50O-700 Hz), a neutron star mass 
off  more than 2 Af0, and hard equations of state (assuming the observed HBO frequency is four 
timess the predicted frequency). Moreover, in the relativistic precession model, well below the 
turn-over,, the HBO frequency is expected to scale quadratically with the upper kHz QPO fre-
quency.. The best power law fit to the data below 1000 Hz yielded an index of 7 
(seee Figure 9.14), which is consistent with a quadratic relation. Unlike the sonic point beat 
frequencyy model no actual mechanism is proposed for the production of QPOs. However, in a 
recentt model by Psaltis & Norman (2001) the accretion disk acts as low band-pass filter with 
resonancess close to the three frequencies predicted in the relativistic precession model. It is 
unclearr to what extent the details of the relativistic precession model (i.e. the turnover in the 
relationn between HBO and upper kHz frequency) carry over to the Psaltis & Norman (2001) 
description. . 

Inn the sonic point beat frequency model a turn over in the HBO-upper kHz QPO relation 
iss not predicted, but is flexible enough to account for it; if the turnover in HBO is explained 
byy the two flow model put forward by Wijnands et al. (1996), the steady increase of the upper 
kHzz QPO frequency can be explained by assuming that most of the radial flow falls back to 
thee disk before the sonic point is reached, so mat M and the upper kHz QPO frequency keep 
increasing. . 

Highh frequency QPOs 

Thee kHz QPOs in Z sources (van der Klis et al. 1996; Wijnands et al. 1997a, 1998a; Jonker 
ett al. 1998; Wijnands et al. 1998b; Zhang et al. 1998, see van der Kli s 2000 for a review) have 
beenn found on the HB and NB (and in Sco X-l also on the FB), with the Sz range in GX 
17+22 being the largest. In genend the upper peak in the Z sources is detected over a larger 
SSzz range than the lower peak. The strength of the upper peak shows a clear dependence on 
SSzz;;  rms amplitudes in the upper HB are about 5-6% (in energy bands above ~5-7 keV) and 
theyy smoothly decrease to values of 1-2% on the lower NB. The lower peak is usually a bit 
weaker,, and its strength is fairly constant. The FWHM of the lower peak is also quite constant, 
whereass that of the upper peak usually decreases with Sz. Both peaks therefore become more 
coherentt with increasing Sz, but this effect is stronger in the upper peak. The lower peak has 
beenn found between frequencies of 215 Hz and 845 Hz; the upper peak between 505 Hz and 
11300 Hz. The frequency separation of the two peaks was found to decrease in Sco X-l when 
thee frequency of the QPOs increased (van der Klis et al. 1997b). In the other Z sources it 
wass found (Wijnands et al. 1997a; Jonker et al. 1998; Psaltis et al. 1998) that the frequency 
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separationn was both consistent with the behavior of Sco X-l and with being constant. No burst 
oscillationss have been found in the two bursting Z sources GX 17+2 (Kuulkers et al. 1997; 
Kuulkerss 2001) and Cyg X-2 (Kuulkers et al. 1995; Wijnands et al. 1998a; Smale 1998). 

Ourr findings of the kHz QPOs in GX 17+2 are compatible with the general properties 
givenn above. The kHz QPOs in GX 17+2 were discovered with RXTE (van der Klis et al. 
1997a;; Wijnands et al. 1997a). In our data the lower kHz QPO was found between 517 Hz 
andd 794 Hz (Sz=0.5-1.5) and the upper kHz QPO between 618 Hz and 1087 Hz (Sz=-0.3-1.7), 
similarr to what was reported by Wijnands et al. (1997a). 

Ann important new result is that the frequency difference is no longer consistent (at a 97% 
confidencee level) with being constant (see Figure 9.13). The frequency separation peaked 
withh a value of 308 Hz, when the upper peak frequency was about 915 Hz, and fell off in both 
directions;; to 263 Hz and 239 Hz, when the frequencies of the upper peak were, respectively, 
7800 Hz and 1033 Hz. A decrease in the frequency separation at the low frequency side of 
thee upper kHz QPO, although only significant at a 2.3a level in our data, has not seen before 
inn any of the other LMXBs that show an non-constant frequency separation: Sco X-l (van 
derr Kli s et al. 1997b), 4U 1608-52 (Méndez et al. 1998a,b), 4U 1735 4̂ (Ford et al. 1998b), 
4UU 1728-34 (Méndez & van der Kli s 1999). Note that the frequency separation in those 
sourcess was not measured at upper peak frequencies as low as in GX 17+2. Although both the 
sonicc point beat frequency model (Miller et al. 1998; Lamb & Miller 2001) and the relativistic 
precessionn model (Stella & Vietri 1998, 1999; Stella et al. 1999) are capable of explaining 
thee observed decrease in frequency towards higher upper peak frequencies, they have severe 
problemss with a decrease towards lower frequencies. In the relativistic precession model such 
aa decrease is in principle expected, but not as sharp as we observed (Stella & Vietri 1999, see 
alsoo Figure 9.13). The sonic point beat frequency model can apparently not account for it at 
alll  (Lamb & Miller 2001). 

Ass discussed above (at the end of Section 9.4.1), the relativistic precession model naturally 
explainss the observed anti-correlation between the HBO and the upper kHz QPO (Morsink & 
Stellaa 1999). In the sonic point beat frequency model the HBO and kHz QPO are not produced 
byy the same mechanism. Although their frequencies do not necessarily need to be correlated 
att all times, an anti-correlation is not predicted. 

Wee note that recent investigations of the relativistic precession model by Markovic & 
Lambb (2001) have cast some doubt on the predicted frequencies and relations between them. 

QQ values of the HBO and kHz QPOs 

Thee Q values of the kHz QPOs are remarkably consistent with each other, and with those of 
thee HBO and its harmonic (see Figure 9.7). They also show an almost simultaneous increase 
abovee Sz=l.  If the QPOs were artificially broadened by our selection method, averaging to-
getherr peaks with different centroid frequencies, one would expect correlations of the FWHM 
withh the width of the Sz selection and with dv/dSz. Such correlations, if present at all, are far 
tooo weak to explain the observed similarities. 
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Thee FWHM of a QPO can be caused by several mechanisms. Intrinsic frequency varia-
tions,, phase jumps, the simultaneous presence of several frequencies, and a finite lifetime of 
thee signal will all cause a signal to appear as a broadened peak in a power spectrum. The 
dataa quality did not allow us to test the phase jump option. Lifetime broadening can probably 
nott explain our data. In the sonic point beat frequency model there is no reason why the life-
timess of the low and high frequency oscillations, which are determined by different processes, 
wouldd lead to similar Q values. In the relativistic precession model, where all frequencies 
aree generated by a single blob of matter, the lifetime for all variations is by definition the 
same.. However, in that case the Q values of the kHz QPOs should be much higher (by a factor 
10-20)) than those of the HBO, since more kHz cycles fit  in a blobs lifetime. Of course, it is 
possiblee that the lifetime of the oscillations is not determined by the lifetime of the blob, but 
ratherr by a damping factor. If these factors are not the same for the different frequencies, die 
similarityy of the Q values could in principle be explained. 

Explainingg the Q values by broadening due to the presence of several frequencies does not 
workk either. Below the turnover in the HBO-upper kHz QPO frequency relation the frequency 
off  the HBO scales quadratically with the frequency of die upper kHz QPO. A given range of 
upperr kHz frequencies would therefore lead to a Q value for the HBO that is half the Q value 
forr die upper kHz QPO. This is not consistent witii what we find. 

Frequencyy modulation could in principle explain the similar Q values, but only if the 
modulationn is caused by a different parameter than me one that determines the frequency 
changess along the Z track. Frequency modulation only works if the QPO frequencies depend 
onn the modulating parameter in the same way. The observed quadratic relation between the 
HBOO frequency and that of die upper kHz QPO as well as the subsequent turnover, shows 
thatt this is not the case for me parameter that causes me motion along the Z track. Since we 
doo not even know what the parameter is mat causes changes along me Z (see Section 9.4.2), 
wee have no idea what could be a possible modulating parameter. However, assuming mere is 
one,, we discuss the possibility of frequency modulation in a bit more detail. In order for me 
broadeningg due to frequency modulation to be observable in our power spectra, the time scale 
off  these variations should be shorter than 16s and longer than that of the HBO (0.2-0.5 s). 
Assumingg that me parameter mat causes me frequency modulations also causes some changes 
inn me count rate we could try to identify it in me power spectrum. The only reasonably strong 
componentss that we see in our power spectra and whose typical frequencies fulfil l me above 
requirementss (0.1< v < 10) are the LFN and NBO/FBO. In me Sz range below 1.5 only the 
LFNN is of interest. The strength of the LFN is ramer constant below 52=1.0 and decreases 
rapidlyy above it. This is in qualitative agreement with the Q values below Sz=1.5, which are 
ratherr constant up to Sz=1.0 and men rapidly increase. Above Sz=l.5 the Q values decrease 
againn to a value between 2 and 5. In mat case the broadening might be due to the appearance 
off  the NBO/FBO and the increase in the LFN strength. It is interesting to note that in Sco 
X-ll  it has been found that the kHz QPO properties are clearly modulated by me NBO (Yu 
ett al. 2001). Although the frequency changes they observed seem too small to explain our 
observedd Q values, this is probably due to their selection metiiod. In the atoll sources 4U 
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0614+099 (van Straaten et al. 2000) and 4U 1728-34 (di Salvo et al. 2001) the Q values are 
alsoo anti-correlated with the strength of the band limited noise. However, comparing the atoll 
sourcess 4U 1705^44 (Ford et al. 1998a) and 4U 1735 4̂ (Wijnands et al. 1998c) with each 
other,, shows that stronger noise does not necessarily means lower Q values. 

Normall  and flaring  branch oscillations 

Forr the first time we were able to study the properties of the NBO/FBO during type I X-ray 
bursts.. We found that the absolute rms amplitude significantly decreased when the radiation 
fromm the neutron star surface increased. This is clearly different from the behavior of the ~1 
Hzz QPOs in the dipping LMXBs 4U 1323-62 (Jonker et al. 1999), EXO 0748-676 (Homan 
ett al. 1999), and 4U 1746-37 (Jonker et al. 2000a), whose absolute rms amplitudes increased 
duringg type I X-ray bursts. It is thought that these QPOs are not related to the NBO/FBO in the 
ZZ sources. The behavior of the NBO/FBO in GX 17+2 shows that NBO/FBO mechanism is 
veryy sensitive to the radiation field. In the view of a radiation feedback mechanism (see below) 
itt is easy to understand that the NBO disappears during bursts: it is usually only observed 
inn a narrow Sz range, suggesting that it requires a delicate balance of certain parameters, 
amongg which the radiation field. The observations during the burst tails suggest that the 
NBOO mechanism does not switch on instantly but rather becomes stronger in a more gradual 
way.. Spectral fits during the bursts (Kuulkers 2001) suggest that the spectral properties of the 
accretionn flow itself are not affected much by the increase in radiation. 

Likee the HBO, the NBO/FBO in GX 17+2 was discovered with EXOSAT (Stella et al. 
1985,, 1987). Kuulkers et al. (1997) found the NBO between 5^=1.4 and Sz=2.0, although 
itt only had Q values higher than 1.5 above Sz=l.6. The frequencies were somewhat higher 
(~0.55 Hz) than we found, but this can be explained by the fact that the LFN was not fitted 
separately,, but with the same Lorentzian that was used for NBO. The frequencies of the LFN 
thatt we found in the same Sz range are ~ 10 Hz, so if the LFN is not fitted, the fitted frequency 
forr the NBO is higher than its true frequency. This effect is rather small in our data selec-
tionss (~0.2 Hz), but will be high enough for the lower quality EXOSAT data to explain the 
frequencyy difference. The rms amplitudes of the NBO were lower than those we found, even 
thoughh we fitted the LFN separately. This is due to the higher energy band that we used; the 
NBOO in GX 17+2 and other Z sources becomes stronger towards higher energies (see Homan 
ett al., in preparation, van der Klis 1995a). The FBO was only detected once in the EXOSAT 
data,, around Sz=2.36 and with a frequency of 16.1 Hz, which is a bit lower than we found 
att a similar Sz, possibly because the LFN was not fitted separately (see above). In the Ginga 
dataa (Penninx et al. 1990) the FBO was found over a larger frequency range: 12.6-18.6 Hz, 
wheree we only take into account QPOs with Q>1.5. The frequency of the FBO clearly in-
creasedd with the position on the FB. The NBO was found between 5.5 Hz and 7.7 Hz, with 
noo clear dependence on the position on the NB. There was one observation of a QPO with an 
intermediatee frequency of 9.4 Hz, but it was found on the FB far from the NB/FB vertex and 
iss probably similar to the LFN we found on the FB. Note that both in the EXOSAT and Ginga 
dataa peaks were found, in a similar frequency range as the NBO and FBO, but with much 
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largerr widths. These peaks were likely blends of the NBO/FBO with LFN, or only LFN. 

Inn our data set we found the NBO between Sz=l.6 and SZ=2A, although it may already 
havee been present as a very broad feature as early as 5Z=1.4. Its frequency, which was on 
averagee ~6.8 Hz, did not change by more than M).5 Hz in this interval. Between Sz-2.0 and 
Sz=2.1,, the NBO 0 Hz) was detected simultaneously with the FBO $ Hz). 
Abovee Sz=2.1 the FBO frequency increased, to ~23 Hz at 5Z=2.65. Note that the simultane-
ouss presence of the NBO and FBO between 5Z=2.0 and 5Z=2.1 is likely an artefact of the Sz 

selectionn method. Inspection of dynamical power spectra showed that they were never present 
att the same time. It is interesting though, that in that Sz selection their frequencies differed 
byy a factor that is consistent with a factor 2, which is suggestive of mode switching of the 
NBO/FBO.. However, there is evidence for QPOs with intermediate frequencies, which un-
derminess that idea. So, two major changes occurred at the NB/FB vertex: first, the frequency 
changedd from being more or less constant to being strongly correlated with Sz. Second, the 
frequencyy increased by a factor consistent with 2. The first effect was also clearly observed 
inn Sco X-l by Dieters & van der Kli s (2000). Although a sharp increase occurred in the 
NBO/FBOO frequency around Sz=2.0 in Sco X-l , the transition contained more intermediate 
frequenciess . However, like in GX 17+2 it was not resolved and it is therefore still possible 
thatt frequency switching of some kind occurred. The only way to see whether the frequencies 
reallyy gradually transform into each other is to study the power spectral changes as a function 
off  time. However, the quality of the GX 17+2 data is not sufficient to perform such a study. 

Forr two Z sources, GX 340+0 (Jonker et al. 2000b) and Sco X-1 (Priedhorsky et al. 1986), 
asymmetriess of the NBO peaks have been reported. We suggest that in both sources the 
componentt responsible for the asymmetry is the LFN, which between Sz=1.6 and Sz=2.l was 
foundd at the high frequency side of the NBO. On the other hand, as was already mentioned 
byy Jonker et al. (2000b), high frequency shoulders are also observed for HBOs and for low 
frequencyy QPOs in black holes. It might well be that these shoulders are related to the QPO 
mechanismss and were accidentally fit by the LFN, and interpreted as such, in our case. 

Thee presence of the NBO/FBO in the Z sources has often been related to the fact that 
thesee sources accrete at near Eddington mass accretion rates. It is thought that at these high 
masss accretion rates a significant fraction of the accretion flow is in the form of a thick and 
perhapss spherical flow. Also, the effects of radiation pressure are thought to play an important 
rolee in this regime. The model for the NBO by Fortner et al. (1989) is based on a radiation 
feedbackk mechanism in a spherical accretion low. Their simulations revealed the presence of 
~66 Hz oscillations in the optical depth of the spherical accretion flow. They suggest that the 
mechanismm may excite photo-hydrodynamic modes with similar frequencies. Near and above 
thee Eddington luminosity these modes cause a segregation of the accreting gas and outgoing 
radiation,, allowing accretion to continue at these luminosities. As a results the effective grav-
ityy increases with luminosity, thereby increasing the frequency of these modes. This could 
explainn the steep frequency increase of the FBO above Sz=2.0 Another model for the NBO 
wass proposed by Alpar et al. (1992), in which the NBO frequency is basically that of sound 
wavess in a thickened accretion disk. This model does not explain how the NBO changes into 
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thee FBO. A major problem for both models could be the recently discovered NBO/FBO-like 
QPOss in the two atoll sources 4U 1820-30 (Wijnands et al. 1999) and XTE J1806-246 (Wi-
jnandss & van der Kli s 1999b). Certainly, in the first source the luminosity is believed to be 
onlyy ~20-40 % of the Eddington luminosity, while near-Eddington luminosities are required 
inn both models. 

Noisee Components - LFN, VLFN 

Thee main difference between the RXTE and EXOSAT power spectra is the lack of HFN in the 
former.. In the EXOSAT data HFN was found on all branches, up to frequencies of ~ 150 Hz. 
However,, no HFN was found in our data set, which either means that the presence of HFN 
inn GX 17+2 is subject to long term changes or that the HFN in EXOSAT was (partly) due 
too instrumental effects. A study of EXOSAT data of several sources (including background-
onlyy observations) by Berger & van der Kli s (1994) showed that a component with an rms 
amplitudee of ~ 3% is always present in the frequency range were the HFN was often found by 
Kuulkerss et al. (1997) (MOO Hz, see also Berger & van der Klis 1998), suggesting the latter to 
bee true. However, HFN was sometimes (Sz=0.0-1.0) also present at lower frequencies (20-50 
Hz)) with strengths too high to be explained by instrumental effects (4-5% rms). It might be 
thatt in those cases the same component was fitted that we call the sub-harmonic of the HBO. 
Thiss component extended up to the same frequencies. The similar rms amplitudes and their 
dependencee on Sz that we found seem to confirm this idea. 

Likee in the Ginga and EXOSAT data the VLFN was found on all branches. The rms 
amplitudess of the VLFN in our data seem to be lower than in the EXOSAT data as reported by 
Kuulkerss et al. (1997). However, we only measured the strength of the VLFN between 0.1 and 
11 Hz, whereas they extrapolated down to 0.01 Hz. We obtain similar rms amplitudes when 
wee apply the same extrapolation. Because the VLFN is steeper on the FB, the effects of this 
extrapolationn are more pronounced on that branch than on the HB and NB. On the FB the rms 
amplitudee increases from ~ 1% to more than 3%, on the other branches the increases are in the 
orderr of ~0.2% rms. The power law indices are consistent with those found by Kuulkers et al. 
(1997).. Past measurements of the energy spectrum of the VLFN suggest that it is caused by 
motionn of the source along the Z (van der Kli s 1986,1991; Lewin et al. 1992). The strength of 
thee VLFN (Fig. 9.11) and the speed along the Z track ((Vz), see Figure 9.4) should therefore 
havee a similar dependence on Sz. Our results are inconclusive; although some correlations are 
observedd (the increase above Sz=\  and the steep increase around Sz=2) there are also some 
differences.. Most notable is the dip in the VLFN strength around 5Z=3, which is not observed 
ass a decrease in (Vz). It is possible mat due to the steepness of the VLFN around 5Z=2.5 most 
off  its power was outside the range in which we determined the strength. 

Thee LFN was not fitted as a separate component by Penninx et al. (1990). Kuulkers et al. 
(1997)) reported LFN between 5z=-0.8 and Sz=l.2. Our data show much clearer relations of 
thee LFN parameters with Sz than the EXOSAT data, at least in the Sz range were it was found 
byy Kuulkers et al. (1997). However, due to the large error bars in Kuulkers et al. (1997) the 
resultss are consistent with each other. In our data, the LFN followed the behavior of the HBO, 
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bothh in strength and frequency, until the latter disappeared (< Sz — 2.1). Between Sz=2.1 and 
5Z=2.88 the behavior is rather complex and probably considerably influenced by the presence 
off  the NBO/FBO. Above Sz=3.0 the behavior was rather clean, with a decrease in strength 
andd an increase in frequency. It is not clear however whether the LFN on the FB is the same 
ass that on the HB and NB. Unfortunately no HBO was observed above Sz=2.1 to compare its 
behaviorr with, van der Kli s et al. (1997b) suggested that in Sco X-l the NBO/FBO emerged 
fromm the LFN. This seems not to be the case in GX 17+2, since the rms amplitude of the 
LFNN already starts to decrease well before the NBO appears. Moreover, v ^ shows a gradual 
increasee between S2=-0.6 and SZ=IA  to values well above the NBO frequency. Shibazaki & 
Lambb (1987) showed that in the magnetic beat frequency model for the HBO, the LFN is 
producedd as natural byproduct. However, a comparative study by Wijnands & van der Kli s 
(1999a)) strongly suggests that LFN has a similar origin as the band-limited noise component 
inn atoll sources, BHCs, and the millisecond X-ray pulsar SAX 1808.4-3658. They suggest 
thatt this noise component is produced in the accretion disk, and does not require the presence 
off  magnetosphere or solid surface. In the model by Psaltis & Norman (2001) based on disk 
modes,, this band limited noise component is naturally generated by slow leakage of power 
fromm the different modes that are excited. 

9.4.22 Spectral Behavior 
Inn our observations GX 17+2 traced out the well known Z-like tracks in the CD and HID. In 
additionn to motion along this track, we also observed secular motion of the Z track itself in 
thee HID of epoch 3 (see Figure 9.1), as was already reported by Wijnands et al. (1997a) (see 
alsoo Kuulkers et al. 1997, for a possible shift in the EXOSAT HID of GX 17+2). 

Itt is commonly believed that the motion of the source along and its position on the Z track 
aree determined by the mass accretion rate (Af) through the inner accretion disk and onto the 
neutronn star, increasing from the HB to the FB. Even though the count rates actually decrease 
onn the NB and in some sources also on the FB (implying an anti-correlation between M and 
flux)flux)  there are several observational results that support this view: (1) the frequencies of the 
HBOO and kHz QPOs, that in many models are directly related to M, gradually increase from 
HBB to NB (and in Sco X-l even to the FB, see van der Kli s et al. 1996). (2) The optical and 
UVV flux increase from HB to FB (Hasinger et al. 1990; Vrtilek et al. 1990; van Paradijs et al. 
1990;; Vrtilek et al. 1991; Hertz et al. 1992; Augusteijn et al. 1992); in X-ray binaries they are 
thoughtt to be due to reprocessing in the outer accretion disk of X-rays from the central source. 
Sincee the outer accretion disk subtends a larger solid angle than the observer it is assumed to 
bee less sensitive to anisotropics in the X-ray flux from the central source and therefore to be a 
betterr tracer of the 'real' X-ray flux. This would solve the apparent anti-correlation between 
MM and the (X-ray) flux (Hasinger et al. 1990). (3) Motion of a source is always along the Z 
track;; jumps between branches are never observed, in accordance with the assumption that M 
variess continuously. 

Itt has been found that secular motion of the Z tracks in the CDs of the Cyg-like sources 

163 3 



CHAPTERR 9 

doess not affect the relation between the rapid variability properties and source position along 
thee track (see, e.g. Kuulkers et al. 1994; Jonker et al. 2000b, however see Wijnands & van der 
Kli ss 2001). In view of the M-dominated picture mentioned above, these changes can therefore 
nott be due to changes in M, but should have a different origin. It has been suggested that the 
Cyg-likee sources are viewed at a higher inclination than the Sco-like sources (Kuulkers et al. 
1994).. The differences in shapes of the Z tracks and some of the variability properties are also 
explainedd in this model (Kuulkers et al. 1994; Kuulkers & van der Kli s 1995). Psaltis et al. 
(1995)) suggest that the difference among the Z sources might be explained by difference in 
thee magnetic field strength, with the Sco-like sources having a lower magnetic field. 

Inn the last few years results have been obtained that may challenge the M-dominated pic-
ture.. These results are mainly due to the arrival of RXTE, whose high quality data revealed 
neww phenomena and allowed for a better comparison between different classes of X-ray bi-
naries.. In the following we discuss how some of our results of GX 17+2 conflict with the 
A/-dominatedd picture. 

Thee frequency of the HBO in GX17+2 starts to decrease when the source is half way the 
NB.. Although there are several explanations for this (see Section 9.4.1), it means that the first 
assumptionn given above (i.e. QP0 frequencies increase with M) is not as solid as it seemed a 
feww years ago. 

Thee theory of type I X-ray bursts predicts that their properties change and correlate with M 
(Fujimotoo et al. 1981; Fushiki & Lamb 1987). A study of the type I X-ray bursts in GX 17+2 
byy Kuulkers (2001) showed that their properties did not correlate well with the position along 
thee Z track at which they occurred, and therefore not well with the inferred M. Although other 
explanationss are possible (see Kuulkers 2001), this could mean that M does not determine the 
positionn of the source along the Z track. 

Recently,, di Salvo et al. (2000) reported the discovery with BeppoSAX of a hard tail in 
thee energy spectrum of GX 17+2. It increased in strength from the HB/NB vertex (where only 
upperr limits on its strength could be determined) onto the HB. They also showed that the total 
0.1-2000 keV flux increased monotonically from the NB/FB vertex (Fx = 1.52 x 10-8 ergs~l) 
too the top of the HB (Fx = 1.84 x 10- 8 ergs'1). This is different from the behavior of the 
2.9-20.11 keV count rate (see Figure 9.3a), which increased from NB/FB vertex to the HB/NB 
vertex,, but decreases afterwards. As can be seen from Figure 9.3b the behavior of the hard 
countt rate confirms the findings of di Salvo et al. (2000). Also, there is no evidence for a 
changee in its behavior near the HB/NB vertex. Unfortunately no BeppoSAX data were taken 
onn the FB. 

Thee behavior of the 0.1-200 keV flux on the NB and HB suggest that M increases in the 
oppositee direction from what is commonly assumed. However, since the flux changes are 
ratherr moderate (~20%), another option is that M does not change at all along the Z track. In 
thatt case motion along the Z track (i.e. spectral change) is caused by another parameter, such 
ass the inner disk radius, while M remains constant (van der Kli s 2000). A similar possibil-
ityy was suggested by Homan et al. (2001) to explain the observed behavior of the black hole 
transientt XTE J1550-564. They found that spectral changes occurred at different levels of 
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thee mass accretion rate. The spectral changes were ascribed to an unknown parameter, which 
theyy suggested to be the inner disk radius (based on variability), the size of the Comptoniz-
ingg region (based on spectral hardness), and/or the accretion flow geometry (based on radio 
brightness).. If this also applies to the Z sources, me secular motion that is observed could 
perhapss be explained by changes in the M. The apparent lack of a correlation between the 
typee I burst properties and the position along the Z track could also be explained, since M 
wouldd determine the properties of die bursts but no longer the spectral properties. 

Itt is interesting to see tiiat GX 17+2 and the Z sources, show in fact several similarities 
withh XTE J1550-564 and other black hole sources. The first was already briefly mentioned 
above,, and concerns the independent behavior of the hard and soft spectral components on 
thee HB. This independency of die hard and soft spectral components is commonly observed 
inn black hole candidates (BHCs, see Tanaka & Lewin 1995). There are several properties 
thatt correlate well with the spectral hardness in BHCs and also witii the spectral hardness in Z 
sources,, which increases from die NB to die HB (for the moment we will exclude die FB from 
mee comparison; it will be discussed later). These properties are die radio flux, me optical flux, 
andd to a certain degree also QPO frequencies. (1) The radio flux in BHCs is correlated widi 
mee spectral hardness (Fender et al. 1999; Fender 2001, and references dierein). This is also 
truee for GX 17+2, where the radio flux increases from die NB to the HB (Penninx et al. 1988). 
Scoo X-l (Hjellming et al. 1990b) and Cyg X-2 (Hjellming et al. 1990a) show similar behavior, 
whereass GX 5-1 only showed one flare on the NB (Tan et al. 1992); the behavior of GX 349+2 
(Cookee & Ponman 1991) and GX 340+0 (Penninx et al. 1993) has not been studied in that 
muchh detail. The behavior of die radio flux suggests mat as the spectral hardness increases, 
partt of me flow onto die neutron star evolves into an outflow. (2) Jain et al. (2001) found mat 
inn XTE J1550-564 die optical flux decreased during several small flares in which die hard 
spectrall  component became stronger. Aldiough die optical counterpart of GX 17+2 (Callanan 
ett al. 1999; Deutsch et al. 1999) has never been studied in much detail, mis behavior is similar 
too me anti-correlation between die hard color and optical/UV flux on die NB and HB in die Z 
sourcess Cyg X-2 (Hasinger et al. 1990; Vrtilek et al. 1990; van Paradijs et al. 1990) and Sco 
X-ll  (Vrtilek et al. 1991; Hertz et al. 1992; Augusteijn et al. 1992). (3) In XTE J1550-564 
mee frequencies of die low and high frequency QPO anti-correlate widi die strength of die 
hardd spectral component (Homan et al. 2001). This is also found in GX 17+2 for die kHz 
QPOss and HBO (compare Figure 9.3b with Figures 9.6 and 9.12) and other Z sources. The 
onlyy exception is me correlation between die HBO frequency and spectral hardness diat we 
observedd on me lower NB. In mat respect it is interesting to mention mat (Rutiedge et al. 
1999)) report a switch from a correlation to an anti-correlation between the QPO frequency 
andd spectral hardness in several BHCs, when die latter increases beyond a certain value. In 
additionn to me QPO frequencies also die band-limited noise behaves similar. It increases widi 
spectrall  hardness, bom in BHCs and Z sources (van der Kli s 1995a) 

Itt is tempting to compare the different black hole states (Tanaka & Lewin 1995; van der 
Kli ss 1995a) widi those of me Z sources. Based on me above similarities, we suggest that the 
HBB corresponds to die low state, die NB to die intermediate and/or very high state state, and 
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thee FB to the high state. However, there are still considerable differences: the low state spectra 
aree much harder than those of the HB, and the noise in the low state is also much stronger. 
Alsoo flaring is not observed in the black hole high state. However, in both the high state and 
FBB the variability at high frequencies (>50 Hz) is extremely weak. It is not clear if and how 
thee presence of a solid surface can explain these differences. 
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Samenvatting g 

Inn dit proefschrift draait het letterlijk en figuurlijk om compacte objecten. Compacte objecten 
zijnn de overblijfselen van zware sterren. De voornaamste reden om compacte objecten te 
bestuderenn is dat de fysische omstandigheden in en rondom compacte objecten ons in staat 
stellenn effecten waar te nemen die op aarde niet waarneembaar zijn. Vaak is de informatie die 
wee van compacte objecten krijgen indirect. Zo ook in mijn onderzoek. De compacte objecten 
diee ik heb onderzocht, hebben een allemaal een enorme gasschijf om zich heen draaien. Deze 
gasschijvenn zijn erg heet en zenden röntgenstraling uit. Door de variaties in de röntgenstraling 
vann zo'n schijf te bestuderen, hopen we meer te leren over de compacte objecten zelf. 

10.11 Compacte objecten 

Hett leven van een ster is een voortdurende strijd tegen de zwaartekracht, die het gas van 
dee ster zoveel mogelijk probeert samen te drukken. Om die strijd met de zwaartekracht te 
kunnenn leveren is energie nodig. In sterren wordt die energie geleverd door kernfusie - het 
samensmeltenn van atoomkernen waarbij een kleine hoeveelheid massa wordt omgezet in ener-
gie.. Op den duur raakt deze bron van energie op en begint de zwaartekracht de overhand te 
krijgenn - de ster zal steeds meer samengedrukt worden. Afhankelijk van de massa van de 
sterr zijn er een aantal mogelijke manieren voor een ster om aan haar einde te komen. In alle 
gevallenn is het eindproduct vele malen kleiner dan de oorspronkelijke ster zelf. Deze objecten 
wordenn daarom compacte objecten genoemd. In het algemeen geldt dat hoe zwaarder de ster 
bijj  haar geboorte, hoe kleiner het uiteindelijke compacte object. Er zijn drie soorten com-
pactee objecten: witte dwergen, neutronensterren en zwarte gaten. Voor dit proefschrift heb ik 
alleenn neutronensterren en zwarte gaten bestudeerd. Neutronensterren hebben een diameter 
vann ongeveer 25 km en zijn ongeveer anderhalf keer zo zwaar als de zon (ter vergelijking: de 
diameterss van de aarde en de zon zijn respectievelijk ongeveer 12800 km en 140000000 km). 
Terr illustratie van de enorme dichtheid van een neutronenster: een luciferdoosje gevuld met 
neutronenstermateriaall  weegt net zoveel als alle mensen op aarde. Neutronensterren zijn het 
eindproductt van sterren die bij hun geboorte 8 tot 25 maal zo zwaar waren als van de zon. 
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Sterrenn die bij hun geboorte nog zwaarder waren zullen uiteindelijk eindigen als een zwart 
gat.. In een zwart gat zit alle massa geconcentreerd in één punt. Als maat voor de afmeting 
vann een zwart gat wordt altijd de afstand genomen waarvan het niet meer mogelijk is voor een 
lichtdeeltjee om te ontsnappen. Deze afstand is groter voor zwaardere zwarte gaten. Voor een 
zwartt gat dat net zo zwaar is als de zon is deze afstand ongeveer 3 km. In tegenstelling tot een 
neutronensterr kan een zwart gat geen licht uitzenden. 

Dee grote vraag is nu: waarom zou je compacte objecten bestuderen? Ik zal volstaan 
mett het wetenschappelijk correcte antwoord. Zoals eerder gezegd zijn de omstandigheden in 
enn rondom een compact object vele malen extremer dan op aarde: de zwaartekracht is veel 
sterker,, de dichtheden en temperaturen veel hoger, en in het geval van neutronensterren zijn 
dee magneetvelden veel sterker. Door compacte objecten te bestuderen kunnen we dus testen 
off  natuurkundige theorieën ook nog gelden als de omstandigheden volstrekt anders zijn dan 
opp aarde. Echter, om die theorieën te testen moeten we wel eerst het een en ander te weten 
komenn over het compacte object: hoe groot is het, en hoe zwaar? Draait het langzaam of snel? 
Waarr is het van gemaakt? Helaas is het niet gemakkelijk om dit soort gegevens één-twee-drie 
tee verkrijgen. Hoe bestudeer je nou bijvoorbeeld een object dat geen licht uitzendt, zoals een 
zwartt gat? De manier waarop we informatie krijgen is daarom vaak indirect. In het geval van 
mijnn onderzoek komt die informatie voort uitt de invloed die het compacte object uitoefent op 
eenn naburige ster. 

10.22 Lage-massa röntgendubbelsterren 

Lage-massaa röntgendubbelsterren (zie Figuur 10.1) zijn systemen waarin een compact object 
(eenn neutronenster of een zwart gat) en een normale (zon-achtige) ster om elkaar heen draaien. 
Nuu is dat op zich niet zo bijzonder; bijna de helft van alle sterren draait om een andere ster 
heen.. Het speciale van lage-massa röntgendubbelsterren zit hem in het feit dat de begeleidende 
sterr zodanig vervormd wordt door de enorme zwaartekracht van het compacte object, dat er 
massaa overdracht plaats vindt. Dat houdt in dat gas van de begeleider af wordt getrokken dat 
vervolgenss in de richting van het compacte object begint te vallen. 

Zoalss te zien is in Figuur 10.1 valt het gas niet direct naar het compacte object, maar vormt 
eenn schijf. Je kunt dit effect een beetje vergelijken met een leeg lopend bad: het water stort 
zichh niet in een keer door de afvoer, maar vormt een draaikolk waarin het langzaam maar 
zekerr dichter bij de afvoer komt om er uiteindelijk in te verdwijnen. 

Dee draaikolkachtige schijf in lage-massa röntgendubbelsterren heet een accretieschijf. Net 
zoalss bij het leeglopende bad verplaatst het gas in zo'n accretieschijf zich langzaam naar het 
midden,, richting het compacte object. Tijdens dit proces gaat het gas steeds sneller rond-
draaien,, en door interne wrijving (botsingen van de gasdeeltjes met elkaar) zal de temperatuur 
vann het gas toenemen. Aan de buitenrand van de accretieschijf is de temperatuur ongeveer 
50000 graden en in het centrum, dichtbij het compacte object, is de temperatuur een paar mil-
joenn graden. Als gas 5000 graden is, dan zendt het geel licht uit. Naarmate de temperatuur toe-
neemtt wordt de kleur van het gas steeds blauwer en uiteindelijk, bij een temperatuur van een 
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Begeleidendee ster 

Figuurr 10.1: Een model vaneen lage-massa röntgendubbelster, (credit: Rob Hynes). 

miljoenn graden, zal er ook röntgenstraling worden uitgezonden. Vandaar de 'röntgen' in lage-
massaa röntgendubbelster. De 'lage-massa' in lage-massa röntgendubbelster slaat trouwens 
opp het gewicht van de begeleidende ster - dat is namelijk nogal laag. Er zijn ook vergelijk-
baree systemen met veel zwaardere begeleiders; die worden hoge-massa röntgendubbelsterren 
genoemd.. Het systeem LMC X-3 in hoofdstuk 7 is zo'n systeem. 

Inn het algemeen geldt dat hoe hoger de hoeveelheid gas die door de schijf stroomt en hoe 
zwaarderr het compacte object, hoe meer licht er wordt uitgezonden door de accretieschijf. De 
accretieschijff  is echter niet het hele verhaal. Zoals ik net al schreef, zal de snelheid van het gas 
steedss hoger worden naarmate het dichter bij het compacte object komt. De bewegingsenergie 
vann het gas kan omgezet worden in straling, tenminste als het gas ergens op kan botsen. In het 
gevall  van een zwart gat is er geen vast oppervlak, en kan het gas dus nergens op botsen om 
dee bewegingsenergie vrij te maken. Het gas zal naar binnen vallen en we zullen er nooit meer 
ietss van zien. Bij neutronensterren zal het gas echter met een enorme klap op het oppervlak 
terechtt komen. Daarbij komt ongeveer net zoveel energie bij vrij als er door de schijf wordt 
uitgezonden.. Die energie wordt ook als röntgenstraling uitgezonden. Zoals je kunt zien in 
Figuurr 10.1 zijn er ook nog twee nauwe bundels aanwezig in een lage-massa röntgendub-
belster.. Deze bundels zenden veel radiostraling uit en bestaan uit gas dat met een enorme 
snelheidd wordt weggeschoten van vlakbij het compacte object. Het is nog niet duidelijk hoe 
zee ontstaan en of ze röntgenstraling uitzenden. 
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10.33 Röntgensterrenkunde 
Zoalss al bleek uit de vorige paragraaf speelt röntgenstraling een belangrijke rol in de studie 
vann compacte objecten in lage-massa röntgendubbelsterren. Röntgenstraling is een zeer ener-
getischee vorm van licht. Als we met onze ogen röntgenstraling konden zien, dan zou het 
zichtbaarr zijn aan de blauwe kant van het kleuren spectrum (zoals we dat in een regenboog 
zien).. Een röntgenlichtdeeltje bevat ongeveer duizend maal zoveel energie als een lichtdeel-
tjee dat we met onze ogen kunnen waarnemen. Ondanks deze hoge energie, en het feit dat 
röntgenstralingg vrij gemakkelijk door ons lichaam heen dringt, is de dampkring vrijwel on-
doordringbaarr voor röntgenstraling. Pas met de opkomst van de ruimtevaart, aan het eind van 
dee jaren 50, werd het mogelijk om waarneeminstrumenten boven de dampkring te brengen 
omm zodoende röntgensterrenkunde te bedrijven. De tweede bron van röngenstraling (de Zon 
wass de eerste) die werd gevonden kreeg de naam Sco X-l (de eerste röntgenbron in het ster-
renbeeldd Scorpius.) Pas later bleek dat Sco X-l een lage-massa röntgendubbelster is. Sinds 
dee begindagen van de röntgensterrenkunde zijn er ongeveer 100 andere lage-massa röntgen-
dubbelsterrenn gevonden. 

Hoee komen we nu meer te weten over compacte objecten in lage-massa röntgendubbel-
sterren?? De drie belangrijkste waarneemtechnieken in de (röntgen)sterrenkunde zijn: een 
afbeeldingg maken, spectroscopie en fotometrie. Een afbeelding maken van een lage-massa 
röntgendubbelsterr is weinig zinvol. Alle lage-massa röntgendubbelsterren staan te ver weg; 
zelfss met de grootste telescopen zien ze er nog uit als puntjes. Door middel van spectrosco-
piee kunnen we bestuderen wat voor soort licht een object uitzendt. Door nauwkeurig te kijken 
naarr de verdeling van het licht als functie van de golflengte of energie kunnen we bijvoorbeeld 
proberenn de temperatuur van het gas in een accretieschijf te meten. Röntgenspectroscopie van 
lage-massaa röntgendubbelsterren is nogal moeilijk; vaak zijn de resultaten lastig te interpre-
terenn en erg afhankelijk van het model dat de onderzoek(st)er gebruikt. Fotometrie is het 
bestuderenn van de helderheid van een object. Vaak wordt het gebruikt om te kijken hoe de 
helderheidd van een object in de tijd verandert. Dit is de techniek waarvan ik tijdens mijn 
onderzoekk gebruik heb gemaakt. 

10.44 Studie van tijdsvariaties 

Omm zo veel mogelijk te weten te komen over een compact object is het belangrijk dat we 
zekerr weten dat de informatie die we bestuderen dichtbij het compacte object vandaan komt. 
Zoalss ik eerder al schreef, gaat het gas in een accretieschijf steeds sneller draaien naarmate 
hett dichter bij het compacte object komt. Aan de buitenkant van de schijf (op een afstand 
vann een miljoen kilometer van het compacte object) draait het gas ongeveer één keer per uur 
omm het compacte object. Op ongeveer duizend kilometer, draait het al 10 keer per seconde 
rondd (de frequentie is 10 Hertz), en op een afstand van 10 kilometer meer dan duizend keer 
perr seconde (de frequentie is dan duizend Hertz). Als je dus hele snelle variaties bestudeerd, 
dann kijk je naar de gebieden vlakbij het compacte object. Zoals ik al eerder schreef, zenden 
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Figuurr 10.2: links: Een lichtkromme van de lage-massa röntgendubbelster SAX J1808.4-
3658,, waarin per tweeduizendste van een seconde het aantal gemeten röntgenlichtdeeltjes is 
gegeven.. Er is geen duidelijk signaal te zijn. rechts: Een variatie spectrum van de zelfde 
lage-massaa röntgendubbelster. Er is een duidelijk signaal zichtbaar bij 400 Hz. 

dee gasdeeltjes in de buurt van het compacte object voornamelijk röntgenstraling uit. Om de 
snelstee variaties te bestuderen kunnen we dus het beste naar de röntgenstraling van lage-massa 
röntgendubbelsterrenn kijken. 

Err zijn verschillende eigenschappen van een compact object die de beweging van het gas 
inn de accretieschijf (en dus de variaties) kunnen beïnvloeden: de enorme geconcentreerde 
massaa van het compacte object zal bijvoorveeld de ruimte vervormen, waardoor de banen van 
dee gasdeeltjes anders zullen zijn dan in een normale situatie. Als een compact object snel 
omm zijn as draait verandert dit de banen van de deeltjes ook, en een sterk magneetveld zorgt 
err weer voor dat de gasdeeltjes niet meer vrijelij k kunnen bewegen. Door nauwkeurig de 
variatiess in de röntgenstraling te bestuderen, zouden we de effecten van de massa, draaiing en 
magneetveldd kunnen zien, en daardoor dus meer kunnen leren over het compacte object. 

Dee manier waarop de variaties worden gemeten (fotometrie) is vrij simpel: de satelliet telt 
gewoonn het aantal röntgenlichtdeeltjes per seconde en stuurt die gegevens naar aarde. Helaas 
zijnn de snelste variaties vaak zo zwak dat we ze niet rechtstreeks kunnen zien. Om ze toch te 
bestuderen,, wordt er gebruik gemaakt van een speciale wiskundige techniek die een Fourier-
transformatiee heet. Het komt er hierbij op neer dat we niet kijken naar hoeveel lichtdeeltjes 
wee zien binnen een bepaalde tijd; in plaats daarvan kijken we naar hoeveel variatie er plaats 
vindtt bij een bepaalde frequentie - dit is in de praktijk veel gevoeliger voor snelle variaties. 
Eenn voorbeeld staat gegeven in Figuur 10.2. Aan de linkerkant staat de lichtkromme, die 
laatt zien hoeveel lichtdeeltjes er per tijdseenheid zijn waargenomen. Om snelle variaties te 
zienn moet je de lichtkromme opsplitsen in korte stukjes. In het voorbeeld in Figuur 10.2 is 
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Figuurr 10.3: Een variatiespectrum van een lage-massa röntgendubbelster. Een quasi-
periodiekee oscillatie is zichtbaar met een frequentie van ongeveer 900 Hz. 

dee lichtkromme opgedeeld in 200 stukjes. Zoals je kunt zien wordt er per tijdseenheid soms 
éénn lichtdeeltje waargenomen, maar meestal zelfs geen een. Er zijn alleen wat willekeurige 
variatiess te zien, maar geen duidelijk signaal. Op die manier kunnen we snelle variaties na-
tuurlijkk niet bestuderen. Om die rechtstreeks in een lichtkromme te kunnen zien heb je per 
tijdseenheidd enkele tientallen lichtdeeltjes nodig. Daar zijn de huidige satellieten helaas niet 
gevoeligg genoeg voor. In het rechter plaatje staat het variatiespectrum van de zelfde bron - in 
eenn variatiespectrum kun je zien hoe sterk de variatie bij een bepaalde frequentie is. Zoals je 
kuntt zien is er wel degelijk een signaal, met een frequentie van 400 Hz. Dat wil zeggen dat er 
inn dit systeem iets is dat 400 keer per seconde van helderheid verandert. In dit geval blijkt het 
tee gaan om een neutronenster die 400 keer per seconde ronddraait. Het signaal noemen we 
inn dit geval een periodieke oscillatie, omdat de frequentie van het signaal niet verandert. Het 
komtt er dus op neer dat zowel voor het linker als het rechter plaatje de zelfde gegevens zijn 
gebruikt.. Echter de manier waarop de gegevens zijn verwerkt voor het rechter plaatje, is veel 
gevoeligerr voor de variaties waarin we geïnteresseerd zijn. 

Alss we kijken naar de variatie spectra van andere lage-massa röntgendubbelsterren dan 
zienn we vaak ook pieken, alleen niet zo mooi als die in Figuur 10.2. We denken dat dat komt 
omdatt we in die gevallen niet het compacte object zelf zien draaien, maar de klonten materie 
off  gas in de accretieschijf. Omdat hun beweging wat onregelmatig is, zijn de pieken in het 
variatiespectrumm wat breder (zoals in Figuur 10.3). Deze pieken noemen we quasi-periodieke 
oscillaties. . 

Hoewell  ik zojuist schreef dat het in principe mogelijk zou moeten zijn meer over compacte 
objectenn te weten te komen door de variaties in de röntgenstraling van de accretieschijven te 
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Figuurr 10.4: Een modeltekening van de Rossi X-ray Timing Explorer. 

bestuderen,, blijkt dat in de praktijk toch behoorlijk tegen te vallen. Het variatiespectrum is 
vaakk zo gecompliceerd dat we niet eens weten wat al die quasi-periodieke oscillaties veroor-
zaakt.. Zonder dit te begrijpen is het echter lastig om werkelijk uitspraken te doen over de 
compactee objecten zelf. Er is de laatste jaren wel veel vooruitgang geboekt. Eindelijk zijn 
err de verwachte snelle variaties gevonden waar al lang naar werd gezocht en ook blijkt dat 
dee variaties in neutronenster en zwarte gat bronnen (gelukkig) veel overeenkomsten vertonen. 
Hett lijk t er op dat we de accretieschijven (en op den duur dus de compacte objecten) steeds 
beterr beginnen te begrijpen. 

10.55 Dit Proefschrift 

Hett hoofddoel van mijn onderzoek was het bestuderen van quasi-periodieke oscillaties (QPOs) 
inn verschillende soorten lage-massa röntgendubbelsterren. Alle gegevens die ik heb gebruikt 
voorr dit werk zijn verkregen met de Rossi X-ray Timing Explorer (vrij vertaald: de Rossi 
Röntgenn Tijdsanalyse Satelliet). Deze satelliet is speciaal gebouwd met als doel zoveel moge-
lij kk röntgenlichtdeeltjes per seconde te kunnen tellen. Figuur 10.4 is een modeltekening van de 
satelliet.. Het is zeker niet de mooiste satelliet die ooit gemaakt is, maar voor röntgenfotometrie 
iss het veruit de beste satelliet tot nu toe. 

Aangezienn ik aan nogal verschillende systemen heb gewerkt is het lastig een samenhan-
gendee samenvatting te maken. Ik zal daarom een paar van de resultaten behandelen, die ik 
zelff  het leukste vind. 
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GXX 13+1 

GXX 13+1 is een lage-massa röntgendubbelster met een neutronenster, waarin tot een paar 
jaarr terug nog geen QPOs gevonden waren. We ontdekten een QPO die sterk leek op QPOs 
diee tot dan toe alleen in één bepaald type neutronenster lage-massa röntgendubbelster waren 
gevonden.. Aan de andere kant lijk t het gedrag van GX 13+1 ook sterk op dat van een ander 
typee neutronenster-lage-massa röntgendubbelsterren. Het lijk t er nu op dat GX 13+1 een 
soortt verbinding vormt tussen de twee type neutronenster-lage-massa röntgendubbelster die 
wee kennen. 

XTEJ2123-058 8 

XTEE J2123-05 8 is lage-massa röntgendubbelster (met een neutronenster) die pas ontdekt 
werdd in 1998. Het systeem was maar voor een aantal weken zichtbaar in het röntgenlicht. 
Gedurendee die periode hebben we twee hele snelle variaties ontdekt in dit systeem (850 Hertz 
enn 1130 Hertz). Tevens hebben we een schatting gemaakt van de afstand. Het bleek dat dit 
systeemm veel verder weg staat dan de meeste lage-massa röntgendubbelsterren, en nog op een 
vreemdee plaats ook: een beetje buiten het melkwegstelsel. Het is nog niet duidelijk hoe het 
daarr gekomen is. 

EXOO 0748-676 

EXOO 0748-676 is een lage-massa röntgendubbelster die bijna helemaal van de zijkant be-
kekenn wordt. Op die manier zijn we gevoeliger voor oneffenheden op het oppervlak van de 
accretieschijf.. Over het algemeen wordt aangenomen dat accretieschijven vrij dun zijn. Ech-
ter,, in EXO 748-676 vonden we voor het eerst een quasi-periodieke oscillatie die alleen maar 
verklaardd kan worden als accretieschijven veel dikker zijn dan tot dan toe werd aangenomen. 
Ietss later hebben we ook hele snelle variaties gevonden in deze bron. Met die laatste ont-
dekkingg waren we in staat wat extra beperkingen op het productiemechanisme van dit soort 
variatiess te leggen. 

XTEE J1550-564 

XTEE J1550-564 is een lage-massa röntgendubbelster die pas een paar jaar terug ontdekt is, 
enn waarvan men denkt dat het compacte object een zwart gat is. Deze bron vertoont een 
heleboell  verschillende quasi-periodieke oscillaties. We waren in staat deze quasi-periodieke 
oscillatiess op een logische manier de classificeren en vond een relatie tussen de frequenties 
vann de langzame en snelle variaties - dat was de eerste keer voor een zwart gat. Ook hebben 
wee aangetoond dat, in tegenstelling tot wat altijd aangenomen was, de hoeveelheid gas die 
doorr de schijf beweegt niet rechtstreeks bepaalt hoe snel de variaties in de accretieschijf zijn. 
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GXX  17+2 
GXX 17+2 is een lage-massa röntgendubbelster met een neutronenster als compact object. Net 
alss XTE J1550-564 vertoont dit systeem relaties tussen de frequenties van de langzame en 
snellee variaties. Dit is echter al eerder voor andere neutronenstersystemen gezien. Het unieke 
vann de relatie in GX 17+2 is het feit dat de relatie ombuigt en wel op een manier die door 
dee relativiteitstheorie wordt voorspeld. Dit zou dus een van de eerste keren zijn dat QPOs 
gebruiktt kunnen worden om de relativiteitstheorie te testen. 
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Inn the Kamigata area they have a sort of tiered lunchbox they use for a single day 
whenn flower viewing. Upon returning, they throw them away, trampling them 
underfoot.. The end is important in all things. 

Fromm 'Ghost Dog: The Way of the Samurai' (1999) 










