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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 Array 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 Variability 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 variability 

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 variability 

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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