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Chapterr 2 

Dataa acquisition and analysis 

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

Thee satellite orbits the earth at an altitude of ~600 km in an inclined orbit (in-
clinationn ~ 23°). Therefore, it passes through the South Atlantic Anomaly (SAA) 
inn 6 of the 14—15 daily orbits. During such a passage, lasting typically 10-20 
minutes,, the instruments are put in a safe mode to protect them against the high 
particleparticle flux. Furthermore, unless sources are located near one of the poles of the 
orbitt they wil l be occulted for typically 30 minutes by the earth once each 100 
minutee orbit. By efficient scheduling of the various targets the satellite operation 
stafff  often manages to overlap the earth occupations with the passage of the SAA. 
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CHAPTERR 2 

2.1.11 ASM 

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

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

2.1.22 The proportional counter  array 

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

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

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

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

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

2.22 Analysis 

2.2.11 Power spectra 

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

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

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

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

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

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

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

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

Functionn Expression 

P(V)) oc V - 0 6 

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

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

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

2.2.22 Fittin g the power  spectra 

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

Lorentziana a 

Powerr law 

Cut-offf  power law^ 

Brokenn power lawc 
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