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Chapterr 6 

Thee power spectral properties of the Z 
sourcee GX 340+0 

Peterr G. Jonker, Michiel van der Klis, Rudy Wijnands, Jeroen Homan, Jan van 
Paradijs,, Mariano Méndez, Eric C. Ford, Erik Kuulkers, & Frederick K. Lamb 

AstrophysicalAstrophysical Journal, 2000, 537, 374 

Abstract t 

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

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

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

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

6.22 Observations and analysis 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

HBOO frequency (Hz) 

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

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

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

Thee HBO frequency selection proceeded as follows. For each observation we 
constructedd a dynamical power spectrum using the 5-60 keV or 2-60 keV data 
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OO 5000 104 

Timee (s) 

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

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

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

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

6.33 Results 

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

Wee also experimented with several other fit  function components to describe 
thee average power spectra which were used by other authors to describe the power 
spectraa of other LMXBs. Using a fit  function built up out of a broken power law, 
too fit the LFN component, and several Lorentzians to fit  the QPOs after Wijnands 
&&  van der Kli s (1999a) results in significantly higher y}red values than when the 
fitfit  function described in Section 6.2 was used (%led=  1.66 for 205 degrees of free-
domm (d.o.f.) versus a %%d= 1-28 with 204 d.o.f.). We also fitted the power spectra 
usingg the same fit function as described in Section 6.2 but with the frequency of 
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thee sub-HBO component fixed at 0 Hz, in order to test whether or not an extra 
LFN-lik ee component centred around 0 Hz was a good representation of the extra 
sub-HBOO component. Finally, we tested a fit  function built up out of two cut-off 
powerr laws; one describing the LFN and one either describing the sub-HBO com-
ponentt or the shoulder component, and three Lorentzians, describing the HBO, its 
secondd harmonic, and either the sub-HBO or shoulder component when not fitted 
withh the cut-off power law. But in all cases the y}red values obtained using these 
fitfit  functions were significantly higher (for the 24-26 Hz selection range values 
off  1.52 for 205 d.o.f., 1.62 for 204 d.o.f., and 2.00 for 205 d.o.f. were obtained, 
respectively). . 

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

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

6.3.11 The LFN component 

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

6.3.22 The HBO component 

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

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

Thee HBO rms amplitude depended strongly on photon energy all across the 
selectedd frequency range. The rms amplitude increased from 5% at 2-5.0 keV to 
~16%% at 13.0-60 keV (at Sz=0.48) (see Figure 6.6 [dots] for the HBO energy de-
pendencee in the 26-28 Hz range). The increase in fractional rms amplitude of the 
HBOO towards higher photon energies became less as the frequency of the HBO 
increased.. At the highest HBO frequencies the HBO is relatively stronger in the 
8.4-13.00 keV band than in the 13.0-60 keV band. The ratio between the fractional 
rmss amplitude as a function of photon energy of the HBO at lower frequencies and 
thee fractional rms amplitude as a function of photon energy of the HBO at higher 
frequenciess is consistent with a straight line with a positive slope. The exact fit pa-
rameterss depend on the HBO frequencies at which the ratios were taken. This be-
haviorr was also present in absolute rms amplitude (= fractional rms amplitude * Ix, 
wheree Ix is the count rate), see Figure 6.7. So, this behavior is caused by actual 
changess in the QPO spectrum, not by changes in the time-averaged spectrum by 
whichh the QPO spectrum is divided to calculate the fractional rms spectrum of the 
HBO.. The FWHM and the frequency of the HBO were the same in each energy 
band. . 
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FigureFigure 6.6: The figure shows the typical energy dependence of the rms amplitude of the 
HBOHBO (bullets) and NBO (squares) as measured in the frequency range 26-28 Hz for the 
HBO,HBO, and as measured in the Sz 1.0-1.9 range for the NBO. 

6.3.33 The second harmonic of the HBO 

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

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

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

6.3.44 The sub-HBO component 

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

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

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

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

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

6.3.66 The NBO component 

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

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

Sz z 

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

NBO O 

VNBO VNBO 

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

FWHM M 
(Hz) ) 
5fl l 

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

3 3 
4 4 

22+15 5 
Z Z - 8 8 

Rms s 

(%) ) 
<0.5 5 
1.88 2 

1 1 
2.88 3 
4.11 3 
4.00 2 
3.33 5 

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

shoulder r 

^shoulder ^shoulder 

(Hz) ) 

--
8" " 
8a a 

6.77 3 
7 7 
1 1 

77 5+1-4 
8 8 

8a a 

--
--
--
--
--

FWHM M 
(Hz) ) 

--
5° 5° 
5a a 

5.00 4 
7 7 

8.55 7 

9t\ 9t\ 
5° ° 

--
--
--
--
--

Rms s 

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

--
--
--
--
--

Total l 

^weighted ^weighted 
(Hz) ) 

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

8 8 

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

Totall  rms 

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

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

aa Parameter fixed at this value 

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

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

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

6.3.77 KHz QPOs 

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

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

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

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

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

VHBOO (HZ) 

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

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

Upper r 
kHzz v (Hz) 

535+K5 5 

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

1 1 

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

3 3 
4 4 
6 6 

T } Q + " 8 8 

1899 0 
8 8 
1 1 

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

1 1 

Rmss upper 
peak(%) ) 

44 2+ÜM 

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

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

1.88 3 
1.22 3 

Lower r 
kHzz v (Hz) 

i97+*> > 
2522 7 
2466 0 

1 1 
275a a 

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

8 8 
5655 2 

FWHMM lower 
peakk (Hz) 

171+]F F 
8 8 

208+ '̂ ' 
633 5 
150° ° 

8 8 
1521*1 1 
150° ° 
150° ° 
355 7 

1 1 
69+ 46 6 w_w_29 29 

Rmss lower 
peak(%) ) 

33 1+3-7 

2.77 5 
11 8 +1 - 0 

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

2 2 
1.11 2 

aa Parameter fixed at this value 

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

6.44 Discussion 

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

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

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

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

6.4.11 Comparison with other  observations 

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

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

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

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

Lense-Thirrin gg precession frequency 

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

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

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

Magnetosphericc beat frequency and radial-flow models 

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

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

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

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

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

Radiall  oscillations in a viscous layer 

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

6.4.33 KHz QPOs and their  peak separation 

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

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

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

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