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Chapterr 7 

Loww and high frequency variability as 
aa function of spectral properties in the 
brightt X-ray binary GX 5-1 

Peterr G. Jonker, Michiel van der Klis, Jeroen Homan, Mariano Méndez, Walter 
Lewin,, Rudy Wijnands, William Zhang 

SubmittedSubmitted to Monthly Notices of the Royal Astronomical Society 

Abstract t 

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

7.11 Introductio n 

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

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

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

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

7.22 Observations and analysis 

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

Obs. . 
No. . 

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

Observation n 
ID D 

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

Da le* * 
Stann time (UTC) 

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

Amountt of good 
dataa (ksec) 

~~ 0.14 
Omitted d 
~~ 14.5 
Omitted d 

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

~~ 17.6 
-5.2 2 
-9.2 2 

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

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

Obs. . 
No. . 

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

Observation n 
ID D 

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

Date& & 
Startt time (UTC) 

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

Amountt of good 
dataa (ksec) 

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

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

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

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

UsingUsing the high time-resolution data we calculated power-density spectra (2-
600 keV) of data stretches of 16 s, up to a Nyquist frequency of 2048 Hz, using 
aa Fast Fourier Transformation algorithm. The power spectra were normalized to 
fractionall  rms amplitude squared per Hz, added, and averaged according to their 
positionn along the Z track (the selection method will be described in detail below). 
Duee to the relatively low amplitude of the variability in the high frequency part 
off  the power spectrum, simultaneous fits of the entire frequency range would not 
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19-26__ 27-41. 42-76, 

) ) 
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Logg [Intensity ( c / s ) ] 

3.66 3.7 3.e 

Logg [Intensity ( c / s ) ] 

FigureFigure 7.1: Left panel: Hardness-intensity diagrams for observations 1-7, 8-18, 19-26, 
27-41,27-41, 42-76. Right panel: Hardness-intensity diagram of all observations combined. 
TheThe hard color is the logarithm of the 10.2-17.5/6.5-10.2 keV count rate ratio for obser-
vationsvations 1-41 and that of the 10.1-17.61 6.6-10.1 keV count rate ratio for observations 
42-76.42-76. The intensity is the 2.5-17.5 keV (observations 1-41), and the 2.6-17.6 keV (ob-
servationsservations 42-76) count rate. The data were background-subtracted and corrected for 
changeschanges in the energy response of the PCA detectors (see text), but no deadtime correc-
tionstions were applied (the deadtime correction is <4%). Typical error bars (not including 
systematicsystematic errors) are shown at the bottom right of the figure in the right panel. 

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

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

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

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

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

7.33 Results 

7.3.11 Spectral states 

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

7.3.22 Low-frequency power  spectra 

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

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

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

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

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

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

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

Thee frequency of the NBO decreased from 6.1 3 Hz at Sz = 1.07  0.02 
too 5 Hz at Sz = 1.33 2 before it increased again to 6.1 1 Hz at 
Szz = 1.82 . For Sz > 1.9 its frequency could not be determined with high 
accuracyy since the FWHM increased to 8 Hz. The fractional rms amplitude of 
thee NBO varied between % and % for Sz = 1.07 2 
andd Sz = 1.52 , respectively but it decreased to % at S, = 
1.955 . The somewhat erratic behavior in the fractional rms amplitude of 
thee NBO between Sz=  1.3 — 1.5 can be explained by the fact that the HBO was 
veryy broad and had power in the same frequency range as the NBO. The fractional 

109 9 



CHAPTERR 7 

0.11 1 10 100 

Frequencyy (Hz) 

FigureFigure 7.5: Average 2-60 keV power density spectrum for Sz = 0.60 . The best 
fitfit  and the individual components used in this fit are indicated; the dashed line represents 
thethe LFN, the dotted line the HBO, the dash-dot line the sub-HBO, the solid line its third 
harmonic,harmonic, and the dash-three dots line the second hamonic of the HBO. The component 
arisingarising in the power spectrum due to Poisson noise was subtracted. 

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

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

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

Sjj  valuef 

3 3 
0.211 3 
0.311 3 

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

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

LFNfrac. . 
rmss amp. 

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

4.811 9 
2 2 
2 2 

<0.5 5 
<0.5 5 

Powerr law 
index x 

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

0.4° ° 
0.4a a 

Cut-off f 
freq. . 
(Hz) ) 

5 5 
1 1 
1 1 
2 2 

2 2 
3 3 
5 5 

l l 
2 2 
2 2 

VLFNfrac. . 
rmss amp. 

% % 

<0.4 4 
<0.5 5 

7 7 
1 1 
2 2 
3 3 

3.11 1 
ii  7+0.6 

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

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

2 2 
2 2 
2 2 
3 3 

Powerr law 
index x 

l " " 
1" " 

l l 
1 1 
! ! 
1 1 

1.9° ° 
2 2 
1 1 
1 1 

1.6" " 
l l 

1.5" " 
1.5° ° 

1 1 
1 1 
1 1 
1 1 
1 1 

1.8° ° 
1 1 
1 1 
1 1 
1 1 

NBOO frac. 
rmss amp. 

* * 

<0.4 4 
<0.7 7 

11 69+0 05 

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

1 1 
2 2 
8 8 

1 1 
3 3 
3 3 
3 3 
4 4 

1.611 4 
3 3 
5 5 
fr r 

f t t 

fr r 

6 6 

<1.2 2 

FWHM M 
NBO O 
(Hz) ) 

10° ° 
!0° ° 

9 9 
9.11 4 

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

8.11 8 
fc c 

* * 
* * 
' ' 

0.3" " 

Freq. . 
NBO O 
(Hz) ) 

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

6.011 5 
6 6 
8 8 

1 1 
2 2 
* * 

* * 
* * 

25+8" " 

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

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

7.3.33 KHz QPOs 

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

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

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

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

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

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

115 5 



CHAPTERR 7 

oo o —« r ^ S ^ w o o ^ o ^ S ^ ö o ^ S r j j 

<u u 

'TT f 

PUU CA 

c/3 3 

^^  » M 5 5 ^ oo . _ 

ooo oo 

r ~ t ? \ e « " ) r ^ © c j m o o o , \ c j \ © m r - - » / i r ^ o © o o r o —— M N 

- H ^ - H - H - H - H - H - H ^ - H - H - H - H - H - H - H - H - H - H - HH + ^ " ^ 
©© m o\ —' © Tt — i h i o o e c c m c n - H ^ m o o m N 1 ' 1 

© © © © © © © © © © © © © © © © ' © © Ö © ' © ^ 0 0 0 

- H - H - H - H - H - H - H - H ^ - H - H - H - H - H - H - H + l - H - H ^ - H © © © O r ^ i ^ 5 \ £ 5 ' O O N s p ( N < N - H © o s r - i o r ~ - m ' ^ ' r s - H O O \\ V V 

- H - H - H - H - H - H - H - H - H - H - H - H - H - H - H - W - H - H - H - H - H ^ " ^ ^ h ^ M O _ ^ M ( S h - H O C c 4 i n f > o o f i n i n m „„ , „ ^ ^ 

© © ' © © © ' © © © © © © © © © © © © © © © © r ^ 0 0 , , 
- H - H ^ - H - H - H - H - H - H - H - H - H - H - H - H - H - H + I - H - H - H o o o i O m [ s

: / ) ^ n H r t q - H i n o q ^ h ' t m m ' H q ( o v ii V V 

© © © © © © © © © © o p © © © © © © © ©© o © © 
© © © © © © © © © © © © o © ö © © © © ö © o © © 
-H-H-H-H-H-H-H-H-H-H-H-H-H-H-H-H-H-H-H-H-H-H-H H 
N » r H T t - H v i o i n O v i O v i O ^ O O i r ) 0 < o - H W l O f l O M M 

O Ö Ö © © © ' © © © © © © © © © © © © ' - * ^ ' ^ ^ ^ ^ 

u u 

> > 

es s 
T3 3 
U U 
X X 

«c c 
ba a 

ü ü 
E E 

i i 
Cu u 

-es s 
C C 

15 5 
e e 
o o 

X! ! 

3 3 

> > 

C/3 3 

£ £ 

T3 3 

CU U 

1 1 
T3 3 

t/5 5 
C C 
O O 

§ § 

116 6 



LOWW AND HIGH FREQUENCY VARIABILIT Y AS A FUNCTION OF SPECTRAL 
PROPERTIESS IN THE BRIGHT X-RAY BINARY GX 5-1 

,.—̂  ^ N N 

^ ^ 
u u 

D D 

0) ) 

*--o o 
LL L 
CC 5 

N N 
T T 
V V 

O O 
o o 
00 0 

o o 
o o 
CO O 

O O 
o o 
• * • • 

o o 
o o I N N 

— — 

X X 

* * 

! ! 

X X 

* * 

20 0 

X X 

* * 

• • 

X X 

t t 

• • 

i i 

X X 

• • 
i i 

L L 

30 0 

HBO O freq q 

X X 

• • 
* * 

X X 

* * 

* * 

40 0 

uencyy ( 

x x 

# # 

* * 

Hz) ) 

X X 

• • 

\ \ 

* * 

• • 

* * 

50 0 

--

• • 

— — 

FigureFigure 7.10: The kHz QPO properties as a function of the HBO frequency. The dots 
representrepresent the lower kHz QPO and the crosses the upper kHz QPO. The frequency of the 
peakpeak separation is indicated with stars. The rate of increase in lower kHz QPO frequency 
andand therefore also in the peak separation frequency changes near v HBO ~ 45 Hz. 

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

Zeropoint t 
Slope e 

Quadraticc / break 
Slopee after Break 

X2/d-o.f. . 

Constant t 

z z 

66.88 /9 

Linear Linear 

11 Hz 
-700 0 

39.9/8 8 

Parabola a 

2911 9 Hz 
2599 9 
-2755 0 

15.0/7 7 

Broken n 

44 Hz 
00a a 

SSzz = 6 
3 3 

7.8/7 7 

Broken n 

99 Hz 
5 5 

S,, = 5 
9 9 

5.5/6 6 

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

7.4.11 KHz QPOs 

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

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

118 8 



LOWW AND HIGH FREQUENCY VARIABILIT Y AS A FUNCTION OF SPECTRAL 

PROPERTIESS IN THE BRIGHT X-RAY BINARY GX 5 -1 

11 1 1 1 

--
$ $ 

V V 

< < 

t t 

V V 

1 1 

1*!!  " 
00 i £ 

00 j .T 
f f 

>> +H i 

-- t 
T T 

ii  i i 

2000 40 0 60 0 80 0 

Lowerr  kH z QP0 (Hz ) 

FigureFigure 7.11: The angle 5 (defined by Osherovich & Titarchuk 1999) for GX 5-1 (grey 

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

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

upper-\
2
lower)-

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

7.4.22 Comparison with other Z sources 

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

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

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

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

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

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

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

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

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

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

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