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Chapterr  1 

Blackk holes and neutron stars in 
binaries s 

1.11 Some Histori c Background 

Thiss thesis is partly about stellar X-ray sources which are a black-hole candidate 
noww or have been a black-hole candidate in the past. We will consistently use the 
termm black-hole candidate instead of black hole for astrophysical objects, since 
thee evidence that the black-hole candidates are really black holes is strong (see 
below),, but to date no information has been obtained which is a test of general 
relativityy in the strong-field limit . 

AA black hole is a prediction of the general relativity theory and is a region of 
space-timee where it is only possible for all "things" {including photons) to move 
closerr to the center, just as it is unavoidable to age with time. This means that 
nothingg can escape from a black hole (including light, hence the term black hole) 
andd that no communication is possible from inside this region (limited by the 
"horizon")) to outside. 

Thee first theoretical calculations of the formation of a black hole in an 
astrophysicall  context were performed by Oppenheimer and Snyder (1939). They 
studiedd the collapse of a homogeneous sphere of pressure-free fluid, using the 
generall  relativity theory, and discovered that the sphere cuts itself off from 
communicationn with the rest of die Universe. 

Salpeterr (1964) was the first to propose accretion of matter onto a compact 
massivee object {"Schwarzschild singularity") as an energy source for quasars. 

9 9 



10 0 BLACKK HOLES AND NEUTRON STARS IN BINARIES 

Hee estimated that the total energy output for this process would lie in the range 
off  5-20% of the rest-energy of the accreted matter. 

Ann early speculation about the existence of collapsed stars in binary stars was 
putt forward by Zeldovich & Guseynov (1966). They considered spectroscopic 
binariess with unseen companions, and calculated the masses for these unseen 
companionss from the velocity amplitudes. They found 7 cases were the com-
panionn could be a compact object. However, none of these is still considered a 
black-holee candidate today. 

X-rayy astronomy started with the discovery by Giacconi et al. (1962) of an 
X-rayy source in the constellation Scorpius, which was named Sco X-l . The 
firstt to connect X-ray sources and binary stars were Hayakawa and Matsuoka 
(1964),, who suggested colliding winds as the origin of the X-ray radiation. The 
identificationn of an optical counterpart of Sco X-l by Sandage et al. (1966) with 
ann 12-13m star, ledShklovskii (1967) to conclude that the optical radiation cannot 
representt the low-frequency part of the radiation from the hot plasma which is 
responsiblee for the X-rays. He argued that that Sco X-l is a binary system, in 
whichh X-rays are generated by transfer of matter from a companion star to a 
neutronn star. 

Tananbaumm (1972) discussed the evidence for the working hypothesis that 
alll  bright X-ray sources (with the exception of supernova remnants) are binary 
systems.. He divided the X-ray sources into two classes: Sco X-l like sources (this 
groupp contains, e.g., Cyg X-2, GX 17+2, GX 9+1) and pulsating sources (Cen X-3, 
Herr X-l) ; several of the latter were then known to be binaries solely on the basis 
off  their X-ray properties. Tananbaum suggested that perhaps all bright X-ray 
sourcess are binaries. 

Anotherr source which is discussed by Tananbaum (1972) is Cyg X-l . Due to 
thee relatively good error box provided by an MIT rocket flight (Rappaport et al. 
1971)) and UHURU a radio source was discovered by Braes and Miley (1971) and 
Hjellmingg and Wade (1971). The precise radio position enabled Webster and 
Murdinn (1972) and Bolton (1972) to optically identify Cyg X-l with HD 226868, 
aa 9th magnitude BO supergiant, which they found is a 5.6 day spectroscopic 
binaryy system. A conservative mass estimate for this star leads to the conclusion 
thatt the mass of the invisible companion exceeds 3 M,.,. If this companion is 
thee compact X-ray source then it could be a neutron star more massive than 
previouslyy considered, or a black hole. It is striking that the first X-ray source 
withh a mass determination for the compact object turned out to be a black-hole 
candidate,, of which even today there are relatively few. 

"Blackk holes" as a separate subject in the subject index of the Astronomy and 
Astrophysicss Abstracts first appeared in 1971/2. 
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Figuree 1.1: Early X-ray and radio data of Cyg X-l . The radio data are plotted in 
thee bottom panel. Note the transition which is visible in both the radio and X-ray 
data,, which firmly establishes the radio counterpart of Cyg X-l . Figure taken 
fromm Tananbaum (1972). 
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Figuree 1.2: Observation with the UHURU satellite of Cyg X-l on 1971 June 10. 
Dataa have been summed over 0.096 s, 0.48 s, 4.8 s, and 14.4 s intervals. Note the 
variabilityy on the shortest time scales. Typical 1 a error bars are shown. Figure 
takenn from Schreier et al. (1971). 

Ostrikerr (1977) was the first to use X-ray colour-colour diagrams to give a 
quickk description of the spectra of X-ray sources, and to distinguish between 
differentt classes of X-ray sources (and especially black-hole candidates). Using 
UHURUU (Giacconi et al. 1972) data he found that the two sources considered as 
black-holee candidates at that time (based on their short time scale variability), 
Cygg X-l andCir X-l , were distinguished by their place in an X-ray colour-colour 
diagram.. He also found that other classes of sources (like pulsars and Galactic 
Centerr sources) each occupy their own region in this colour-colour diagram. 

Inn 1979 it was noted that GX 339-4 was a black-hole candidate, because of its 
shortt time scale variability which is similar to that of Cyg X-l andCirX-1 (Samimi 
ett al. 1979). Also its properdes on longer time scale are interesting (Markert et 
al.. 1973): it shows distinct and very different intensity levels. Markert et al. call 
themm the "high", "low" and "off ' states. This "off ' state is actually a weak hard 
statee (see Motch et al. 1985). A similar distinction in different states had already 
beenn found in the long-term behaviour of Cyg X-l (Tananbaum 1972), and was 
thereforee associated with black-hole candidates. 
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Figuree 1.3: Composite colour-colour diagram taken from Ostriker (1977). B 
denotess bursters, N pulsars, C globular cluster sources, G galactic center sources, 
LL low-mass binaries, and H candidate black holes. 

Thee next sources which were considered black-hole candidates were LMC X-1 
andd LMC X-3. From the 1.7 day periodic radial-velocity variations of the optical 
counterr part of LMC X-3 Cowley et al. (1983) derived a mass function of 2.3 M .. 
Thee absence of X-ray eclipses gives a mass for the compact object of 7-14 M.; 

andd Cowley et al. conclude that therefore it was a possible black-hole candidate. 
Thiss was supported by the analysis of Paczynski (1983) in which he determines a 
minimumm mass of the compact object of 10 M. based on the absence of eclipses 
andd the assumption that the companion is not bigger than its Roche lobe. This 
iss a similar analysis as performed earlier by Paczynski (1974) for Cyg X-l . White 
andd Marshall (1984) found that LMC X-3 has a very soft X-ray spectrum, like the 
otherr black-hole candidates Cyg X-1 and GX 339-4 in their high states. A similar 
sourcee is LMC X-l , which also has a soft spectrum and 4.22 day radial-velocity 
variationss that indicate the mass of the X-ray source to be in excess of 3 M. 
(Hutchings,, Crampton & Cowley 1983). However, for this source the dynamical 
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Figuree 1.4: The colour-colour diagram of a collection of sources as presented by 
Whitee & Marshall (184). 

evidencee is less compelling (see Van Paradijs & McClintock 1995). 

Thee arguments for the existence of black holes were greatly strengthened 
withh the determination of the radial-velocity curve of the transient source A 
0620-000 by McClintock & Remillard (1986). They determined the mass function 
ass 6 M.,, and an associated lower limi t (3 o) to the mass of the compact 
objectt of 3.20 M 0I using the absence of eclipses and a mass of the companion 
off  0.25 M. . A 0620-00 is an X-ray transient which went off in the autumn of 
19755 and was the brightest X-ray source in the sky for two months (Elvis et al. 
1975).. The spectroscopy (McClintock & Remillard 1986) was done when the 
X-rayy source was undetectable, and also the optical emission (which during the 
outburstt was dominated by X-ray reprocessing) was back to its quiescent level 
(VV ~ 18.3) determined mainly by the (low-mass) companion star. The lower limit 
too the mass of the compact object is higher than the maximum mass of a stable 
neutronn star based on the stiffest equations of state that are considered realistic, 
whichh is about 2.5 M. (see, e.g., Arnet & Bowers 1977). A theoretical upper limit 
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Figuree 1.5: The observed velocity-curve of the K-star companion of A0620-00 
(takenn from McClinctock & Remillard 1986). 

too the mass for a neutron star calculated on the basis of very general principles 
(noo violation of causality: i.e. the sound speed is less than the speed of light, 
andd 4 other assumptions) is about 3 M. (Rhoades & Ruffini 1974, Chitre & Hartle 
1976). . 

GingaGinga detected two new X-ray transients, GS 1124-68 and GS 2023+338 
whichh are now considered to be black-hole candidates. The latter source will  be 
discussedd in more detail later, but for now it suffices to say that GS 2023+338 is 
thee strongest stellar-mass black-hole candidate known today. GS 1124-68 (Nova 
Muscaee 1991) was discovered with the All Sky Monitor of Ginga (Makino et al. 
1991)) and the Watch All Sky Monitor on board GRANAT (Lund & Brandt 1991). 
Thee mass-function was determined by McClintock, Bailyn & Remillard (1992) to 
bee 5 M 0. 

Moree recently, several X-ray transients have been discovered with the BATSE 
instrumentt on board of the Gamma Ray Observatory. The mass function of GRO 
J1655-400 (Nova Sco) was determined by Bailyn et al. (1995) as 4 M. . 
Itss optical spectrum has the characteristics of an F- or early-G-type companion. 
Takingg a mass for the secondary star of 0.4-1.3 M. leads to a primary mass 
betweenn 4.0 and 5.2 M 0. 

Thesee discoveries have led to attempts to find characteristics which might 
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Source e 

GROJ0422+32 2 
LMCX-3 3 
LMCX-1 1 

AA 0620-00 
GSS 1124-68 

GROJ1655-40 0 
CygX-1 1 

GSS 2000+25 
GSS 2023+338 

Type e 

LMXB B 
HMXB B 
HMXB B 
LMXB B 
LMXB B 

LMXB(?) ) 
HMXB B 
LMXB B 
LMXB B 

Masss Function 
(M-.) (M-.) 
-1.4 4 

3 3 
5 5 
6 6 

4 4 
4 4 
1 1 

5 5 
6 6 

MM x x 

(M.) (M.) 

>7 7 
>2.6(~6) ) 

>7.3 3 
>3.1 1 

4.0-5.2 2 
>77 ) 

>5.5 5 
~12 2 

Orbital l 
Period d 
5.066 h 
1.77 d 

4.222 d 
7.755 h 
10.44 h 
2.622 d 
5.66 d 
8.266 h 
6.477 d 

Tablee 1.1: A list of all black-hole candidates with a known mass function. The 
fourthh column contains an estimate for the mass using an estimate of the most 
probablee mass for the optical companion (determined from the spectrum), using 
thee absence of eclipses to give an upper limi t to the inclination, or the modelling 
off  ellipsoidal variations. The data for this table have been obtained from Tanaka 
&&  Lewin (1995), Bailyn et al. (1995) for GRO J1655-40, Orosz and Bailyn (1994) 
forr GRO J0422-32, and Charles and Casares (1995) for GS 2000+25. 

indicatee that a compact object is a black hole. Early on, X-ray variations on short 
timee scales (~0.1 s) were considered a strong argument; this led some authors 
too conclude that Cir X-l was also a strong black-hole candidate. However, later 
thiss source turned out to be a neutron star (see below). 

Anotherr characteristic was believed to be the spectrum of the X-ray source. 
Ann easy way to get an impression of an X-ray spectrum is the so-called X-ray 
colourr (the ratio of count rates in two energy bands). This was first used by 
Ostrikerr (1977) in an attempt to separate accreting black-hole candidates from 
neutronn stars. 

Thee study of X-ray spectra has been used extensively as a tool to understand 
thee accretion process in X-ray binaries. As an example, Ebisawa (1990) fitted the 
X-rayy spectra of black-hole candidates with a model consisting of two compon-
ents:: a hard power-law component, and a soft component which represents the 
radiationn from a thick accretion disk, which has a radially dependent temperat-
ure.. One of the parameters which is derived from tiiis fit is the inner radius of the 
accretionn disk; it is found that for a given source this radius is almost constant, 
evenn for large variations in the luminosity. He proposes that this inner radius 
correspondss to the innermost stable orbit around a black hole (i.e. three times 
thee Schwarzschild radius for a non-rotating black hole). The masses obtained 
fromm this inner radius are found to be equal to or larger than die lower limi t of 
thee masses obtained from optical observations of the radial velocity variations 
off  the companion. 
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Independentt of these studies, in which spectra were Fit with functions with 
specificc physical meanings, a new approach was developed in the study of X-ray 
binaries,, where the emphasis was the correlated spectral and temporal behaviour 
off  X-ray sources, and for patterns in their behaviour that might give a clue to the 
naturee of die compact star. 

Thiss simultaneous study of the variability and the spectral behaviour has 
beenn extremely rewarding in the case of low-mass X-ray binaries (LMXB), which 
containn a neutron star as compact object (Hasinger & Van der Klis, 1989). In 
recentt years this approach has been extended to include also X-ray binaries with 
black-holee candidates. 

Inn this thesis I study X-ray sources which are, or have been in the past, 
consideredd black-hole candidates. In this introductory chapter I give a general 
overvieww of the subject. In section 1.2 I wil l briefly review the properties and 
characteristicss of black-hole candidates (BHCs) and summarize what is known 
aboutt their behaviour on short time scales. In section 1.3 I wil l describe this 
behaviourr in terms of the so-called source states of BHCs. In sections 1.6 and 1.7 
II  describe sources to which most of the work in this thesis has been dedicated: 
Cirr X-l , which used to be a black-hole candidate, but is now known to be a 
neutronn star, and the black-hole candidate GS 2023+338. 

1.22 Characteristics of black-hole candidates 

1.2.11 Spectral characteristics 

Onn the basis of spectral characteristics neutron stars can roughly be divided into 
twoo groups as was already recognised by Tananbaum (1972) andOstriker (1977). 
Thee first groups contains the pulsars which have a hard spectrum in the 1-10 
keVV band with a cut-off in their spectrum near 10-20 keV. The second group 
consistss of the X-ray bursters and the galactic bulge sources. They have much 
softerr spectra (kTTii ~ 5 keV). 

Theree are two spectral components which are believed to be a sign of the 
black-holee character of the accreting object, viz., a very hard high-energy power-
laww spectrum, and a very soft {"ultrasoft") component {kTbh - 1 keV). 

Whitee & Marshall (1983) proposed that an ultrasoft component in the X-ray 
spectrumm is a characteristic of accreting black holes. Later this suggestion was 
strengthenedd by the mass determinations of several sources which show an 
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ultrasoftt component (e.g., A 0620-00). Another source which had an ultrasoft 
componentt and which stood out in the colour-colour diagram of White & 
Marshalll  f 1983J was 0142+62. Later this turned out to be an "anomalous" 6 s 
pulsarr (see Mereghetti & Stella 1995, and Van Paradijs, Taam & Van den Heuvel 
19955 fora discussion of these objects). 

Thee other spectral characteristic which is often regarded as the signature of 
aa black hole is a high-energy power law tail. Black-hole candidates sometimes 
showw power law tails which are detected up to ~300 keV. However, Barret et al. 
(1991,1992)) found that at low luminosities LMXBs also have power law tails which 
extendd to ~100 keV. Perhaps there is a difference between the spectral slopes of 
thesee power-law tails and those of in the X-ray spectrum of black holes, but this 
differencee might be subtle (see e.g. Gilfanov et al. 1994). Following the result of 
Barrett et al. (1991,1992) Van Paradijs & Van der Klis (1994) concluded from the 
dataa collected in the HEAO 1 A-4 catalogue that the 10-80 keV X-ray spectra of 
accretingg neutron stars with weak magnetic fields (in LMXB) get progressively 
harderr when the source gets dimmer. They also concluded that it would be hard 
too distinguish between low-luminosity neutron stars and black-hole candidates 
basedd on colours alone. However, according to Churazov et al. (1995) the power 
laww components of the black-hole candidates are systematically harder than 
thosee of low-luminosity neutron star accretors. 

1.2.22 Fast temporal characteristics 

Thee discovery of fast variability (on time scales less than 0.1 s) in the X-ray 
intensityy of Cyg X-l (Oda et al. 1971) led to the idea that variability on a short 
timee scale K 1 s) is the signature of an accreting black hole, almost immediately 
afterr the possibility that Cyg X-1 is a black hole has been raised by Bolton (1972) 
andd Webster & Murdin (1972). It is important to note that there is no a priori 
reasonn to take fast variability as a good criterion for a black-hole candidate, since 
thee dynamical time scale of a neutron star is also very small (0.1 ms). 

Odaa et al. (1971) proposed that the X-ray intensity of Cyg X-l varies with a 
periodd of 0.073 seconds using data with a time resolution of 0.096 seconds; but 
thee reality of this period was quickly doubted. However, it was clear from these 
dataa that large intensity fluctuations with an amplitude of —25 % of the X-ray flux 
onn subsecond time scales take place. Cir X-l was believed to be a BHC based on 
itss fast temporal characteristics: the presence of millisecond bursts (Toor 1977), 
itss overall similarity to Cyg X-l (Sadeh et al. 1979), and its hard X-ray spectrum, 
butt we know now that the compact object is a neutron star as it exhibits type I 
burstss (Tennant et al., 1986). Furthermore there are some atoll sources, which at 
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loww X-ray luminosity show a fast temporal behaviour which is very reminiscent 
off  BHCs (e.g. 4U 1608-52 Yoshida et al. 1993; 4U 1705-44 Langmeier et al. 1989; 
Bergerr & Van der Klis 1995). 

Thee first evidence that fast variability is not a unique signature of a black 
holee was found by Stella et al. (1985) for the transient source V 0332+52 and by 
Fronteraa et al. (1985) for A 0535+26, although this was more or less ignored 
inn the literature (for a discussion of this subject see Van der Klis 1995). The 
sourcee V 0332+52 has fast-variability characteristics similar to that of black-hole 
candidates,, but turned out to showregular pulses with a period of 4.4 s (Stella et. 
al.. 1985). Since pulsars are very firmly believed to be neutron stars, this ruled out 
thee possible black-hole candidacy of this source. It has a Be companion, and is 
ann example of a regular Be/X-ray transient. 

Ass it turned out later, almost all pulsars show strong variability roughly similar 
too that of Cyg X-l (Stella et al. 1985; Takeshima 1992). V 0332+52 happened to 
havee a pulsed fraction that was less than in other pulsars, and the pulse signal 
wass almost lost in the stiong broad-band noise. 

Anotherr temporal characteristic which is sometimes present in black-hole 
candidatess with a dynamical mass estimate are the "slow" quasi periodic 
oscillationss (QPO). These QPO have a frequency of ~0.04 Hz, and are sometimes 
betterr described as peaked noise, since the FWHM is comparable to the central 
frequencyy of the QPO. These QPO have been discovered in the black-hole 
candidatess Cyg X-l , GRO J0422+32, LMC X-l , GX 339-4, and GRO 11719-24. 
However,, our present understanding of this type of QPO is far from complete 
andd as long as no good model has been proposed it would not seem justified to 
considerr this as a black-hole characteristic, especially since they also have been 
detectedd in the Rapid Burster (Lubin et al. 1992, 1993), which is a neutron star, 
becausee it shows type I bursts (see Lewin et al. 1993). 

QPOO with a frequency in the 2-10 Hz range, with harmonics (or sub-
harmonics)) have so far only been seen in black-hole candidates; these (sub-) 
harmonicss are not present in the power spectrum of Cir X-l when it shows - 6 
Hzz QPO, although the overall shape of its power spectrum is similar to that of 
black-holee candidates in the very high state (see below). So the presence of 
harmonicss may be related to the black-hole character of the accreting compact 
object.. Harmonics have also not been seen for the 6 Hz QPO of Z sources in their 
normal-branchh state (Hasinger & Van der Klis 1989). Perhaps the neutron star 
magneticc field suppresses the "modes" of the accretion flow corresponding to 
thesee harmonics. 

Thesee observations have lead to the conclusion that the relation between the 
fastt variability properties of the X-ray source and the black-hole character of 
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thee accreting object are subtle, and should be studied in more detail to allow 
conclusionss based on timing data only. It is not too surprising that there are no 
largee differences between the X-ray intensity variations in the emission coming 
fromm neutron stars and black holes, since a neutron star has a radius which is 
onlyy about three times as large as the Schwarzschild radius of a black hole of the 
samee mass. 

1.33 The intensity states of black-hole candidates 

Mostt known BHCs are X-ray transients. Although the definition of what to call a 
variablee X-ray source and what a transient is different among different authors, 
Vann Paradijs (1995) lists all (16) LMXB black-hole candidates as a transient, while 
nonee of the three HMXB black-hole candidates are transients. This suggest 
thatt stable mass transfer to black-hole candidates is only possible when the 
companionn is the more massive object. 

Ass the sources go tnrough an outburst their intensity (normally) changes by 
aa large factor (102-103) and the fast temporal behaviour is often found to be 
correlatedd with the X-ray intensity. This led to a distinction of source states: a 
"loww state", a "high state", and a "very high state". The idea behind this is that 
thee instantaneous mass accretion rate M governs the source behaviour. 

Wee wil l describe the different states in more detail here, and try to summarize 
thee main observations which have been done on different sources. 

Muchh work has been done during the last several years on the fast temporal 
behaviourr of BHCs, especially based on Ginga data (e.g., Miyamoto et al., 1991, 
1992,1993).. Miyamoto et al. (1991) have compared the behaviour of CygX-1, GX 
339-44 and GS 2023+338 in their "low-intensity state" (see below), and find that 
alll  three source have similar characteristics with respect to their power spectra 
andd phase delays. 

1.3.11 The low state 

Inn this state the BHC power spectra show a strong band limited noise component 
withh a flat top below 0.03-0.3 Hz. The total power contained in this component 
iss high (corresponding to a fractional rms variation of up to 50%), i.e., much 
higherr than the power in the high and very high states. 
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Figuree 1.6: Power spectra from Ginga data of the black-hole candidates Cyg X-1 
("loww state": LS), and GS 1124-68 ("high" and "very high" state: HS and VHS). 
Thee spectrum obtained in the high state was divided by a factor 10. Figure taken 
fromm Van der Klis (1994c). 

Forr two sources (Cyg X-l and GX 339-4) the cut-off frequency of the flat 
topp in the power spectrum has been observed to change, while the part of 
thee spectrum above this frequency remains unchanged (Belloni & Hasinger 
1991;; Miyamoto et al. 1992). In addition to the flat-topped noise, the power 
spectrumm sometimes shows a peak with a frequency near the cut-off frequency, 
whichh is mostly detected at high photon energies (e,g, Cyg X-l ; Vikhlini n et 
al.. 1994, Kouveleliotou et al. 1992a, Angelini et al. 1992). Occasionally, QPO 
withh a frequency (~0.04 Hz) similar to that of the cut-off frequency of the noise 
componentt have been observed in Cyg X-l (Grebenevet al. 1991; Ebisawa et al. 



22 2 BLACKK HOLES AND NEUTRON STARS IN BINARIES 

l r r 

e e 
-- 1C-' 

GRANAT/SiGU tt  CRANAT l e o m, IK ] 
11 ' " " " i ' ' ! ' ' """ I "1 ' ' " " ' T " 

11 CygX- -l 
4 0 - 1 700 keV -

ÏÏ  ^ 
 _v 

-++ 1 
::  +, ; 

:: ^ , 1, , 
:: o - March 2 3 - 2 5, 1990 ~< 
-- . - March 23. 1990 

-. . 

II  I  I  1 

CRANAT/SIGMA A 

irr33 \o-' io-' l 
Frequency,, Hz 

io-2 2 

-.-AT/ / 
f f 

GRANATT learn, IK1 
-rrniy y 

GROO J0422 + 32 
4 0 - 1 500 keV 

: : 
\ \ 

'A A 
Aug.. 1 5 - 2 7, 1992 
Aug.. 22, 1992 I I 

IO"33 10-» 1 0' 1 10' 
F'requency.. Hz 

Figuree 1.7: Power spectra from GRANAT data (hard X-rays) of two "hard-tail" 
sources.. Note the presence of peaks in the power spectrum near ~0.1 Hz. Figure 
takenn from Gilfanov et al. (1994). 

1989),, GX 339-4 (Motch et al. 1983), GRO J0422+32 (Kouveliotou et al. 1992b, 
Vikhlini nn et al. 1992), and GRO J1719-244 (Van der Hooft et al. 1995). Whether 
thesee QPO and the peak near the cut-off frequency are the same phenomena is 
unclear. . 

1.3.22 The high state 

Inn this state the power spectra can be well described by a weak power law with 
ann index of ~1 -1.5. The total power is small (rms variation less than ~10%). The 
highh state has been observed in GS 1124-68 and GX 339-4 (Miyamoto et al. 1992, 
Kitamotoo et al. 1993). In this state the main component in the spectrum is an 
"ultrasoft""  (kT ~ 1 keV) component. Sometimes the hard power-law component 
iss visible at high energies. The weak noise component seems to be a property of 
thee soft component. 
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1.3.33 The very-high state 

Thee most complex power spectra observed in black-hole candidates have been 
foundd in this state. BHCs in the very-high state show QPO with a frequency in the 
rangee of 2-10 Hz, and also some harmonics (or "subharmonics"). Furthermore, 
inn this state the sources show a very strong band limited noise component with 
cutt off frequencies in the range from 1 to 10 Hz, and a power law index of ~ 1. The 
cut-offf  frequency appears to depend strongly on the energy band (BelJoni et al. 
1996).. In this state rapid (less than a second) changes in the shape and strength 
off  the noise components can take place. 

Itt has to be noted here that although "low" , "high" and "very-high" refer to 
thee flux it is not entirely clear that these states have a one-to-one correspondence 
too the mass-accretion rate, although the observed state transitions in GS 1124-68 
suggestt that this is the case: this source sequentially went through the very high, 
highh and low states as its count rate decreased during the outbursts (Miyamoto 
ett al. 1992). A further complication is that the flux also depends on the used 
energyy band; the total energy output may occur predominanUy at high photon 
energiess (~100 keV), so that the total flux can be higher in the "low" state than 
inn the "high" state. This has been observed in, e.g., GX 339-4 (Grebenev et al. 
1993). . 

Althoughh in GS1124-68 the temporal characteristics seems to be related 
too the luminosity (or probably better: to the mass accretion rate), the source 
GSS 2023+338 was observed to become very bright (and probably reached the 
Eddingtonn limi t for a ~ 10M. black hole Tanaka 1989), while its temporal 
characteristicss could be described as very similar to the low state. 

1.44 Theoretical models 

Thee power spectra of e.g. Cyg X-l have traditionally been described in terms of 
shot-noisee models (Terrel 1972). The "pure" shot noise model has later been 
extendedd by Sutherland et al. (1978) to include a constant intensity level. This 
modell  is used in most later work. In this model the light curve is composed 
off  shots whose characteristics (such as duration, time to next shot, and their 
correlation)) are reflected in the properties of the corresponding power spectra; 
Broad-bandd noise components can usually be fitted adequately by these shot-
noisee models. 

Mineshigee et al. (1994) proposed that accretion disks are so-called self-
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organizedd systems. In this model injection of matter in the accretion disk causes 
aa (unspecified) instability to occur, which causes an avalanche. Such systems 
cann be shown to produce power spectra with an index of -1.8. Commenting 
onn this model, Abramowicz & Bao (1994) argued that if one includes the effects 
off  inclination (Doppler shifts) one obtains power spectra with an index of -1.5, 
whichh describes the high-state noise quite well. 

Forr the QPO phenomena observed in black-hole candidates, viz. the "slow" 
0.044 Hz QPO and the 2-10 Hz QPO separate models exist. The "slow" QPO 
havee been described in a model by Chen & Taam (1994) as thermal-viscous 
instabilitiess in the inner regions of the accretion disks. A similar model for the 
generall  QPO phenomenon was already proposed by Abramowicz, Szuszkiewicz 
&&  Wallinder (1989), who argued that thermal and viscous instabilities could be 
importantt for QPOs with frequencies of—1 Hz for LMXBsand -0.1 HzforBHCs. 

Thee 6-20 Hz QPO in LMXB (and by association the 2-10 Hz QPO in BHCs) 
havee been described as global modes in the thick accretion disk around the 
compactt object. Alpar et al. (1992) propose a model in which the QPO peak 
representss a band of rotation frequencies in the disk; due to the high luminosities 
(andd thus radiation forces in the radial direction) the dynamical time scales in 
thee disk wil l be slowed down to —6 Hz. This model has some similarity to that 
off  Former, Miller & Lamb (1989) for the 6-20 Hz QPO in Z-sources. Also in this 
modell  the radiation pressure plays a dominant role, because feedback between 
thee production of radiation near the neutron star and the supply of matter, 
causess cyclic variations about the mean flow. 

1.55 The magnetic field - mass accretion rate classi-
fication n 

Vann der Klis (1994a) proposed a unified framework for the description of the fast-
variabilityy behaviour of neutron stars and BHCs in terms of two parameters: the 
masss accretion rate and the strength of the magnetic field of the accreting object. 
Thee magnetic field in Z sources is higher than that of atoll sources, while the 
magneticc field around BHCs is expected to be close to zero (astrophysical black 
holess are expected to be uncharged and therefore have a zero magnetic field; 
thee plasma around the black hole may carry a weak magnetic field). The highest 
magneticc fields are present in pulsars. The core of this scheme was originally 
proposedd for Z- and atoll-sources where the Z-sources have a (moderately) high 
magneticc field {— 10y G) and high accretion rates (near 1018 g/s), and atoll sources 
aa low magnetic field {< 108 G) and a low mass-accretion rate (< 10175 g/s). This 
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schemee has been extended to both higher (pulsars) and lower (BHCs) magnetic 
fields.. According to this scheme one would expect that similar behaviour is 
shownn by sources of a different class at the same magnetic fields or accretion 
rates.. A prediction of this scheme is that at low accretion rates in Z-sources 
thee presence of the magnetic field shows up and thus pulsations are expected. 
However,, no Z source today has been observed at the required low accretion 
rates. . 

Inn this scheme Cir X-l , an odd-ball among the bright X-ray sources, plays a 
cruciall  role. As wil l be discussed in chapter 5 of this thesis, at high intensities 
thiss source shows fast temporal behaviour very reminiscent of BHCs, whereas at 
mediumm high intensities its properties {both the power spectra and the CCDs) 
aree indistinguishable from those of an atoll source in the banana state. The 
obviouss interpretation is that Cir X-1 contains a neutron star with a low magnetic 
field,, but reaches high mass accretion rates. 

1.66 Cir  X-1: the link between black holes and neutron 
stars s 

Cirr X-l was discovered in 1971 by Margon et al. {1971), and was for more than 
200 years one of the most enigmatic X-ray sources. Even whether the source 
belongss to the class of LMXBs or HMXBs has been disputed for many years. The 
confusionn arose from the incorrect identification of a blue (OB super giant) star 
ass the optical counterpart by Whelan et al. (1977). This association has been 
arguedd against by Nicolson, Feast & Glass (1980) based on the too high (for an 
OBB supergiant) variability of the optical counterpart, the too low blue flux (Argue 
&&  Sullivan 1982) and the rise time of the X-ray flux which is too short for an 
HMXBB model (Robinson-Saba 1983a,b). Moneti (1992) used good-seeing images 
too resolve Whelan's candidate star into three different components, and showed 
thatt the optical counterpart is a faint red star, the southernmost component of 
thiss composite object. This suggest that Cir X-l does not have an early-type star 
ass a companion (see also Moneti 1992). 

Monetii  (1992) finds a V-magnitude of ~21.4. The distance of 11.4 kpc (Stewart 
etal.. 1991) corresponds to a distance modulus of 15.3. With an interstellar column 
densityy NH=  10217 c n r2 towards Cir X-l (Ikegama 1986) and Gorensteins (1975) 
relationn between Av and NH this leads to an absolute V-magnitude of 3.8. Even 
aa value for the NH of 1022 J (which is above the values allowed from X-ray 
observations)) would give an absolute magnitude of 0.4. An early-type evolved 
companion,, such as in Vela X-l and other HMXB, would have an absolute 
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magnitudee in the range of -5 to - 6 (also Be stars are brighter than magnitude 
0.4).. Together with the observation of type I bursts {Tennant, Fabian & Shafer, 
1986a,b)) the case that Cir X-l is an LMXB appears convincing. 

Historically,, Cir X-l has been a strong black-hole candidate, because of the 
presencee of strong variability similar to that observed in Cyg X-l (Sadeh et al. 
1979).. Furthermore, the spectral behaviour of Cir X-l is very complex, and 
sometimess Cir X-l shows a strong soft component in its spectra (e.g. Ostriker 
1977).. However, with the detection of type bursts from Cir X-l (Tennant et al. 
1986a,b)) it was clear that the compact object is a neutron star. Its history as 
aa black-hole candidate and its otherwise complex behaviour prompted us to 
studyy all EXOSAT data of Cir X-l , especially in the light of its possible special 
combinationn of low magnetic field strength and high mass-accretion rate (see 
Vann der Klis, 1991?). The results of this analysis are presented in chapter 5. 

1.77 GS 2023+338 

Thee transient GS 2023+338 was discovered on May 21, 1989 with the All Sky 
Monitorr on-board Ginga at a level of ~0.1 Crab (1-6 keV). Within a day the flux 
increasedd from -0.1 Crab to 4 Crab (1-6 keV). The highest flux was observed on 
Mayy 30, when the source reached ~ 21 Crab (1-40 keV). For assumed isotropic 
emissionn this corresponds (at the distance of 2.5 kpc (e.g., Casares et al. 1991, 
seee also Tanaka & Lewin 1995) to an X-ray luminosity of ~1039 erg/s. Tanaka 
(1989)) suggested that the Eddington limi t was reached based on the observed 
saturationn of the flux near the peak of the outburst. 

Thee behaviour of GS 2023+338 during the early phases of its outburst is 
unique.. Very large intensity variations took place on time scales from less than 
aa second to a day. After ~ 30 days the variations became less, and a gradual 
declinee set in (similar to those observed in other transients). The spectrum of 
GSS 2023+338 was very hard; it was detected up to ~300 keV (Arefev et al. 1989; 
Sunyaevv et al. 1991). 

Thee optical counterpart of GS 2023+338 is the known variable star V404 Cyg 
(Marsdenn 1989; Wagner et al. 1989), which had undergone optical outbursts in 
19388 (Wachman 1948), 1956 and possibly 1979 (Richter 1989), and was believed 
too be a classical nova. From optical spectroscopy in quiescence Casares et al. 
(1992)) determined a mass function of 1 M. . This was later refined 
byy Casares & Charles (1994) to 6 M. , which makes it the strongest 
stellar-masss black-hole candidate. For more details on GS 2023+338 we refer to 
thee review of black-hole binaries by Tanaka & Lewin (1995). 
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Inn Chapter 7 we study the fast variability of GS 2023+338 and compare this 
too the behaviour of other black-hole candidates. One strange feature of GS 
2023+3388 is that although it presumably reached very high luminosities [Tanaka 
(1991)) concluded from the saturation of the light curve that the Eddington limit 
iss reached], its fast variability is similar to that of other sources in the low state 
(Miyamotoo et al. 1991). For this study we looked at all Ginga data, which will be 
presentedd in chapter 7 
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Chapterr  2 

Effectss that influence the 
interpretatio nn of the data 

2.11 Dead time effects 

Deadd time is an almost inevitable aspect of detecting photons with a proportional 
counter.. Whenever a photon is detected, the instrument will not be able to detect 
anotherr photon within a certain time interval. This time interval is ideally zero, 
butt in practice, though in most cases small, non-zero. In an X-ray detector 
systemm there are many components which can give rise to dead time: e.g., the 
detectorr itself, the Analog to Digital Converter (ADC) or the computer which is 
processingg the data. The effect of dead time will be that the observed count rate 
iss lower than the incident1 count rate. Dead time also leads to a reduction in the 
variancee of the data and Poisson statistics will no longer be valid for dead-time 
influencedd data. 

InIn our discussion (which follows Van der Klis 1989b, where also more technical 
detailss can be found) we distinguish two types of dead-time processes: (i) the 
instrumentt is dead for a fixed amount of time after a photon has been detected, 
andd (ii) the detector is dead for a variable amount of time. The second type 
occurs,, for instance, during the HER7 mode of the EXOSAT. In this mode there 
iss a fixed sampling rate (4096 times per second) and when a photon has been 
detectedd in a time bin the instrument cannot detect more photons in this time 
bin. . 

'Inn practice there is, of" course, no such thin^ as an incident count rate. Counts only exist after 
thee photons have been detected. The incident count rate is here defined as the count rate thai 
wouldd he observed if the dead time were zero. 

29 9 
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Thee effect of both types of dead time is different with respect to the change 
inn the variance of the signal. We wil l describe these effects below in more detail. 
Wee discuss how the corrections for dead time effects (if they exist) have been 
incorporatedd in the software. 

2.1.11 Constant dead time 

Thiss type of dead time is easier to conceptualize than the variable dead time. 
Thee detector is dead for a time Tjcati after a photon is detected. For simplicity 
wee assume that xdcad does not depend on the energy of the detected photon. 
Forr the X-ray Timing Explorer (to be launched August 31 1995), for which the 
deadd time has been determined quite accurately before launch, this seems not 
too be the case (Swank, 1994). Perhaps dead time is energy dependent also for 
thee detectors on board of Ginga and EXOSAT, and the effective dead time is an 
averagee of energy dependent dead times. However this effect is probably small. 

Iff  we denote the incident count rate as X and the detected count rate as u, 
thenn X = (i + uijeajX. The second term on the right describes the missed photon 
rate.. This can easily be transformed into another form which gives the incident 
countt rate as function of detected count rate and dead time: 

X=X= B (2 . i ; 
11 - Tdeadu 

Inn general this type of dead time will decrease the variance of the data and 
introducee a correlation between the observed count rates at a certain moment 
andd data obtained in a later time bin. Consequently the Poisson level of the 
powerr spectrum will decrease and wil l be frequency dependent. This type of 
deadd time has been studied by Weisskopf (1985), and the semi-emprical and 
approximatee result for the average Poisson level for data with a time resolution 
off  irCs as a function of frequency v is: 

^ v ) = 2 ( l - u i d e a d)
2 ( l + 2 ( / I d e add

 ){ )̂sin
2(-^—)) (2.2) 

Thiss equation uses the "Leahy" normalization for the power spectrum (Leahy 
ett al. 1983, see also Van der Klis 1989b), for which the Poisson level is exactly 2 in 
thee absence of dead time. In this normalization the powers are given by: 
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ppjj  = 17-\aj\2 (2.3) 

wheree the a /s are the Fourier-coefficients obtained by making a Fast Fourier 
Transformm of the data, where 

k=()k=()  l l 

Thee xk represent the number of detected counts per bin (k = 0 

Equationn (2.2) has been implemented in die EXOSAT software and is used 
too predict the Poisson level based on the observed count rates. However, a 
discrepancyy exists between die dead time given for the £XOSArinstrument and 
thee dead time which most closely predicts the power level in the absence of 
sourcee variations (for a discussion of this topic see Berger & Van der Klis 1994). 
Thee dead time for the instrument is given by Andrews & Stella (1985) as 5.5 us , 
whilee a value of 3 LIS has been obtained by Berger & Van der Klis (1994) 
fromm fits to the observed power level as a function of count rate for sources where 
noo source variations (in the relevant frequency regime) are expected. This type 
off  dead time is important for the high time resolution data (HTR-modes), where 
noo energy resolution is present. 

2.1.22 Variable dead time 

Variablee dead time is present in, for instance, the HER7 mode of EXOSAT (in 
thiss mode moderate energy resolution (2 or 4 channels) combined with high 
timee resolution (4 or 8 ms) is available). In this mode the instrument can accept 
att most one photon during one sample cycle with a duration xsampie (usually 
diee EXOSAT sample frequency was set to 4096 per second). It is clear that the 
maximumm detected count rate is then ——. If the arrival times of the photons 

Samplee * 

aree governed by Poisson statistics (i.e. no other instrumental effect before this 
stagee is present; this is not the case in the HER7 mode of EXOSAT. Of course the 
absencee of other instrumental effects resulting in dead time is also necessary for 
aa valid description of the fixed dead time case), then from Poisson statistics the 
probabilityy that no photon arrives during one sample cycle is exp (-xsamplcX). The 
probabilityy that a photon is detected is 1 -exp(-xsampi eX), so 

11 - e x p ( - t s a m p l c )̂ 

^sample e 

(2.4) ) 

N-l). N-l). 



32 2 DATAA REDUCTION 

Whichh can be rewritten in a more convenient form from an observational point 
off  view as: 

x = l o g ( l - H W )) ( 2 6) 

"^sample e 

Itt can be derived (see e.g., Van der Klis 1989b) that the Poisson level can be 
writtenn as: 

<P)=2( l- | i is a m p I e)) (2.7) 

Heree the Poisson level is the same at all frequencies. This is because there are 
noo correlations between the observed count rates in each time bin. Each sample 
cyclee represents a "fresh" start, with no knowledge about the previous count 
rates. . 

Forr the high energy resolution data (HER modes) of EXOSAT it is not true 
thatt the data is not influenced by instrumental effects before it is affected by 
thee variable dead time. The sampling rate of 4096 is modified to an "effective" 
samplingg rate of 3569 (Andrews & Stella 1985). This "effective" sampling rate is 
usedd in the -EXOSATsoftware to predict the Poisson level and gives an adequate 
descriptionn of the observed Poisson level. 

2.22 Differential dead time and channel cross-talk 

Itt is clear from what is discussed above that the dead time correction factor 
increasess when the count rate increases. In the presence of real source variations 
thiss gives rise to an effect which is named differential dead time: when the source 
iss (temporarily) bright the dead time correction factor is higher than when the 
sourcee is weak. This leads to an decrease of the amplitude of the variations (see 
Figs.. 2.1 and 2.2). Whenever one quotes a variability amplitude one should take 
caree to correct this value for differential dead time. In practice this correction is 
onlyy important for high source count rates. 

Anotherr effect which can be understood from dead time is the so-called 
channell  cross-talk. As a consequence of dead time the different energy channels 
fromm an X-ray detector are not independent anymore, but are coupled together 
duee to dead time. The way this works is follows: suppose that the sources only 
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Figuree 2.1: This figure illustrates the effect of dead time. In this plot the count 
ratess in two different energy channels of the same detector are plotted. These 
lightt curves were obtained by a simulation of the dead time process for one 
GingaGinga detector (the LAC consists of 8 detectors) in the MPC2 observation mode: 
aa time resolution of 0.0625s and a dead time of 206us. The light curves have 
beenn plotted with a bin size of 1 second. The lowest observed light curve (drawn 
line,, which represents the first energy channel) is composed of a constant signal 
withh Poisson noise, the other observed light curve (drawn line, representing the 
secondd energy channel) is modulated with a period of 32 s. The dotted lines 
representt these light curves as reconstructed with the use of equation 2.1. One 
cann see that the dead time effect is larger during the peak of the modulated light 
curve,, than at the valley. 

variess in energy channel A and is steady in energy channel B. When the count 
ratee increases in channel A the dead time increases. This reduces the detected 
countt rate in channel B (which does not have real variations). This variation is 
180°° out of phase with the variations in channel A. This is displayed in Fig. 2.2. 
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Figuree 2.2: This figure illustrates the effect of channel cross talk. The parameters 
aree the same as Fig. 2.1, except that the incident count rate is 10 times larger. 
Drawnn lines represent observed count rates, dotted lines represent reconstructed 
("deadd time corrected") count rates using equation 2.1. When the count rate 
inn the highest light curve becomes higher, the observed count rate in the lower 
lightt curve is depressed. This is seen as a modulation with the same period, but 
inn anti-phase with the modulation of the other band. This modulation in the 
lowerr light curve is only caused by the changes in the count rate of the other 
channel,, since only Poisson noise is present in the lower light curve. This effect 
iss known as "channel cross talk". Another effect which is clear from this figure 
iss the reduction of the amplitude of the modulation by dead time (differential 
deadd time). 

2.33 Spikes and overflow 

Theree are other effects (besides dead time) which complicate the reduction of X-
rayy data. Two important effects are "spikes" and "overflow". I wil l describe both 
effectss in some detail and then I wil l argue that both effects although basically 



Timee (s) 

Figuree 2.3: A clear example of a spike is displayed here. In Üiis figure die 
counts/binn are plotted for channel 34 (-19.5-20.5 keV). Bins are 0.0625 s. The 
averagee count rate is only a few counts bin per bin, then raises to 198 counts/bin 
att around t=5.8 s for 1 time bin (and 1 channel) and then drops to die average 
countt rate. Zero time is MJD 47681.10951100. Chances mat this spike is caused 
byy real source variations are vanishingly small. 

veryy different may yet be treated in the same way. X-ray data from current 
non-imagingg astronomical instruments have two dimensions: one is time and 
diee other is photon energy. Of course it is possible that energy information is 
absentt (which is quite common at high time resolution), or time information can 
bee absent (then we mostly speak about an X-ray spectrum). 

Spikess here are data points occuring in Ginga data which are extremely far 
awayy from the average and have a short duration and occur in only one energy 
channell  (for an example see Fig. 2.3). Because they occur in one energy channel 
onlyy (at a certain time) they cannot have an astrophysical origin, because the 
detectorr has an energy resolution that is wider than one energy channel. Spikes 
aree quite common with Ginga data: their occurrence ranges from less than 1 
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Figuree 2.4: The effect of filtering as described in the text on the rms spectrum. 
Symbolss denoted with '+' represent the rms spectrum as obtained from the 
originall  (unfiltered) data. The 'x' denote the rms spectrum as obtained from the 
filteredd data. Error bars are smaller than the size of the symbols, except above 20 
keVV where they are at most two times that size. The filtering leaves the majority 
off  the points unaffected (the symbols are plotted on top of each other and form 
ann asterisk). The points which are clearly affected by spikes in the data are, after 
filtering,, moved to what seems to be then proper places. 

perr 1000 seconds of data, to several per 100 seconds of data. Another cause of 
spikess could be a brief data drop-out. In general this is not called a spike (but a 
drop-out),, but it is the same as a spike in the sense that it lies far away from the 
average.. Drop-outs are in general not restricted to one energy channel, but affect 
severall  adjacent channels. Spikes and drop-outs have about the same effect on 
thee power spectrum: both have approximately the shape of a delta function in 
timee and thus introduce additional power over a broad range of frequencies. 
Sincee drop-outs and spikes have a similar effect we wil l consider them together. 

Spikess are treated in the Ginga software as follows: spikes are filtered by 
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specifyingg two parameters: the number of bins (/V^) over which an average is 
calculatedd and a small probability (P). The software calculates for each time bin, 
usingg the local running average over N1V bins, what the maximum allowed count 
ratee is given the probability P to exceed this rate from Poisson statistics. If the 
maximumm is exceeded the data in this bin is replaced with the local average. Since 
thee number of time bins is very high one must specify a very small probability (of 
thee order of lO^- lO" 1" ) , to avoid triggering on true Poisson fluctuations. One 
shouldd be careful with specifying the probability when large source variations 
(especiallyy on short time scales) are present, since the "threshold" count rate is 
calculatedd using only Poisson statistics. When filtering is applied too rigorously 
reall  source variations wil l be filtered away too. That this procedure works well is 
displayedd in Fig. 2.4. In this figure an rms spectrum (rms variability as a function 
off  photon energy, in this case over the 0.01-8 Hz range) has been made using 
unfilteredd and filtered data. This rms spectrum is an easy way to see the effects 
off  spikes: one can easily compare adjacent energy channels. 

Anotherr cause of discrepant data points is overflow: in general detectors have 
onlyy a limited dynamical range, for example, if 8 bits are used for counting, not 
moree than 255 photons per time and energy bin can be stored. What happens 
iff  more photons are detected depends on the specifications of the instrument, 
butt in general the counter starts at zero again (the binary representations of the 
88 least significant bits of 256 and 0 are the same). The data modes which are 
sometimess affected by this are the HER7 mode of EXOSATand the MPC-modes 
off  Ginga at a low time resolution. 

Forr high count rates this sometimes gives problems. Normally the observa-
tionall  modes should be scheduled in such a way that the probability of overflows 
iss negligible. There are however two reasons why this sometimes does not 
happen:: (i) the source which is observed suddenly flares to unexpected count 
rates,, or (ii) constraints on the on-board memory of the satellite [Ginga) leave 
thee choice between no data at all, or data which might be corrupted by overflow. 

Thee correction for the overflow can be done in two basic ways. The first 
methodd is to use the (presumed) knowledge about the shape of the spectrum, 
thee second the (presumed) knowledge about the time variability of the count rate. 
Ideally,, of course, one should combine two methods and use all the information 
available. . 

AA method (as implemented by Dr. K. Ebisawa as part of the Ginga analysis 
software)) which has been used for the correction of some parts of the data from 
GXX 340+0 (Chapter 4) uses the shape of the spectrum. One obtains a spectrum 
fromm one time bin and then assumes that the highest energy channels did not 
overfloww (which is a valid assumption, since the count rate at high energies for 
stellarr X-ray sources are almost always small). One then considers successively 
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onee by one the lower energy channels. If the change in count rate from one 
energyy channel to the next lower one is too drastic this signals that this channel 
iss overflown. This is corrected by adding the counter depth (usually 256) to the 
countt rate. The criterium "too drastic" has to be set carefully and is usually 
differentt in each part of the spectrum (tail, top, or before top) and is different 
fromm source to source (because of differences in spectral shapes of the sources) 
andd for different count rates and time resolutions (because of differences in the 
amplitudee of Poisson fluctuations). The way this method is implemented in the 
Gingaa analysis programs at ISAS requires a lot of user input and a lot of fiddling 
beforee it works well. Ideally, one would want to make very minimal assumptions 
aboutt the energy resolution of the detector and Poisson statistics in order to 
minimizee the user input, but then the use of this method is very limited. 

AA second method has been implemented by Hasinger & Mitsuda (ISAS 
internall  note) and uses a reference spectrum. One obtains a spectrum of the 
sourcee of interest when one is sure that this spectrum is not overflown (e.g. in the 
highh bit rate mode) and compares spectra obtained with lower bit rate modes to 
thiss spectrum. When one finds a difference which is not likely (as calculated with 
Poissonn statistics) one assumes that the difference is caused by overflow and 
correctss for it. This method does not take into account changes in the spectrum 
orr in count rate. However, it requires less user input and is more robust. 

Forr the HER7 mode of EXOSAT overflow correction has been implemented 
inn a very simple but effective way: whenever the count rate in one HER7 channel 
dropss by more than 156 counts (the maximum observable count rate is 255) with 
respectt to the previous time bin, this is interpreted as a rise by more than 100 
countss (except if the count rate drops to zero for consecutive bins signalling a 
drop-out).. This simple approach works well, although it has to be remarked that 
overfloww in die HER7 mode of EXOSATis quite rare. 
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Abstract t 

Wee report on the two EXOSAT observations of 4U 1702-42. In one of 
themm three bursts are detected. We analyzed the bursts and the spectral and 
fast-temporall  behaviour of the persistent emission. We conclude that 4U 
1702-422 is an atoll source, which was in the banana state when the bursts 
weree present. The characteristics of the burst are similar to those of 4U 
1636-533 in the banana state. 

3.11 Introductio n 

Thee source which is now known as 4U 1702-42, was first noticed as a burst 
sourcee with OSO 8 (Swank et al., 1976). The medium intensity Uhuru source 
1702-42== 2S 1702-429 (30 UFU, Forman et al., 1978) was proposed by Lewin 
andd Clark (1979) as die persistent counterpart of this burst source. Makishima et 
al.. (1982) found that bursts originate from within 0°.2 of 1702-42, which makes 
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itit  almost certain that this source is the burst source. Bursts from the direction 
nearr 1702-42 may have been observed earlier by Marshall et al. (1976) with 
thee SAS 3 satellite, but these may also have come from the nearby burst source 
4UU 1705-44. There is no optical counterpart known of 1702-42. The bursting 
activityy of 1702-42 is variable with time: Makishima et al. (1982) found that the 
burstt intervals varied by a factor of ~ 5. The observed upper limi t on the radio 
fluxx of 1702-42 at 5 GHz is 0.36 mjy (Grindlay & Seaquist, 1986). 

1702-422 is member of the class of low-mass X-ray binaries (LMXB), the 
brightestt of which can be divided into two subclasses, the so-called atoll and Z 
sources,, on the basis of their spectral and time variability (see Hasinger and Van 
derr Klis, 1989, hereafter HK89, and Van der Klis, 1991 for recent reviews). The 
atolll  sources show two states: 

-Thee banana state, characterized by a broad, upwardly curved branch in an 
X-rayy colour-colour diagram. In the banana state the power spectra of the X-ray 
intensityy are dominated by very low-frequency noise (VLFN). The power spectra 
cann be described by a power law with a power-law slope generally close to - 1 
( " 1 / // noise"), and sometimes also show some high-frequency noise (HFN). 

-Thee island state, characterized by litti e correlated motion in the colour-
colourr diagram. In the island state the power spectra are dominated by strong 
HFN,, and weak VLFN. 

Becausee the atoll sources tend, on average, to be less luminous than Z sources 
onee expects that 1702-42 is an atoll source, because it is a rather faint object 
(F(Fxx ~100(ijy). This is in accordance with the fact mat normal X-ray bursts (i.e. 
followingg the correlation of Van Paradijs et al., 1988, hereafter PPL88) are only 
foundd in atoll sources (with the possible exception of Cir X-l) , and the observed 
upperr limi t at radio wavelengths (see Penninx, 1989). 

Inn this paper we report on two EXOSAT observations of 1702-42, in one of 
whichh three bursts were found. We present the results of a spectral analysis of 
thee bursts, together with an analysis of the spectral behaviour and fast-variability 
characteristicss of the persistent emission, with the purpose of finding out if this 
burstt source has atoll-source characteristics as one expects. We also investigated 
whetherr the burst characteristics are related to the properties of the persistent 
emission. . 
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3.22 Observations and method of burst spectral ana-
lysis s 

Thee source 1702-42 was observed with the EXOSATME detector (Turner et al., 
1981)) on 9 August 1983 from 12h29m to 20h04m UT and on 8 April 1986 from 02h15m 

too 20h14m UT. During most of these observations one half of the ME detector 
arrayy was pointed at the source, while the other halfwas offset by 2° to monitor 
thee background. Swaps between the two array halves were made typically every 
44 hours during the 1986 observations. During the last ~4 hours of the 1986 
observationn both halves were pointed at the source. During the entire 1983 
observationn the same half array was pointed at the source. The typical source 
countt rate during the 1983 and 1986 observations is ~40 and ~50 counts/s per 
half-array,, respectively (the count rate during the 1983 observation is somewhat 
uncertain,, see below). The data we used for the spectral analysis have a time 
resolutionn during the 1983 observation of 0.3125 sec, and of 0.5 s during the 
19866 observation; spectra have been recorded in 32 and 64 pulse height analyzer 
(photonn energy) channels during these observations, respectively. During the 
19866 observation three bursts were detected (none occurred during the 1983 
observation). . 

Wee analysed the bursts using an adapted version of an EXOSATdata analysis 
packagee developed at the Space Research Laboratory in Leiden. In our analysis 
burstt spectra are accumulated during time intervals ranging between 0.5 s near 
thee peak of the burst, and -25 s in the tail of the burst to ensure good statistics 
inn each spectrum. From these burst spectra a spectrum accumulated for 100 s 
justt prior to the burst (persistent emission and background) is subtracted. These 
background-subtractedd spectra are fitted with a blackbody spectrum, with a 
low-energyy cut off due to interstellar absorption included. For a good modelling 
off  this low-energy cut off we need a value for the equivalent hydrogen column 
densityy (NH) (see section 3.3.1 and 3.3.2). In our fit procedure we assumed a 
systematicc error in the EXOSAT calibration of 1%. Deadtime corrections were 
madee as described by Damen (1990). 
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Figuree 3.1: Light curve of the 1983 (top) and 1986 (bottom) observations of 
1702-42.. Due to residual uncertainty of the background, the flux during the 
19833 observations is only approximate. 

3.33 Results 

3.3.11 Persistent emission 

Inn Fig. 3.1 the observed X-ray flux (1-15 keV) of 1702-42 (not corrected for 
interstellarr absorption) during the 1983 and 1986 observations is displayed; the 
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Figuree 3.2: X-ray colour-colour digram of the 1986 observation. Each point 
representss 200 s of data. A typical error bar is shown. 

burstss are clearly visible in this figure. We analysed the persistent emission of 
1702-422 to determine die flux, spectral shape and the value of the equivalent 
interstellarr hydrogen column density (/VH). To do this we divided the persistent 
emissionn during the 1986 observaüon in 44 intervals of 1000 s each and made 
background-subtractedd spectra for each interval. The spectra cover about 75% 
off  the total observation time (intervals with bursts were excluded as well as short 
dataa stretches just before and after detector array swaps, and short intervals 
att the beginning and end of data stretches). From diese persistent-emission 
spectraa a background spectrum, accumulated with the same detector half at a 
differentt time (a few hours earlier or later), was subtracted. 

Fromm opücal observaüons of a field near 1702-42 (Van Paradijs et al., 1986) 
wee can deduce a lower limi t for NH towards the source of ~ 8 x 1021 cm"2, using 
thee relation between Av andNH given by Gorenstein (1975). Using this NH range, 
wee find that in the 1986 observation the spectrum neither fits a power law nor a 
powerr law with exponential cut-off. For the 1983 observation we have no suitable 
backgroundd data, so that we can not draw conclusions on the spectral shape in 
thatt observation. 

Wee made colour-colour diagrams and power spectra of the 1986 persistent 
emissionn in order to see whether 1702-42 fits into the classification of HK89. The 
colour-colourr diagram (see Fig. 3.2) shows the background-corrected ratios of 
thee (6.2-20.4) keV/(4.5-6.2) keVcounts (hard colour) versus the (2.9-4.5) keV/(0.9-
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2.9)) keV counts (soft colour). The colour-colour diagram shows that there is littl e 
variationn of the hard colour and soft colour. The total intensity varied by ~15% 
duringg the 1986 observation (see Fig. 3.1). This behaviour is fairly typical of 
ann atoll source in the banana-state (HK89), however an analysis of the rapid 
variabilityy of the persistent emission is required to confirm this classification. 

Usingg a total of ~ 45 000 s of data the 1986 observation with a time resolution 
off  ~-4 ms we made power spectra for individual data stretches of 8192 data points 
each,, using the Fast Fourier Transform (FFT) technique. We also calculated 
powerr spectra of the 1983 data, using ~ 18 000 s of data with a time resolution 
off  ~8 ms. By rebinning of the data (but again transforming 8192 rebinned data 
points,, and thus increasing the length of the data stretches) we extended the 
low-frequencyy part of the power spectra to ~ 10~3 Hz. For broad features in 
thee power spectrum this rebinning of data is equivalent to Fourier transforming 
unrebinnedd longer data stretches. We used the normalization of the power 
spectraa of Leahy et al., (1983). The power spectra shown in Fig. 3.3 are rebinned 
averagee power spectra in which the average level of the white-noise, due to 
Poissonn counting statistics as modified by instrumental effects (see, e.g., Van der 
Klis,, 1989) has been subtracted. This can be done with sufficient accuracy when 
thee data are obtained without intervention of the £XOS/lTon-board computer, 
whichh is the case for the data we used (HTR5- and HTR3-data, Andrews & Stella, 
1986).. The fractional r.m.s.-variation in the region 0.1-100 Hz equals % 
(forr the 1983 data we found % in the region 0.1-60 Hz). Fits to the power 
spectraa were made with a power law with index a (ƒ — Ava, with v frequency and 
AA a normalization constant). 

Thee reduced %2 are ~2.3, and ~1.0 (for 8 d.o.f.), for the 1986 and 1983 data, 
respectively.. This fit yields a power-law index of 8 (-1.0Ü0.05 for the 
19833 data). There is a significant excess above this power-law fit for frequencies 
<:: 20 Hz, in the 1986 power spectrum. We calculated this excess to be % 
inn the range 20-100 Hz (for the 1983 data we found 0.1 % in the range 
20-600 Hz). We did not try to fit a high-frequency component to this excess in 
vieww of the poor statistics. The power spectra are typical of an atoll source in 
thee banana-state (see HK89); we conclude that the source was in the banana 
statee during the 1986 observations. From the fact that some high-frequency 
noisee seems to be present during the 1986 observation (but much weaker than 
observedd in the island state, see HK89) we deduce then that the source probably 
wass in the lower part of the banana branch. The smaller strength of HFN in the 
19833 observation suggests that the source was further 'up' the banana branch. 
Thiss is in accordance with the absence of bursts in the 1983 data (see HK89, 
Vann der Klis et al., 1991). The absence of reliable background data for the 1983 
observationn makes it difficult to determine the flux in that observation relative 
too that in 1986. 
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Figuree 3.3: Average power spectra of the 1983 (top) and 1986 (bottom) obser-
vations.. The drawn lines represent power-law fits to the data. Error bars were 
determinedd from tiie observed dispersion of the power estimates. 

3.3.22 Burs t s 

Duringg the 1986 observation three X-ray bursts occurred, in which the flux 
reachedd a maximum value a few dozen times that of the persistent emision. For 
mee fitting of burst spectra it is necessary to adopt a value for the equivalent 
hydrogenn column density to model as accurately as possible the low-energy cut-
off,, due to interstellar absorption. As discussed above, there is no unambigious 
wayy to determine this value from the persistent emission alone; therefore we 
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Tablee 3.1: Properties of the bursts of 1702-42. In this table a is defined as 
thee total energy emitted in the persistent emission (1-15 keV) before the burst 
dividedd by the total energy of the burst. 

startt time (UT, on April 8 1986) 
peakk flux Fm-d*  HO-9 ergs"1 cm"2) 
fluence£hh (10~7 erg cm"2) 
durationn x (s) (£t,/Fp) 
waitingg time (h) 
a a 

03:33:31 1 
8 8 

9 9 
7 7 

>1.3 3 
>15 5 

10:27:19 9 
4 4 

5 5 
5 5 

6.9 9 
- 1 00 0 

18:49:16 6 
5 5 

7 7 
8 8 

6.4 4 
- 60 0 

usedd the burst spectra to determine /VH. From optical observations (see above) 
wee can deduce a lower limit for NH towards the source of JVH~ S X X 1021 cm"2. We 
fittedd all the time-sliced burst spectra, using blackbody spectra, with fixed, but 
differentt A^-values, ranging from -2 x 1021 cm"2 to +20 x 1021 cm"2. For a given 
valuee of JVH we added the x2 of the individual burst spectra. We then selected that 
valuee of JVH which minimizes %2 (reduced x^m ~ 1.1, for—30 d.o.f.) This value is 
9xl02]] cm"2. 

Usingg this /VH value we fitted each time-sliced spectrum with a blackbody, 
andd determined the blackbody temperature kTco\. We use this blackbody fit 
too determine a bolometric correction to find the bolometric flux (Fho\) in the 
burst.. This bolometric flux is used to determine the blackbody radius with 

11 il 

RR - (I (h0\/csT ô]) , in which d is the distance to the source (we used d= 10 kpc) 
andd a the Stefan-Boltzmann constant. 

Somee observational parameters of the bursts are listed in Table 1. In Figure 
3.44 £(,„!, kTm\ and R are shown as a function of time for the three bursts. 

InIn Fig. 3.5 log Fbo\ is plotted against log kTca\ (equivalent to a Hertzsprung-
Russelll  diagram) for all three bursts. For a perfect blackbody with a constant 
radiuss this relation should be a straight line with a slope of 4. The tracks are 
curved,, which likely reflects deviations from a pure blackbody spectrum in the 
burstss (see e.g. Penninx et al., 1989; Damen et al., 1990). 

Wee also calculated a quantity 0 = kTca\/F^, which is proportional to the 
ratioo of colour temperature to effective temperature. In Fig. 3.6 O is plotted 
ass a function of kTw\; we see that 0 increases with temperature, by about 
-15%% between the low (Jt7"t(,| -0.8 keV) and high (Jtrcnl -2.2 keV) fitted blackbody 
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Figuree 3.4: Top panel: bolometric flux in the burst as function of time. Middle 
panel:: blackbody temperature as fitted to the burst spectra as function of time. 
Bottomm panel: equivalent blackbody radius at 10 kpc as function of time (see 
text). . 

temperatures;; this variation likely reflects the varying deviation of the burst 
spectraa from a blackbody (c.f. London, Taam and Howard, 1986). 
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shown. . 

3.44 Discussion 

Fromm its colour-colour diagram (Fig. 3.2) and the power-spectra (Fig. 3.3) 
itt appears that during our observations the source behaviour of 1702-42 is 
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Figuree 3.6: The quantity 0 (proportional to rcoi/7eff, see text) as function of the 
fittedd blackbody temperature. 

consistentt with that of an atoll source in the banana-state, using the criteria 
formulatedd by HK89. Therefore, we classify 1702-42 as an atoll source. From the 
colour-colourr diagram alone it is not very clear in which state the source is, as the 
variationn in the colours are quite small. As noted by HK89, the shape observed 
inn the colour-colour diagram is determined in part by the circumstances of 
thee observation (such as the total length) so that it is very important to look 
att the power-spectra; looking at only the colour-colour diagram may lead to 
incorrectt conclusions. One reason for this is that the 'amount of movement' in 
thee colour-colour diagram is a relative quantity, and is not easily quantified from 
aa single observation. 

Thee durations of the bursts are rather short (x ~ 5-8 s), which fits the 
observationn that for the source 4U 1636-53 bursts with short durations have 
alsoo been found when this source was in the banana-state (see Van der Klis 
ett al., 1990). As the bursts we observed from 1702-42 do not exhibit radius 
expansionn we can not estimate the Eddington flux (reached during the peak of 
suchh bursts), and the value of y, which is denned as fe (PPL88). However, since 

ll  u Edd 

thee observed maximum burst flux Fmax is less then the Eddington flux, we can 
sayy that ^ > y. We find y < 0.014, y <0.014, and y <0.017, for burst 1, 2, and 

1.0 0 
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33 respectively. When we compare these values of y and x with the results of 
PPL88,, we see that our values of t are a bit low compared to their results, but 
inn view of die rather large scatter in their data we can say that our results are 
consistentt with theirs, if the observed maximum burst flux is not too different 
fromm the Eddington flux. Since Fmax < FEdd, one can derive an upper limi t to the 
distancee of 6.7(M/1.4M. )(1 +X)-°5(1 +e)-° V > 5 kpc (Van Paradijs and Lewin 
1988),, using the maximum flux of 6.6 x 10~8 ergcm~2s_ I . Here X is the fractional 
hydrogenn content (by mass), z is the gravitational redshift at the neutron star 
surface,, and £ is a factor mat takes possible anisotropy of the radiation into 
accountt (see Sztajno et al., 1987). Since 1702-42 is probably close to tiie galactic 
center,, we expect that this maximum flux is fairly close to the Eddington flux, 
andd die distance ~ 7 kpc. 

Thee variation of the value Ö as a function of JfcTcoi has been studied earlier 
by,, e.g., Penninx et al. (1989) and Damen et al. (1990), who showed that there 
iss quite some variation in the behaviour of 0 as a function of kTcoi. For the 
sourcee 4U 1608-52 0 varies by ~ 40%, and the relation between 0 and kTco] is 
stronglyy curved. For the sources studied by Damen et al. (1990) the variation 
off  0 is much smaller and the relation can be fitted with a straight line rather 
well.. For 1702-42 the variation in the ratio Tc0[/Teff, which is ~ 15%, between 
kTkTcoco\\ ~ 0.8 and kTc0\ ~ 2.2 keV, is small compared to the range observed in 4U 
1608-522 (Penninx et al., 1989), but larger than found by Damen et al. (1990) for 
radius-expansionn bursts in 4 sources. 

Forr the equivalent hydrogen column density towards die source we find NH~ 
99 x 1021 cm- 2. According to the relation of Gorenstein (1975) between Av and 
NHH Wv = 4.5 x lO - 22 JVH), Üiis corresponds to a visual extinction of ~4.5 mag. 
Assumingg that 1702-42 is an optically "normal" LMXB (Mv ~ 1, Van Paradijs, 
1983)) and the above derived distance, its visual magnitude is expected to be 
closee to V~ 20. This suggest that an optical identification of die source may be 
possiblee without too many problems. 
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Abstract t 

Wee present the results of an analysis of simultaneous X-ray (Ginga) and 
radioo (VLA) observations of the 2 source GX 340+0. We find GX 340+0 in 
differentt X-ray states at the times of the radio observations. We find some 
evidencee for a global correlation between X-ray state and radio flux on a time 
scalee of days; however, this correlation does not hold on shorter time scales. 

4.11 Introductio n 

Thee bright low-mass X-ray binaries (LMXB) can be divided into two groups, the 
so-calledd "Z sources" and "atoll sources", on the basis of their spectral and time 
variabilityy (Hasinger and Van der Klis, 1989, hereafter HK89, see Van der Klis, 
19900 for a review). The Z sources, which are the more luminous (- If)-18 ergs- 1) 
off  the two groups are quite similar with respect to their X-ray, optical, and UV 
propertiess (HK89, Penninx 1989). 

51 1 
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Theirr X-ray behaviour can be characterised by a Z-shaped track in X-ray 
colour-colourr and colour-intensity diagrams (see HK89), which can be divided 
inn three so-called "branches". In the upper, or "horizontal" branch 13-55 
Hzz quasi-periodic oscillations (QPO) are observed in the power spectra of the 
X-rayy intensity. The centroid frequency of these QPO is positively correlated 
withh the X-ray intensity. In the middle, or "normal" branch (or in part of 
it)) QPO with a lower centroid frequency (~ 6 Hz) are present. As the source 
movess from the "normal" branch to the "flaring" branch (the lower branch) the 
centroidd frequency of the QPO increases, and the power spreads out over a very 
widee frequency range. Further up the "flaring" branch the power in the QPO 
decreases;; the QPO have only been detected on a relatively small part of the 
"flaring""  branch nearest to the "normal" branch (Lewin, Van Paradijs and Van 
derr Klis, 1988, Van der Klis and Lamb, 1993). 

GXX 340+0 is one of the six known Z sources (HK89). Van Paradijs et al. (1988) 
studiedd its "normal"-branch QPO behaviour on the basis of EXOSAT data. The 
spectrall  and temporal characteristics of GX 340+0 have been studied in detail 
byy Penninx et al. (1990) using Ginga data; they confirmed that GX 340+0 is a 
Z-source;; its colour-colour diagram showed all three above described branches. 

Simultaneouss X-ray and radio observations have so far been made of four 
Z-sources.. In 3 of them (GX17+2, CygX-2, ScoX-1) a clear correlation between 
radioo and X-ray behaviour is present (Penninx et al. 1988; Hjelrming et al. 
1990a,b).. In all three the highest radio fluxes are observed in the horizontal-
branchh state; when the source is in the "horizontal" branch the radio flux 
iss positively correlated with the X-ray flux. In the fourth (GX 5-1) the radio 
propertiess were different (Tan et al. 1992). It had the highest radio flux when it 
wass in the normal branch, and a low radio flux in the horizontal branch. The 
radioo flux was anti-correlated with the X-ray flux when the source was in the 
normall  branch. 

GXX 340+0 has been discovered at radio wavelengths by Penninx et al. (1992), 
whilee it was simultaneously observed with Ginga. In this paper we report on the 
simultaneouss Ginga observations which were performed on April 4-6 1990, and 
describee the relation between the radio and X-ray behaviour of GX 340+0. 

4.22 Observations and Analysis 

Thee X-ray observations of GX 340+0 were made with the Large Area Counter 
(LAC)) on board of Ginga (Makino et al. 1987, Turner et al. 1987) during 1990 
Aprill  4-6. Radio observations were made on 1990 April 2 and 4-6 with the VLA. 
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OO 1-4 GHz 

DD 4.8 GH2 
""  O LNS 

©© FB 

Dnyaa In April 1990 

Dayss in April 1990 

Figuree 4.1: Lower panel: the rank number as function of time. Rank number 
hass been defined as: l=Apex horizontal/normal branch; 2=apex normal/flaring 
branch;; 3=end flaring branch. Squares denote points obtained from MPC3 data, 
circless denote points obtained from MPC1 data. Upper panel: The radio flux 
ass function of time. Circles denote flux at 1.4 GHz; squares denote flux at 4.8 
GHz.. X-ray state (if known) is indicated (UNB: upper normal branch, LNB: lower 
normall  branch, FB: flaring branch). The dashed lines connect the points at the 
samee frequency: they are only intended to guide the eye. 

Sincee GX 340+0 is observable with the VLA only during - 4 h per day, only two 
fluxflux measurements (one in each of the 1.4 GHz and 4.8 GHz passbands) were 
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Figuree 4.2: X-ray colour-colour diagrams of GX 340+0 at the time of the radio ob-
servations.. Large filled circles indicate data obtained during radio observations; 
thee small dots are included to give an idea of the shape and position of the overall 
pattern.. Fig. a-c correspond to 4.8 GHz observations and d-f correspond to to 
1.44 GHz observations. The soft colour is 4.5-6.8/2.2-4.5 keV and tire hard-colour 
9.2-18.5/6.8-9.22 keV. The X-ray observations were corrected for aspect, deadtime 
andd background. 

madee per day. We use the radio fluxes listed in Table 1 of Penninx et al. (1992). 
Inn Fig. 4.1 we have plotted in the upper panel the radio flux at both frequencies 
ass a function of time. Simultaneous radio and X-ray observations are available 
onn 3 days. 

Thee X-ray data were obtained in two different modes, viz.: MPC1 with 48 
spectrall  channels between 1.2 and 37 keV and relatively low tune resolution (4 
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secondss during most of the observing time, but occasionally 16 s), and MPC3 
withh 12 spectral channels between 0.8 and 18 keVand high time resolution (7.8 
msj.. At the time of the radio observations the source was observed in the MPC1 
mode.. All data were corrected for aspect, dead time, and background. The low 
timee resolution MPCi data (16 s time resolution] were corrected for telemetry 
overflow. . 

Wee made colour-colour diagrams using both MPCI and MPC3 data by group-
ingg the spectral channels into 4 non-overlapping energy bands and rebinning 
thee data to 16 seconds. The energy bands we used were: 2.2-4.5 keV, 4.5 - 6.8 
keV,, 6.8-9.2 keV, and 9.2-18.5 keV. Due to the different spectral resolutions and 
detectorr gain setting in the two modes, the choice of energy bands was almost 
fixedd by our requirement to use the same energy bands throughout. Our choice 
wass further limited by the requirement to get colours (i.e. count-rate ratios 
betweenn two energy bands) of roughly unity, optimizing the statistics. Since the 
backgroundd corrections are very small, we could afford to use background data 
thatt were not necessarily close in time or position in the sky to our observations. 
Fromm the colour-colour diagrams, which are shown in Fig. 4.2a-f, we were 
ablee to identify the X-ray state at the times of the radio observations. Fig. 4.2 is 
madee using the MPCI data. In each panel of Fig. 4.2 the large filled circles are 
measuredd at the time of the radio observations; the time intervals corresponding 
too each of these observations are given in Table 4.1. The small dots represent 
dataa obtained during the remainder of the X-ray observations and give an idea 
off  the overall shape of the Z-pattern in the colour-colour diagram. The figures 
showw that during our observations the source was alternately in the normal and 
inn the flaring branch, and that radio data were obtained over the full range of 
X-rayy spectral states that occurred. 

Inn Fig. 4.3 we show the colour-colour diagram obtained from the MPC3 data 
(noo radio coverage). These data are plotted separately from the MPCI data, 
becausee there is a slight shift of the Z-pattem. This is probably caused by the fact 
thatt die selected energy bands for both modes are not exactly the same; they can 
differr by up to 3% due to different gain settings. 

Inn the lower panel of Fig. 4.1 we have plotted as a function of time a rank 
number,, which is a parameterization of the location of the source along the 
Z-shape;; it increases from the horizontal branch via the normal branch towards 
thee flaring branch (cf. Hasinger et al. 1990). The rank number indicates the X-ray 
statee and is intended as a measure of the mass accretion rate, increasing from the 
horizontall  branch via the normal branch towards the flaring branch (Hasinger et 
al.. 1990, Vrtilek et al. 1990,1991). For this panel both MPCI and MPC3 data have 
beenn used. The rank numbers have been determined from each colour-colour 
diagramm (Fig. 4.2 and 4.3) seperately, because of the shift of the Z-pattern. This 
rankk number is a one dimensional parameterization along the Z-shape; it has 
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t t 
1 1 

Figuree 4.3: Colour-colour diagram of the MPC3 data. Soft and hard colour are 
thee same as in Fig. 2. (But see text.) 

beenn determined by drawing a spline curve through ~10 manually chosen point 
onn the Z and determining the projection of each colour-colour point onto this 
curve.. The curve length along this spline then determines the rank number. 

Figuree 4.1 shows that rapid motion occurs on a timescale of hrs, which covers 
aboutt half of the total rank number range, superimposed on a gradual increase 
fromm day ~3.8 to ~5.5 followed by a gradual decrease from day ~5.5 to ~6.5. The 
ratherr sparsely sampled radio data are consistent with a global anticorrelation 
betweenn radio flux and rank number (i.e. the M); we see from both panels 
thatt while the rank number increases (i.e. the mass accretion rate) the radio 
fluxx is decreasing; when the rank number reaches a maximum, the radio flux is 
att a minimum. After this the rank number drops and the radio flux increases 
somewhat. . 

Thee radio fluxes at both 1.5 GHz and 4.8 GHz are highest when the source 
iss at the vertex of normal branch and flaring branch (rank number 2); They are 
muchh less when the source moves into the flaring branch. 

Thee correlated radio and X-ray results are summarised in Table 4.1. In Fig. 
4.44 we have plotted the radio flux at both frequencies against the X-ray state 
indicatedd by a rank number. 
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Figuree 4.4: The radio flux as a function of the X-ray state. Circles denote 1.4 
GHzz flux, while squares denote 4.8 GHz flux. The abscissa has arbitrary units: 1 
denotess horizontal-normal branch apex, 2 denotes normal-flaring branch apex, 
andd 3 is the 'end' of the flaring branch. Horizontal error bars indicate the range 
overr which the source moved. 

4.33 Discussion and conclusions 

Fromm Fig. 4.1 we conclude that there is some evidence for a correlation between 
thee X-ray state and die radio flux on a time scale of days. This correlation does 
nott hold on shorter timescales, in which the source moves over a substantial 
fracdonn of the total rank range. This is also shown in Fig. 4.4 were there is no 
indicationn between me instantaneous X-ray state and radio flux. 

Theree is no evidence from Fig. 4.1 that the X-ray state prior to a radio 
observationn determines the radio flux. Physically one might expect such a delay 
sincee the radio emission is formed in regions far from (10I ! ! -1014 cm) the X-ray 
emittingg regions. 
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Tablee 4.1: The X-ray state of GX 340+0 at the times of the radio observations. 
Upperr limits are at a 3 a level of confidence. Errors are 1 a errors. Times of the 
1.44 and 4.8 GHz observations are indicated in different columns to make a clear 
distinctionn between both frequencies. 

Time(UT) ) 
Aprill  1990 

22 9:30-11:50 

44 9:30-11:50 

T>> 9:30-11:50 

(i(i  9:30-11:50 

Freq. . 
(CIlz) ) 

4.8 8 
1.4 4 
4.8 8 
1.4 4 
4.8 8 
1.4 4 
4.8 8 
1.4 4 

2 2 

4 4 

r> > 

6 6 

Time(UT) ) 
Aprill  1990 

12:00-1:5:00 0 

12:00-13:00 0 

12:00-13:00 0 

12:00-13:00 0 

Flux x 
(mly) ) 

0..r r) ) 
5 5 
5 5 

1.511 . If) 
<0.13 3 
<().4H H 
<0.2() ) 

0.911 0 

'X-ravv state' 

Noo information 
Noo information 

Apex/lowerr Normal Branch (Fig. 4.2a) 

' ' 

Flaringg Branch (Fig. 4.2d) 
Flaringg Branch (Fig. 4.2b) 
Flaringg branch (Fig. 4.2e) 

'opp Normal Branch (Fig. 4.2c) 
lopp Normal Branch (Fig.4.2D 

Itt is possible that on April 6 a new radio flare started between the 4.8 GHz 
observationn and the 1.4 GHz observation (see Fig. 4.1). We have X-ray coverage 
duringg this interval which shows that the source was at the extreme top of the 
normall  branch. This is similar to the behaviour of GX 17+2, CygX-2, and Sco X-l , 
whichh are most variable in the horizontal branch or upper normal branch. It was 
alreadyy reported by Bradt et al. (1975) that for Sco X-l radio outbursts always 
occurr in the quiescent state (i.e. the normal, or possibly horizontal branch, see 
Augusteijnn et al. 1992). 

AA correlation between the X-ray spectral state and tlie radio luminosity has 
previouslyy been found in three Z-sources viz. GX 17+2, Cyg X-2 and Sco X-l 
(Penninxx et al. 1988, Hjellming et al. 1990a,b). In those sources it was found 
thatt the radio flux is highest, and also most variable, when the source was in the 
horizontal-branchh or the high normal branch states. The radio/X-ray behaviour 
off  the fourth source which has been studied simultaneously at radio and X-ray 
wavelengths,, GX 5-1, was different from that of the three other sources with a 
highh degree of confidence (Tan et al. 1992). It had the highest radio flux when 
thee source was in the normal branch and a low radio flux when it was in the 
horizontall  branch. In this source the variations in the radio flux appear to be 
anti-correlatedd with the X-ray flux in the normal branch. 

Ourr results for GX 340+0 are consistent wim those previously obtained for GX 
17+2,, Cyg X-2 and Sco X-l , in that we find an approximate correlation between 
X-rayy state and radio flux on a timescale of days. The possible onset of a flare on 
thee upper normal branch is also in accordance with the behaviour of these three 
sources. . 
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Penninxx (1989) found that in the normal branch the ratio of average radio flux 
(4.88 GHz) and the average X-ray flux is approximately constant. If GX 340+0 were 
too follow that result, one would expect that its average normal-branch radio flux 
(4.88 GHz) were ~ 0.5 mjy. This is in rough agreement with the observed values 
off  the normal-branch radio fluxes, which are 5 mjy and < 0.20 mjy (3 c 
upperr limit) . 
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Abstract t 

Wee have studied die X-ray spectral and fast-timing variations of Cir X-1 
byy performing a homogenous analysis of all EXOSATME data on this source 
usingg X-ray hardness-intensity diagrams (HIDs), colour-colour diagrams 
(CDs),, and power spectra. CirX-1 exhibits a wide range of power spectral 
shapess and a large variety in X-ray spectral shapes. At different epochs 
thee power spectra variously resemble those of an atoll source, a Z source, 
aa black-hole candidate, or are unlike any of diese. At some epochs one-
dimensionall  connected-branch patterns are seen in HID and CD, and at 
otherr times more complex structures are found. We interpret die complex 
behaviourr of Cir X-l in terms of a model where accretion rate, orbital phase 
andd epoch are die main determinants of die source behaviour, and where 
thee unique properties of the source are due to two special circumstances: 
(i)) the source is die only known atoll source (accreting neutron star with 
aa very low magnetic field) diat can reach the Eddington critical accretion 
rate,, and (ii) it has a unique, highly eccentric and probably precessing orbit. 
Propertyy (i) makes Cir X-l a very important source for our understanding 

61 1 



622 CIRCINUS X-1: FAST-TIMING PROPERTIES AND SPECTRAL STATE 

off  the similarities in the observable properties of neutron stars and black 
holess as it allows to separate out black hole signatures from properties that 
aree merely due to the presence of an accreting compact object with a low 
magneticc field. 

5.11 Introductio n 

Cirr X-l is one of the most puzzling X-ray binaries. It was first detected in X rays 
byy Margon et al. (1971), who in the discovery observation found evidence for 
pulsationss at a frequency of 1.4 Hz (see also Section 5.4.3). At times Cir X-l is 
onee of the brightest sources in the X-ray sky (~10 c/s/cm2 in the 1-20 keVband), 
whilee at other times it is very weak (~0.01 c/s/cm2). The source shows periodic 
radioo flares which suggest an orbital period of 16.6 days (Nicolson 1980; for a 
recentt ephemeris see Stewart et al. 1991), and possibly emits radio jets (Stewart 
ett al. 1993). The radio flares are accompanied by abrupt changes in the X-ray 
lightt curve (Kaluzienski et al. 1976). During the early 1970's Cir X-l tended to be 
inn a high state during most of its 16.6 day cycle (Jones et al. 1974), while in the 
mid-seventiess it was in a low state during the largest part of its cycle (Kaluzienski 
ett al. 1976). Murdin et al. (1980) proposed that an eccentric high-mass binary 
modell  for Cir X-l could explain üiis evolution of the light curve on a time scale 
off  a few years. 

Whelann et al. (1977) found variable Ha emission from a faint red star which 
wass positionaly coincident with the radio source. They suggested that the star, 
whichh they classified as an OB supergiant, is the optical counterpart of Cir X-l . 
However,, the optical variability was found to be too large for an OB supergiant, 
andd the flux in the blue was too low (Nicolson, Feast & Glass 1982; Argue & 
Sullivann 1982). Also the rise time of the radio intensity in the 16.6 day cycle was 
arguedd to be too fast for a high mass companion (Robinson-Saba 1983a,b). Glass 
(1978),, observing in the IR, first detected the true counterpart, which varies with 
thee same 16.6 day period as Cir X-l . Moneti (1990) found that the candidate 
starr of Whelan et al. (1977) is composite; the southernmost component of this 
object,, a very faint, very red star, is the optical counterpart of Cir X-l . The high 
Lx/Lopii  then suggests that Cir X-l is a low-mass X-ray binary (LMXB). Recent 
workk on Cir X-l has been done by Moneti (1992), who studied the variability of 
thee IR source, and by Duncan et al. (1993), who detected Ha emission from the 
opticall  counterpart. Glass (1994) has studied the long-term infrared behaviour 
ofCirX-1. . 

Att one time, the compact object in Cir X-l was suspected to be a black 
holee on the basis of rapid variability similar to that observed in Cyg X-l (Toor 
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1977).. However, the presence of a low magnetic field neutron star in the system 
wass demonstrated by the detection of type I X-ray bursts (Tennant, Fabian & 
Shaferr 1986a,b). The source shows quasi-periodic osculations (QPO) in the range 
6-200 Hz (Tennant 1987,1988b; Makino, Kitamoto & Miyamoto 1992) and 1.4 Hz 
(Tennantt 1988a), which in this frequency range are aiso observed in other low 
magneticc field compact objects (neutron stars as well as black holes; see Van der 
Kli ss 1994c for a recent review). 

Thee study of the X-ray spectral and fast-timing properties of accreting low 
magneticc field neutron stars has led to a division into two groups: the so-called 
ZZ sources and atoll sources (Hasinger & Van der Klis 1989, hereafter HK89; for 
reviewss see Van der Klis 1989a, 1991). As we shall see, CirX-1 exhibits some 
propertiess of sources in both groups as well as of black-hole candidates. For that 
reason,, we here briefly summarize the properties of these sources to the extent 
relevantt to a comparison with Cir X-l . 

5.1.11 Z and atoll sources 

Thee Z sources tend to be more luminous than the atoll sources and have a 
Z-shapedd track (i.e. 3 distinct branches) in the X-ray colour-colour diagram 
(CD).. Z sources show two different kinds of QPO. In the topmost stroke of the Z, 
thee horizontal branch, where M is thought to be lowest, QPO with a frequency 
off  13-55 Hz are present; in the middle stroke, the normal branch {or a part of 
it)) QPO are found with a lower frequency (5-7 Hz), which is approximately the 
samee in all Z sources. When the sources move into the bottom stroke of the Z, 
thee flaring branch, this frequency increases to 20 Hz (in Sco X-l and GX 17+2, 
Dieterss et al., 1994, Penninx et a l, 1990). Atoll sources show neither of these two 
typess of QPO. 

ZZ and atoll sources show two types of broad noise components in their power 
spectra:: power-law noise and band-limited noise. Both Z and atoll sources show 
aa power-law noise component called very low frequency noise. It dominates 
thee power spectrum below ~ 0.01 Hz and has a power-law shape P « v~a with 
ann index a -1.5 in atoll sources, and ~1.5-2 in Z sources. Z sources show, in 
additionn to the very low frequency noise, two types of band limited noise. One, 
thee low-frequency noise is present only at low M, when horizontal branch QPO 
aree present; this component has an exponentially cut-off power law shape with 
aa cut-off of typically 2-20 Hz. The other, high frequency noise is always present. 
Thee cut-off frequency of this component is 50-100 Hz. Atoll sources show only 
onee type of band limited noise. It is present at low M, in the so-called island 
state,state, and disappears at higher M, in the so-called banana state (HK89). This 
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componentt has cut-off frequencies of 0.3-20 Hz, and is, confusingly, also called 
high-frequencyy noise. Van der Klis (1994b) suggested that the low frequency 
noisee in Z sources is similar to the so-called high frequency noise in atoll sources 
(thee two noise types have similar cut-off frequencies and similar dependencies 
onn mass accretion rate), whereas the high frequency noise in Z sources is a 
differentt component. 

Thee physical distinction between Z and atoll sources is thought to be the 
strengthh of the magnetic field of the neutron star. Z sources are thought to 
havee a relatively high (~ 109 Gauss) magnetic field, while the field of the atoll 
sourcess is thought to be weaker (HK89). Apart from this, the X-ray luminosity is 
systematicallyy higher in Z sources than in atoll sources. Z sources are thought 
too reach the Eddington limi t on the flaring branch, while the luminosity of atoll 
sourcess usually does not exceed several 10% LEdd (Van Paradijs et al. 1988). This 
iss supported by the fact that many of the atoll sources show type I X-ray bursts, 
whilee X-ray bursts are rarely observed in Z sources (though several were seen 
inn GX 17+2; Sztajno et al. 1986, Kuulkers et al. 1994b and perhaps Cyg X-2 
Kahnn & Grindlay 1984, Kuulkers, Van der Klis & Van Paradijs 1995). That X-ray 
burstss occur in Z souxces is the only direct indication that these systems contain 
neutronn stars (Lewin et al. 1993). 

5.1.22 Black hole candidates 

Anotherr group of X-ray binaries to whose properties those of CirX-1 have often 
beenn compared (and as will become clear below, with good reason), is mat of 
thee black-hole candidates (BHCs). Astrophysical black holes are expected to be 
unchargedd and therefore to have no magnetic field. BHCs display a wide range 
inn accretion rates. On the basis of recent work (Miyamoto et al. 1991, 1992, 1993; 
Vann der Klis 1994c ) it seems likely that the behaviour of black-hole candidates 
cann be described in terms of three states: low state, high state, and very high 
state.. Just as for the neutron stars, the fast-timing properties of BHCs are related 
too these states. In the very high state the power spectra show QPO in the range 
2-100 Hz, and band limited noise with cut off frequencies of —1 — 10 Hz. In this 
statee rapid changes in the shape and strength of the noise components take 
place.. In the high state die power spectra can be well described by a weak power 
laww with an index of —1 — 1.5. When a BHC is in the low state the power spectra 
showw a strong band limited noise component with a flat top below —0.1 Hz. The 
totall  power in the low state is high (up to -50% rms), much higher than the total 
powerr in the very high and high states. 

Black-holee candidates show (perhaps several different kinds of) slower QPO 
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inn addition to the very high state 2-10 Hz QPO. In the low and high states QPO 
andd "peaked" band limited noise components with frequencies in the range 
0.044 Hz - 1 Hz have been found (for a review, see Tanaka & Lewin, 1994). 
Similarlyy "slow" QPO have been seen in one atoll source, 4U 1608-52 (Yoshida 
o tt  i l 1QQQ\ 

5.1.33 Neutron star  and black hole similarities; where does 
CirX-lfitin ? ? 

Thee fast timing behaviour of some atoll sources when they become very faint 
resembless that of a BHC in the low state (Inoue 1992; Van der Klis 1994b). It 
hass been suggested that the rapid X-ray variability properties of Z and atoll 
sourcess and BHCs can be described in terms of three common states, where 
thee 6-20 Hz QPO of Z sources and the 2-10 Hz QPO of BHCs, and also the Z 
sourcee low-frequency noise, the atoll source high-frequency noise and the BHC 
low-statee and very-high-state band limited noise components are caused by the 
samee physical mechanisms (Van der Klis 1994a, b). In this interpretation BHC 
loww states approximately correspond to atoll source island states, and BHC high 
statess to atoll source banana states. 

Thee HK89 classification of neutron star systems in terms of luminosity (tx) 
andd magnetic field (B), with Z sources at high Lx and B, and atoll sources at low 
Lxx and B leaves room for other systems in addition to Z and atoll sources, i.e. 
systemss with high B and low Lx, and systems with low B and high L*. The former 
wouldd be Z sources at very low luminosities; no Z source has so far been observed 
att low intensities. It has been suggested (Van der Klis 1991) that Cir X-l at times 
iss an example of the latter type of system. This suggestion is based on: (i) the 
presencee of type I X-ray bursts; showing that the system contains a low magnetic 
fieldd neutron star, (iij the absence of HBO and periodic pulsations at lowLx, and 
(iii jj  the presence of 6-20 Hz QPO (Tennant 1987) at high Lx. If this suggestion 
weree correct one might further expect (Van der Kli s 1994b) that at high M the 
behaviourr would show some similarities to that of BHCs in the very high state, 
whereass at low M the behaviour would be similar to that of atoll sources. 

Inn the light of the above suggestions we studied the fast timing and spectral 
behaviourr of Cir X-1 over its entire range in X-ray flux. For this study we used all 
EXOSATdataEXOSATdata of Cir X-l , and made a full, homogeneous analysis in terms of power 
spectraa and CD/HIDs, allowing for a direct comparison with the properties of 
ZZ and atoll sources and black hole candidates. Previous work on the EXOSAT 
dataa on Cir X-l concentrated on bursts (Tennant et al., 1986a, 1986b) and QPO 
(Tennant,, 1987, 1988a), but did not include a study of the correlations between 
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Tablee 5.1: Observation log of all EXOSAT observations of Cir X-l , including the 
radioo phase calculated with the ephemeris of Stewart et al. (1991). Radio phase 0 
referss to the onset time of radio flares. 

Obs. . 
name e 

A A 
B B 
C C 
D D 
E E 
F F 
G G 
H H 

Startt time 
yr/dayy hh mm 
84/2277 05 00 
84/2288 05 57 
84/2355 15 14 
85/2088 20 34 
85/2166 20 50 
85/2244 14 39 
86/0566 11 34 
86/0599 07 59 

Endd time 
dayy hh mm 
2277 15 46 
2288 22 57 
2355 19 02 
2099 19 02 
217111 01 
2255 13 25 
0577 10 46 
0600 04 02 

Nett data (s) 
(approx.) ) 

43000 0 
64000 0 
18000 0 
73000 0 
50000 0 
83000 0 
87000 0 
50000 0 

high-timee res. 
OBCC modes 

HER6 6 
HER6 6 
HER6 6 
HER7 7 
HTR3 3 

HTR3,, HER7 
HTR5 5 
HER7 7 

radio o 
phase e 

0.0 0 
0.1 1 
0.5 5 
0.0 0 
0.4 4 
0.0 0 
0.8 8 
0.0 0 

CD/HIDD behaviour and the properties of both QPO and noise components in 
powerr spectra. We considered to extend our analysis to the properties of time-
delayss of the noise components for that subset of the data that has spectral 
resolutionn combined with high time resolution, but found that at count rates 
highh enough to make statistically significant time delay estimates dead-time 
inducedd cross-talk severely hampered the analysis. 

5.22 Observations 

Eightt observations were made of Cir X-1 with EXOSATover a time span of almost 
twoo years. For a log of the observations we refer to Table 5.1. The total observing 
timee amounts to ~130 hours. We used the data from the medium-energy (ME) 
experimentt (Turner et al. 1981, White & Peacock 1988) on board EXOSAT. The 
presentt work is constrained to data from the Argon-filled chambers, which are 
sensitivee in - 1 -20 keV band. 

Ass a consequence of the long time span over which the observations were 
performedd and the development of new On Board Computer modes during this 
time,, the data have been collected in different modes, thus making a uniform 
comparisonn of all data more difficult. Changes in detector efficiencies and gains 
inn the course of time also complicate a uniform reduction of the data. Fortunately, 
thee variations that Cir X-l exhibits in its X-rayy spectrum are so large that we are 
nott impaired much by these instrumental effects, which have consequences on 
thee few % level only. For a review of the changes in the instrument response 
relevantt to this work we refer to Kuulkers et al. (1994a). From that work it can 
bee derived that the systematic uncertainties in the X-ray colours and intensities 
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thatt we report in this paper are less than 4% over the interval 1983-1986. 

Thee initial version of the software package that we used for the reduction 
off  the data was created at the Laboratorium for Space Research in Leiden; the 
packagee was further developed in Amsterdam. 

5.33 Analysis 

Wee constructed colour-colour diagrams (CDs) and hardness-intensity diagrams 
(HIDs)) for each observation. When available we used data with high energy 
resolutionn (HER4 and HER5), which were rebinned into four energy channels 
(2-3,, 3 -5, 5-7, 7-12 keV). The channels were chosen in such a way that the 
countss are more or less equally distributed over them. Since Cir X-l shows large 
spectrall  variations this requirement is fulfilled only very approximately (within a 
factorr ~5). Our highest energy boundary is quite low compared to the choices of 
otfierr authors (e.g. HK89). We note that selecting a higher upper energy bound 
doess not improve the quality of the CDs and HIDs: relatively few counts are 
added,, while background variations become more important. The soft colour is 
definedd as the count rate ratio of the 3 -5 keV band to the 2 -3 keV band, the 
hardd colour as the count rate ratio of the 7-12 keV band to the 5-7 keV band. 
Thee "intensity" as we use it throughout this paper is the observed count rate per 
cm22 per second in the 2-12 keV band and has been corrected for background, 
deadtimee and collimator response. Below we wil l use die symbol Cs for the soft 
colourr and CH for the hard colour, and/ for "intensity". 

Forr the background subtraction we use data that were obtained either just 
beforee or just after each observation of Cir X-1, when the satellite was slewing. The 
backgroundd data were inspected to make sure that no sources moved through the 
fieldd of view of the detector. When the source gets very faint {<0.005 c/s/cm2), the 
contributionn from the background becomes very important. The galactic ridge 
(orr other point sources) could contribute at most -0.01 counts cm"2s '(from 
Turnerr et al. 1989, where - 5 mCrab is quoted for the flux from the galactic ridge). 

Observadonn H (day 60 in 1986) did not have data wim high energy resolution. 
Forr this observation we used high-time resolution data (HER7 mode) to compute 
thee Cs, CH, and /. These data have four energy channels, which are different 
fromm the channels mentioned above, and the lowest of which falls outside the 
calibratedd energy range. For display purposes we corrected the values of the 
colourss obtained in this observation in order to make mem correspond better to 
thee other data (see below). 
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Figuree 5.1: The light curves of all eight observations. The scale for observation C 
hass been expanded by a factor 4. The true length of observation C is ~15 000 s. 

Thee integration times we used for the time bins in the CDs and HIDs were 
chosenn freely depending on the count rate and on the typical time scales of 
sourcee variations. When the source count rate was very high 10-second time bins 
sufficedd to obtain reasonable colour estimates, but when the source count rate 
wass very low integration times up to 5000 s were required. We have plotted the 
lightt curves of all 8 observations in Fig. 5.1. The corresponding CDs and HIDs 
diagramss are shown in Figs. 5.2, 5.3, and 5.4, respectively. In order to allow a 
comparisonn between all states of CirX-1 in the hardness-intensity diagrams, we 
usedd a logarithmic scale for /, which for HIDs of Z and atoll sources is usually not 
necessary. . 

Forr the fast timing analysis we performed FFTs of the high time resolution 
dataa in order to calculate power spectra. In most cases the time resolution is 
88 ms, so the Nyquist frequency is 64 Hz. In general we made FFTs of 256 or 
512-ss data segments in order to get a good determination of the low frequency 
partt of the power spectrum. All FFTs were made of data at the original time 
resolution.. If a data drop-out occurred during a data segment we excluded it 
fromm our analysis, since we found that substituting the missing data by the mean 
countt rate in general introduced artificial power at low frequencies. 

Thee general procedure we used in the analysis of the power spectrum is 
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Figuree 5.2: The colour-colour diagram of all eight EXOSAT observations of 
CirX-1.. The horizontal scale is the soft colour, which is defined as die count 
ratee ratio between the 3 -5 keV and 2 -3 keV band. Verdcal scale is the hard 
colour,, defined as die count rate ratio between the 7-12 keV and 5-7 keV band. 
Countt rates have been corrected for dead time effects. The letters identfying 
thee observations are indicated in the top right of each panel (see Table 5.1). For 
clarityy no error bars have been plotted for observations C, G, and H; their size is 
comparablee to the smallest error bars in e.g. observaüon D 

basedd on averaging of the power density spectra obtained from individual data 
segments.. If the source count rate was low, we averaged all the power density 
spectraa of that observation since we were limited by the statistics. If the source 
countt rate was higher we made data selections based on time or position in the 
CD;CD; diis is described in more detail below. Then we fitted simple functional 
shapess to these average power spectra. We used two different fit models 
dependingg on the source flux. When the power spectrum had a power-law shape 
(thatt is in all low- and medium state observations and observation G, see section 
5.4.6)) an "atoll" model (KK89) consisting of a power-law VLFN component plus 
ann exponentially cut-off power-law HFN component provided satisfactory fits. 
Wee found that the HFN component was statistically required during observation 
GG (see section 4.6), but not during the other observations. At high source flux 
(observationn D and H) this model did not fit the data well. There we used a power 
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Figuree 5.3: The intensity vs. soft colour diagram for CirX-1. The horizontal scale 
iss the intensity in the 2—12 keV band in units of counts cm~2s~'. Count rates 
havee been corrected for dead time effects and collimator response. The vertical 
scalee is the soft colour, defined as the count rate ratio between the 3 -5 keV 
andd 2 -3 keV band. Count rates have been corrected for dead time effects and 
collimatorr response. The letters identifying the observations are indicated in the 
topp right of each panel. 

laww plus a Lorentzian centered at zero Hz to describe die noise components, and 
iff  QPO were present, a second Lorentzian at the QPO frequency. In Section 5.4 
wee describe in detail the results of the analysis of the power spectral shapes in 
alll  states. 

Thee so-called Poisson level of the white-noise component induced by the 
photonn counting statistics was predicted from the count rates corresponding 
too each individual FFT using the knowledge of EXOSAT dead-time processes 
(Andrewss & Stella, 1985). It was subtracted from the power spectrum before 
averagingg the power spectra. For the HER7 mode data, we find that we can 
predictt the Poisson level from the count rate (using Eq. 3.11 from Van der Klis 
1989bb with a sampling interval of 1/3569 s) with a relative accuracy of better 
thann ~ 1% up to ~1300 c/s. At higher count rates the prediction of the Poisson 
levell  becomes gradually less accurate (the error is ~10% at 2000 c/s); we then 

c c 

c c 
COO CD 
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Figuree 5.4: The intensity vs. hard colour diagram. Same as Fig. 2, except that the 
verticall  scale is the hard colour (count rate ratio in 7-12 keVand 5-7 keVband). 

usee the empirical relation between the observed intensity and the actual Poisson 
levell  found by Kuulkers et al. (1994a) to determine the Poisson level. For the 
HTR33 and HTR5 data modes (which are not affected by dead-time processes in 
thee on-board computer of EXOSAT) we find that we can predict the Poisson level 
(usingg Eq. 3.9 in Van der Klis 1989b with a dead time of 5.5 us) with an accuracy of 
betterr than ~ 10~3 for our highest count rates in this mode. For lower count rates 
thiss accuracy gets better (Berger & Van der Klis 1994). We use the mean count 
ratee per power spectrum to determine die Poisson level. During the large flare in 
observationn D we found that the predicted Poisson levels were no longer entirely 
reliable.. We then introduced the Poisson level as an additional free parameter 
inn our fits. In this way we found a lower than predicted Poisson level (which can 
nott be caused by an unknown component in the power spectrum, since this can 
onlyy increase the apparent Poisson level). 

Alll  power spectra were normalized according to the normalization used by 
Bellonii  and Hasinger (1990) and Miyamoto et al. (1991), which gives the power 
densityy in units of (fractional rms)2/Hz or (rms/mean)2/Hz. This normalization 
iss obtained by dividing a "Leahy-normalized" power spectrum (Leahy et al., 
1983)) by the count rate and performing a correction to background-corrected 
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fractionall  rms. The advantage of this normalization is the easy comparison of 
powerr spectra at different flux levels in terms of fractional rms. The disadvantage 
iss the less straightforward estimation of the significance of narrow peaks in the 
powerr spectrum. 

5.44 Results 

Inn this Section we describe in detail the results of the power spectral fits and their 
relationn to the CDs and HIDs. In all observations, we selected power spectra on 
thee basis of time and position of the source in the CD/HIDs in order to obtain 
informationn about the changes of power spectral shape as a function of other 
sourcee characteristics. The power spectra of the low flux (<1 c/s/cm2) data 
observationss A, B, C, the non-flare part of D (<3 104 s and >5 104 s in Fig. 5.1), 
E,, F, G, and the part of H before the intensity step (< 1.4 104 s) could in all cases 
bee fitted satisfactorily with an atoll model. The fit parameters can be found in 
Tablee 5.2 and the power spectra are shown in Figs. 5.5, 5.6, and 5.7. For the high 
intensityy states where the flux reached levels in excess of 1 c/s/cm2, i.e. the big 
flaree in D (between 3 104 s and 5 104 s), and the post-step part of H (>1.4 104 s), 
thee power spectra required more complicated fit functions. The fit results for the 
flaree in D can also be found in Table 5.2, and for the part of H after the step in 
Tablee 5.3 and Fig. 5.8. Below we quote binary phases for each of the observations 
basedd on the ephemeris of Stewart et al. (1991), with an rms error of 0.06 d, which 
iss based on radio observations contemporaneously with our X-ray observations. 

5.4.11 The 1984 observations on day 227 and 228 (A and B; phases 
0.00 and 0.1) 

Duringg observations A and B, which took place on consecutive days near phase 
zero,, the intensity is at a very low to low level (0.003-0.04 counts cm~2s_1 in the 
2-122 keV band; as noted above, we are using this band throughout the paper 
whenn we refer to intensities and count rates). In observation A, there is a small 
flaree up to 0.03 counts cm_ 2s~'. Towards the end of observation B, around phase 
0.1,, the intensity rises to 0.04 counts c m ' V 1 . 

Thee CDs and HIDs show substantial variations in both colours and intensity. 
Whenn the source intensity increases the soft and hard colours both increase. At 
thee highest intensities the hard colour does not increase further, while the soft 
colourr does. The scatter in the left parts of CD and HIDs (soft colour below 
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Frequencyy (Hz) 

Figuree 5.5: A collection of the power spectra of CirX-1 during different obser-
vations.. All power spectra have their Poisson level subtracted and the vertical 
scalee is the power in units of (rms/mean)2/Hz. In the upper row we see power 
spectraa from observation A, B (low count rates), B (higher count rates). The fit to 
thee second spectrum seems to be quite bad, this is due to some negative points 
nearr 0.01 Hz, however the x2/d.o.f. is good (see Table 5.2). In die middle row the 
powerr spectra obtained during observation C, E, and F (low count rate part) are 
plotted.. In the lower part of the figure spectra obtained during the high flux part 
off  observation F are plotted (corresponding to the spectra described in Table 
5.2). . 

~~ 1.5 and intensity below ~ 0.01 counts c i r r V ' ) is mainly statistical, and due to 
thee low count rates there. The tracks in the diagrams are consistent with being 
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Figuree 5.6: A sample of the power spectra obtained during observation D. In the 
topp part two power spectra obtained during the low parts of the observation are 
plotted.. In the bottom power spectra obtained for different flux levels during the 
bigg flare are plotted. 

identicall  between the two observations. 

Thee power spectra can be well described by only a power-law component. 
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Figuree 5.7: The power spectra as obtained during obervation G. The top left 
panell  is the spectrum obtained at the lowest count rates. The spectrum obtained 
att medium count rates is plotted in the top right panel. The bottom left panel 
showss the spectrum as obtained at the highest count rates. The bottom right 
panell  shows the total power spectrum obtained from the total data set 

Thee rms amplitude {0.001-1 Hz) of the best-fit power law ranges from 5 to 12 
%% and possibly increases when the flux increases, while the power-law index 
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Frequencyy (Hz) 

Figuree 5.8: A collection of power spectra when the source moves through the CD 
duringg the observation on day 60 of 1986. See Fig. 5.10 for the positions in the CD 
wheree the power spectra are obtained. The numbers in the upper rigth corner 
correspondd to the numbers in Fig. 5.10 

remainss constant near 1.5-1.6. There seems to be some excess power with 
respectt to the best-fit power law in the >1 Hz range (see Fig. 5.5) but this is 
causedd by the logariüimic power scale, which makes small and negative (after 
subtractionn of the Poisson level) powers invisible; the excess is not statistically 
significant. . 

5.4.22 The 1984 observations on day 235 (C; phase 0.5) 

Observationn C took place at mid-phase about a week after observations A and B. 
Thee source is brighter (0.02-0.25 counts cm~2s~') than during observaüons A 
andd B and although die intensity varies considerably, mere is littl e variation on 
timee scales longer than a few 1000 s. In the CDs and HIDs we see relatively littl e 
variation.. The soft colour varies in correlaüon with the intensity between 3.2 and 
3.6,, the hard colour stays almost constant at a value of 0.8. 
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Figuree 5.9: Part of the light curve of observation C in more detail. We can see not 
onlyy the large bursts, but also may many smaller ones. Points are 0.93 s averages. 

Thee most striking feature during this observation is the presence of peculiar 
burstss or flares with a recurrence timescale of ~ 2000 s, which each last for a 
~1000 s. The highest of these bursts have been previously reported by Tennant, 
Fabiann and Shafer (1986a), but they only seem to be the top end of a distribution 
off  bursts of various peak fluxes. This distribution may be bimodal, as 8 bursts 
hadd high peak fluxes (>0.15 c/s/cm2), many had low fluxes (<0.08 c/s/cm2) and 
44 had intermediate fluxes. In Fig. 5.9, we show a portion of the light curve, 
wheree apart from two large bursts (both reported by Tennant et al., 1986a) many 
smallerr bursts can be seen. 

Thee bursts cause a very strong power law component in the power spectrum, 
withh an index of 1 and an rms amplitude (0.001-1 Hz) of -50% (this 
valuee decreases to ~25% for parts of the data which do not contain strong 
bursts,, while the slope does not change). Tennant et al. (1986a) already raised 
thee question whether the eight strong bursts are type I X-ray bursts or not, and 
commentedd on their unusual (for type I bursts) X-ray spectral properties. The 
timee intervals between the eight bursts are short (eight bursts in ~20 000 s). 
Smallerr recurrence time scales have occasionally been found in X-ray burst 
sourcess (see Lewin, Van Paradijs and Taam, 1993), but 2500 s is shorter than 
usuallyy encountered, for a large number of consecutive bursts. That the bursts 
appearr to be a part of a distribution involving many much smaller events provides 
ann argument that it is unlikely that they are type I bursts. 

Inn the observation which was reported by Toor (1977), the source showed 
spikess on a short time scale. This observation was obtained at radio phase 
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—0.4.. This could be reminiscent of the fast variability behaviour we found 
duringg observation C, where an enormous amount of power was present and the 
distributionn of counts per bin is clearly non-poissonian. 

5.4.33 The 1985 observations on day 208-209 (D; phase 0.0) 

Observationn D, near phase zero, shows large variations in the intensity, ranging 
fromm very low to high (0.005-1.2 c/s/cm2). The light curve contains several small 
flaress and a very big one (each lasting several thousand seconds); between these 
flaress the flux drops to a very low level. In the big flare the source reached such 
aa high count rate that the on-board computer of EXOSATcrashed. This explains 
thee gap during the highest part of this flare. 

Thee variation in die CD/HIDs during this observation is large: the soft colour 
variess between 1 and 5, the hard colour between 0.3 and 1.6. The soft colour 
iss highest when the intensity is large, with the exception of the highest flux 
levels,, in the flaxes, when the soft colour falls back to —1.6. The hard colour 
iss roughly anticorrelated with the flux. The tracks in the CD and the soft HID 
duringg different flares are not the same, which cause complex patterns in these 
diagrams. . 

Duringg the big flare the source is highly variable on a time scale of — 10 s. 
Thee power spectrum (Fig. 5.6) has a very strong noise component (up to 40% 
rmss between 0.001 and 10 Hz, which can not be described with a single power 
laww fit. We find that a Lorentzian centered at zero Hz with a FWHM of ~0.03 Hz 
givess a much better fit (see Table 5.2 for the fit parameters). The apparent excess 
powerr visible above —2 Hz is not significant. During the big flare 1.4 Hz QPO 
aree present (see Fig. 5.6) which have already been discussed in some detail by 
Tennantt (1988a). During two smaller flares near 2000 s and 80000 s, which 
reachedd count rates of 0.15 c/s/cm2, the power spectrum has a power-law shape 
withh an rms ranging from 7% to 33%, with an index of—1.2. In between the flares 
thee power spectrum shows only a very weak power law component. 

Thee 1.4 Hz QPO which was found earlier Tennant (1988a) causes a small peak 
(FWHMM — 0.02 Hz) in the power spectrum. It is interesting to note that during 
thee discovery of CirX-1 evidence for power at 1.4 Hz was also found (Margon 
ett al. 1971). In these observations the peak also had a small width. This was 
originallyy interpreted as evidence for a pulsating X-ray source. If one calculates 
thee orbital phase using the ephemeris given by Nicolson (1980) one finds that at 
thee time of discovery the orbital phase was 0.1 (with an estimated error of — 0.1). 
Thee 1.4 Hz QPO discovered by Tennant (1988a) was found at approximately the 
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81 1 

5.4.44 The 1985 observations on day 216 (E; phase 0.4) 

Duringg mid-phase observation E (one week after observation DJ we encountered 
CirX-11 in a persistent very low state (below -0.007 c/s/cm2). As noted in 
Sectionn 5.3, at such low count rates the contribution of the background becomes 
veryy important. From the variations in the light curve (Fig. 5.1) we see that, 
assiuningg that the background is constant, at least 20% of the flux must be from 
CirX-11 itself. 

Thee colours in this observation are different from those during the other 
observations:: at low energies the spectrum is very soft (Cs ~ 1), while at higher 
energiess it is very hard {CH~2- 2.5). This is probably not caused by errors in 
thee background subtraction, or the contribution from the galactic ridge since in 
otherr low state observations we do not see a hardening of the spectrum at low 
countt rates. This argues in favour of the possibility that during this observation 
thee spectrum of CirX-1 is different. 

Theree are not enough source counts to make a good estimate of the fractional 
rmss source variability: we find an rms (0.001-1 Hz) of 2.4+j3

5
4%. The slope of 

tli ee power-law fit to the power spectrum is 0.93. However, the power spectrum 
iss consistent with zero power; this gives a x2 of 36.8 with 41 dof. 

5.4.55 The 1985 observations on day 225 (F; phase 0.0) 

Duringg most of observation F, which took place near phase zero, one binary cycle 
afterr observation D, the intensity is low (< 0.02 c/s/cm2) and rising very slowly; 
aboutt 20 000 s before the end of the observation it rises rapidly from a low flux 
levell  to a high flux level (0.01 to 0.3 c/s/cm2). At the end of the observation three 
X-rayy bursts occur (not visible in Fig. 5.1 because of the low time resolution). 
Theyy are typical type I bursts (Tennant et al. 1986b). 

Whenn the flux increases Cs also increases, while CH increases by a much 
smallerr amount. At the highest flux level the colours are comparable to those 
duringg observation G (see below). The scatter in the hard colours at low 
intensitiess (in the left part of the CD) is statistical: there are few counts in the 
hardd energy bands. 
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Thee power spectra can be well described by a power law with an rms which 
increasess when the flux increases. The rms amplitude (0.001-1 Hz) ranges from 
lesss than 10% at the lowest flux levels to 30% at the highest flux levels. The slope 
rangess from 0.9 to 1.2 (see Table 5.2). The bursts are not included in these power 
spectra. . 

5.4.66 The 1986 observation on day 56 (G; phase 0.8) 

Observationn G is the only observation that took place well past mid-phase but 
nott near phase zero. The light curve for this observation shows that the source 
iss in a relatively bright state (0.42-0.60 counts cm~2s_1), where the flux varies 
relativelyy littl e (less than 30% during the entire observation). 

Thee CD shows a curved branch on which both colours increase with flux. 
Thee range in colours during this observation is small compared to the overall 
changess seen in Cir X-l , but comparable to changes found in, for instance, atoll 
sourcess in the banana state. The soft colour varies between —2 and —2.5, the 
hardd colour between -0.5 and -0.65. 

Thee power spectra show a weak VLFN component with an rms variation of a 
feww % ranging between 2.4% and 4.2% from low to high count rates, while the 
powerr law index changes from 1.80 to 1.92 (also from low to high count rates). 
Thee power spectra also show evidence for a HFN component (see Fig. 5.7). In the 
powerr spectrum of the total data set an F-test for additional terms {3 parameters 
whichh describe the HFN) gives a probability of 0.11% (corresponding to ~ 3.2a) to 
exceedd the found decrease in %2. In the three power spectra which were selected 
onn the basis of Q (less than 2.22, between 2.22-2.32, and more than 2.32) the 
HFNN component was present with a significance ranging from ~ 2.2 - 2.5G. The 
parameterss of this component can also be found in Table 5.2. 

5.4.77 The 1986 observations on day 59-60 (H; phase 0.0) 

Thee light curve for observation H, which was done at phase zero, four days after 
observationn G, shows a low level part after which a very sharp rise ("step") to a 
veryy high flux is observed, from 0.01 to 7 c/s/cm2 (0.9-9.7 keV) within 500 s. After 
thiss step the intensity more or less gradually, but with considerable variations, 
dropss to a level of 1.9 c/s/cm2at the end of the observation. 

Inn the CD there is a clear track that appears after the sharp rise and has two 
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Figuree 5.10: In this figure a blow up off the CD during observation H (see also 
Fig.. 5.2) is presented. In this figure the areas are drawn which are used to select to 
powerr spectra. The numbers in this figure can be used to find the corresponding 
powerr spectrum in Fig. 5.8 

sharpp bends (Fig. 5.10). Before the rise when the intensity is low, the source is in 
diee top left part of the CD; they are more clearly visible in the HIDs. After the step 
thee source is in a different posidon in the CD. It first follows a branch in the CD 
(Fig.. 5.10) where Cs slighdy increases from ~2.3 to ~2.5, while CH increases from 
~0.22 to ~0.35. Then there is a sharp bend to the right, where CH increases to ~4 
andd Cs increases more slowly to ~0.4. An ill-developed third branch can be seen 
abovee this almost horizontal branch, which occurs at the end of the observation 
whenn the count rate "dips". 

Itt is difficult to compare this CD to that during other observaüons, because in 
observationn H the available energy bands (from the HER7 mode, see Section 5.3) 
aree different. Therefore we made a CD of observaüon G using the same 
energyy bands as in observaüon H. Comparison with the CD of observaüon G 
inn our "standard" energy channels, shows that (to first order, neglecting the 
"colour-dependent""  term in the conversion) we can convert the colours using 
thee conversion: Qstandard = C5HER7 - 0.60 and C//Standard = CHmK1 +0.25, where 
thee indices HER7 stand for colours obtained with the "HER7" mode data and 
"standard""  for colours obtained with the energy bands which are used with the 
otherr observations. The CD and HIDs of observation H in Figs. 5.2, 5.3, and 5.4 
havee been corrected in this way. 

Thee shape of the power density spectra changes considerably as the source 
movess in the CD. We have selected power density spectra on the basis of the 
positionn of the source in the CD (see Fig. 5.10, where boxes are drawn to indicate 
thee data sets for which the average power spectra have been obtained). In Fig. 5.9 
wee present the corresponding average power spectra. During the gradual decline 
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aa very distinct QPO peak (Tennant 1987) becomes visible in the power spectra 
(-77 hrs after the maximum flux), whose frequency changes from ~~ 17 Hz to ~~ 
55 Hz. Table 5.3 contains the results of the fits to these power spectra. In this table 
thee highest frequency is substantially less then 17 Hz; this is caused by the fact 
thatt the high frequency QPO are found during the highest fluxes. Due to data 
drop-outss there it was not possible to make FFTs of long enough data segments, 
whichh were required to get an indication of the low-frequency part of the power 
spectrum. . 

Thee Ginga observations reported by Stewart et al. (1991) are similar to our 
observationn H wiüi respect to the global shape of the light curve and the radio 
phasee at which tlie observation was obtained. In the same observation QPO 
withh a frequency similar as found in observation H was detected by Makino et 
al.. (1992). All together this observation seems to have the same properties as 
observationn H, but took place a littl e over 3 years after our last observation. 
Itt could be that the viewing geometry of the source was similar to that during 
observationn H, which is consistent with a long term variation in the geometry. 

5.55 Discussion 

AA wide variety of power spectral and CD/HID behaviour is seen in Cir X-1, but we 
findd that some general patterns emerge when the phenomenology is considered 
jointlyy as a function of binary orbital phase, X-ray intensity and epoch. 

Lett us first consider the properties of the source as a function of orbital phase 
(seee Fig. 5.11). There are clear differences between trie observations near phase 
zeroo and the mid-phase observations: all phase zero observations show a large 
rangee in colour and intensity, whereas in the two mid-phase observations where 
CirX-11 is bright enough to reliably measure the colours (observations C and G) 
theree is very littl e variation in either colours or intensity (Figs. 5.2-5.4). The 
observationss near phase zero tend to show changes in overall brightness by at 
leastt an order of magnitude on time scales of 103-4 s, whereas in the mid-phase 
observationss E and G the intensity did not vary by more than 30%. In mid-phase 
observationn C the peculiar flares occurred that were described in Section 5.4.2; 
thee largest of these increased the flux by a factor of ~10, but they never lasted 
longerr than ~500 s. 

Noww consider those observations that took place at the same phase as a 
functionn of X-ray intensity. The observations at phase zero with count rates 
<< 1 c/s/cm2 (observations A, B, D non-flare, F, H pre-step) all show power 
spectraa that fit a power-law shape with an index 1-1.6 and a fractional rms 
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Figuree 5.11: In this figure the radio phase and epoch of the observations are 
plotted.. Along the horizontal axis the radio phase is indicated, while the vertical 
axiss is the cycle number (both are calculated using the ephemeris of Stewart et 
al.. (1990). The length of the lines indicating the times of the observations are 
approximatelyy equal to the observing time, with the exception of observation C 
whichh is ~5 times shorter. 

amplitudee of 5-35% that increases with source flux. The behaviour of the source 
inn the CD/HIDs during these observations is also similar, except for observation 
D,, where each flare seems to create its own track in the CD/HIDs. 

Inn the two high count rate (>1 c/s/cm2) intervals (D big flare and H post-step; 
bothh occur near phase zero) the pattern becomes more complex. In observation 
DD the big flare is quite soft, while in observation H a complex but approximately 
one-dimensionall  track containing several sharp bends shows up in the CD. The 
"branches""  delineated by these bends are somewhat reminiscent of those seen 
inn Z sources. At these high fluxes the power spectra are more complex as well, 
whichh may pardy be due to the higher sensitivity at mese high count rates to weak 
powerr spectral components. The power spectra show QPO and band limited 
noisee components. 

Finally,, let us consider the source properties as a function of epoch, in 
particular,, year of observation. It is clear from the above that we should only 
comparee observadons that were obtained near the same orbital phase. When we 
comparee the character of the phase zero observadons in 1984,1985 and 1986, we 
seee that the source flares up to higher and higher levels of ~0.03-0.04, 1.2, and 
77 c/s/cm2, respectively. The mid-phase observations do not show such a simple 
pattern,, as in consecudve years (observations C, E, G) the flux levels are -0 .1, 
—0.005,, and ~0.5 c/s/cm2, respectively. 

ï ï 
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5.5.11 The general picture 

Thee large flares and intensity steps that occur near phase zero have been 
previouslyy explained in terms of an eccentric-binary model, where periastron, 
andd consequently increased mass transfer, occurs near phase zero (Murdin et al. 
1980).. We shall adopt this model in our further discussion. 

Itt then seems reasonable to hypothesize mat the following scenario applies: 
nearr phase zero, at periastron, a large (perhaps super-Eddington) mass transfer 
takess place from the companion star to the vicinity of the neutron star. A 
diskk either forms or gets replenished with a large amount of newly transferred 
matter,, and accretion at a high rate begins taking place. During these phase-
zeroo episodes the accreting matter can obscure our line of sight towards the 
neutronn star. There are at least two regions where such obscuration could 
occur:: the inner disk, which at near-Eddington accretion rates may become 
geometricallyy thick, and the outer disk and accretion stream, which can be 
expectedd to be in great turmoil due to the relatively sudden onset of accretion 
onn approach of periastron. Consequendy, the phenomenology near phase zero 
wil ll  be determined by a combination of near- and super-Eddington accretion 
andd obscuration of the central source by matter that is being transferred in a 
non-stationaryy fashion. These two unstable processes could explain the wild 
variationss in X-ray flux observed near phase zero. 

Att later phases in the binary cycle, mass transfer from the companion to the 
neutronn star's vicinity ceases, and what remains is a disk that gradually empties 
itselff  onto the neutron star, a quieter process that leads to less extreme brightness 
variations.. The character of the emission at mid-phase would in this scenario 
dependd to a large extent on the properties of the disk that is built up in the 
previouss phase-zero episode. In our observations there is no clear correlation 
betweenn the source brightness at mid-phase and that at the previous phase zero. 
Thiss then would imply that obscuration effects must dominate what we see at 
phasee zero. In the following, we first discuss a possible explanation for the 
graduall  evolution in brightness and, by hypothesis, obscuration effects that we 
observee in our phase zero observations in subsequent years. We then compare 
ourr observations to those of other low-magnetic field accreting compact objects. 
Wee point out some striking similarities in the behaviour of CirX-1 with atoll 
sources,, Z sources and BHCs. We then discuss to what extent similarities in 
thee physical processes that occur in these sources and in Cir X-l might underlie 
thesee phenomenological similarities. 
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5.5.22 A long-term change in the behaviour  of Cir  X-1? 

Inn the previous Section we noted that in our observations there is a gradual 
increasee in the brightness of CirX-1 near phase zero from 1984 to 1986. We 
furtherr argued that obscuration must be a main determinant of the source flux 
nearr phase zero. We here discuss a model that could explain that in the course 
off  the years 1984-1986 the obscuration in the line of sight towards the central 
objectt decreased, namely, apsidal motion of an eccentric orbit, which was first 
suggestedd by Murdin et al. (1980). The model of Murdin et al. (1980) assumes an 
early-typee (~ 20 M.) star as a companion. For this companion and an eccentricity 
off  0.8 Murdin et al. (1980) found that the apsidal motion period is between ~7 
andd ~400 years. However, it is more likely that the companion is a Roche-lobe 
fillin gg low-mass star with a mass between 0.7 M. -1.4 M. {i.e. a mass-ratio 
</=0.5-l).. We assume an apsidal motion constant k of 0.14 (appropriate for a 
fullyy convective star, Kopal 1959). Using the equation (Batten, 1973): 

W P S = * ( ^ ( 1 5 // + # ) + £ ) ( - )5 (5.1) 

wheree f{e) = (1 -e2)-5(\+3e2/2 + e4/X) and g{e) = (1 - e2)'2,MX is the mass of 
thee compact object (1.4 M(;)), M*, R+ are the mass and radius of the companion, 
andd a is the orbital separation, we find that for an eccentricity e of 0.7-0.8 (this 
valuee is taken from Murdin et al. 1980, but the obtained value of the period is 
onlyy slightly dependent on e) the apsidal motion period is between 2 and 4.5 
years.. This means, that in the 1.5 year span of our observations a large change in 
periastronn angle could have occurred. Consequently, the position angle under 
whichh we see the system at phase zero would have changed considerably in that 
time.. This would have caused our line of sight to the central object to cross 
differentt regions of the system near phase zero in subsequent years. From our 
observationss it appears that during the years 1984 to 1986 we get a progressively 
betterr view of the central source: i.e., an obscured view during 1984, and a much 
clearerr view during the 1986 observations. This might for example be caused by 
aa "hot spot" (a thickening of the outer disk at the point where the stream from 
thee secondary impacts it), being in the line of sight during the 1984 observation 
butt having rotated away during the later observations. Alternatively, the stream 
itselff  could play a role in obscuring the central source. 

Varyingg obscuration of the flux from the source may also resolve the problem 
off  super- Eddington fluxes in Cir X-1 (i.e. the observed persistent flux is sometimes 
higherr than the flux as observed during a radius-expansion burst, which is 
expectedd to be very close to the Eddington limit) . The flux we have seen during 
thee radius expansion burst of CirX-1 (which occurred in observation F; Tennant 
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ett al., 1986b, see also Stewart et al., 1991), may have been partly obscured. 
Att other phases less obscuration may take place and the flux can seem to be 
super-Eddingtonn (Stewart et al., 1991). 

Wee note that a precessingaccretion disk might produce a qualitatively similar 
sett of (obscuration) effects that gradually varies through the years. Our present 
analysiss can not distinguish between these two options. The ratio of the long-
termm period (possibly a precession period) to the orbital period in other systems 
iss in the range ~12-50 (Priedhorsky & Holt, 1987), so the precession period in 
CirX-11 could be a few years. 

Thee apsidal motion hypothesis as well as the precessing disk hypothesis 
predictt that changes in phase zero behaviour are periodic with a period of 
years.. We attempted to compare phase zero characteristics observed with other 
instrumentss to the EXOSATobservations. However, due to the relatively sparse 
dataa coverage, the results of this are inconclusive. 

5.5.33 Comparison with other  sources 

Wee now compare the properties of CirX-1 with those of Z and atoll sources, 
andd black-hole candidates (BHCs). The properties of these source types were 
summarizedd in Section 5.1.2. For the purpose of our comparison we must keep 
inn mind that obscuration effects due to, for example, the outer disk or stream 
probablyy play an important role in the near-phase-zero observations, and that 
att the mid-phase observations mass transfer to the disk may have ceased and we 
aree witnessing the "emptying-out" of the disk. 

Cirr X-1 spans a large range in intensity and colours. This range is much larger 
thann usually seen in persistent low magnetic field neutron stars (Z and atoll 
sources)) and in e.g. the persistent BHC Cyg X-1. In Cir X-1 the intensity changes 
byy a factor -1000, and the colours by a factor ~7, whereas Z sources, persistent 
atolll  sources, and the persistent BHCs and Cyg X-1 and LMC X-3 vary by factors 
off  £5 in intensity and £5 in colours (Balucinska & Hasinger, 1991, HK89S). 
However,, the changes of Cir X-l are similar to those seen in BHC and neutron 
starr transients (e.g. Miyamoto et al. 1991). This suggests that large changes in M 
underliee these large variations. 
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Comparisonn with atoll sources 

Inn the phase zero low-state (< 1 c/s/cm2) data we see that the power spectra have 
aa power law shape with a similar slope as atoll sources in the banana state. The 
rmss increases with flux, which is also similar to what is seen in atoll sources. 
However,, the measured rms amplitudes in Cir X-1, ~5-35%, are in general higher 
thann those obtained for atoll sources (typically 1-5%, see HK89). As already 
noted,, also the motion in CD and HIDs has a much larger amplitude in CirX-1 
thann in atoll sources. 

Mid-phasee observation G, on the other hand, shows behaviour that is very 
similarr to that of an atoll source in the banana state. A small curved branch 
iss visible in CD and HIDs, and the power spectrum has a very low frequency 
noisenoise component with an rms amplitude of 2.4% to 4.2% increasing from the 
lowerr banana to the upper banana. The change in the rms amplitude of the high 
frequencyfrequency noise component is consistent with either a decrease from lower to 
upperr banana or with no change. This behaviour is also found in atoll sources 
(HK89):: the VLFN rms amplitude increases from the lower to the upper banana, 
whilee the HFN component decreases from the lower to the upper banana. 
Typicall  power law indices found in atoll sources in this state are -1.1-1.4, while 
inn CirX-1 it ranges from 1.8-1.9. The values which are found for the cut-off 
frequencyy of the high frequency noise component are somewhat smaller than 
usuallyy found in atoll sources (2-6 Hz vs. 12-25 Hz). However, 4U 1608-52 and 
4UU 1705-44 show a different behaviour (Yoshida et al. 1993, Langmeier et al. 
1989) ) 

Atolll  sources in the island state show (sometimes quite strong) band limited 
noisee and then become similar to BHCs in the low state (see e.g. Van der Klis 
1994b).. We wil l discuss the CirX-1 observations showing strong band limited 
noisee in the Section where we compare the source with the BHCs. 

Comparisonn with Z sources 

Duringg observation H after the intensity step, Cir X-l shows a pattern in the CD 
andd HIDs which consists of a one-dimensional track with sharp bends that divide 
thee track into "branches". This is reminiscent of the CD behaviour of Z sources. 
However,, the orientation of the branches in the CD is different from that in Z 
sources.. Among Z sources differences in branch orientation in the CD and HIDs 
betweenn sources as well as between different observations of one source occur 
(Hasinger,, 1988; Kuulkers et al., 1994c, Kuulkers & Van der Klis 1994b), but the 
CDD track of Cir X-1 does not fit into the range of those observed in Z sources. 
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Thee 6-20 Hz QPO observed when the source flux is highest, on the other 
hand,, is very reminiscent of the normal and flaring branch QPO in Z sources. 
Inn Z sources, normal branch QPO (NBO) are found in a portion of the normal 
branchh with a frequency near 6 Hz. Flaring branch QPO (FBO) are found with a 
frequencyy which increases from ~6 to ~20 Hz. Both NBO and FBO have a low 
harmonicc content: no harmonics have been detected. Between the NB and the 
FBB there is a sharp bend in the CD track. NBO/FBO occur when M is highest, 
probablyy near the Eddington critical rate (whether the X-ray intensity is highest 
att that instant appears to depend on source inclination, Kuulkers et al.f 1994a) 
andd there is a positive correlation between frequency and mass accretion rate. 
Thee QPO observed in Cir X-l in observation H resemble this pattern very much: 
att the highest fluxes QPO with a frequency of ~20 Hz are found. This frequency 
decreasess to ~6 Hz when the flux decreases and there is a sharp bend in the 
trackk in the CD when the frequency reaches 6 Hz. The QPO show no harmonics. 
Thee flux during observation H is high and the source is probably close to the 
Eddingtonn luminosity, as the flux is comparable to that of the first type I burst in 
observationn F, which shows radius expansion (Tennant et al. 1986b). The peak 
fluxx during observation H is ~ 2 times the peak flux of the burst. 

Comparisonn wit h black-hole candidates 

Whenn the source is bright to very bright the power spectra of Cir X-l also 
havee considerable similarities with those found in black-hole candidates. In 
observationn D, during the big flare, the power spectrum is reminiscent of that 
off  Cyg X-l in the low state: it is flat below ~0.01 Hz, and the total power is very 
highh (~40% rms). During observation H after the step the power spectrum of 
Cirr X-l is similar to that of BHC spectra in the very high state, except that the 
frequenciess of the QPO are 6-20 Hz and have a low harmonic content (like in 
ZZ sources in the NB/FB) rather than 2-10 Hz with strong harmonics (as is seen 
inin BHCs). The spectrum shows band limited noise with a cut-off frequency of 
3-300 Hz and a fractional rms variation of 3-7%. The band limited noise shape 
changess seen in BHCs are also present in Cir X-1, but they take place on a longer 
timee scale (103 s) than in BHCs ( Is). The CD/HID branches in Cir X-l in this 
statee are also similar to those seen in BHCs in the very high state, in that they 
seemm to be less repeatable than in Z sources. 

Interpretatio nn of atoll/Z/BH C similaritie s 

Wee now interpret the results of our comparison of the CD/HID and power 
spectrall  properties of Cir X-l to those of other accreting compact objects in 
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termss of the variable obscuration/accretion scenario described in Section 5.5.1. 

Thee phase zero low-flux states (<1 c/s/cm2) all show power law noise that 
iss much stronger than the power law noise seen in Z and atoll sources, and in 
BHCss in the iiigh siaie. We conclude that it is unlikely that this power iaw noise 
inn CirX-1 is similar to that in other sources. As these phase zero low states 
aree probably due to obscuration, it seems likely that inhomogeneities in the 
obscuringg medium are responsible for the fluctuations that produce these power 
spectra. . 

Thee mid-phase observations in our interpretation show the source in a state 
wheree mass transfer to the disk has ceased and we witness the process of a disk 
emptyingg itself out onto the neutron star. In observation C we see peculiar flares 
whichh are unlike any other type of variability seen in accreting compact objects. 
Wee interpret this as due to the consquence of an instability that occurs in a 
low-density,, nearly depleted disk. In observation E we see very littl e flux; the 
diskk may have nearly depleted itself here. The X-ray spectrum in this observation 
iss the hardest we have observed in CirX-1. This is in accordance with other 
findingss that at low M, X-ray spectra become very hard (Van Paradijs & Van der 
Kli ss 1994). That the X-ray spectrum of the phase zero observations at similarly 
loww count rates does «of become hard is additional evidence that the phase zero 
loww states are not due to a lowM, but to obscuration. In observation G, finally, 
wee see behaviour that is very similar to that of an atoll source in the banana state, 
whichh makes it attractive to hypothesize that here the disk is still in a more or less 
normall  (non-depleted) state and Cir X-l is really behaving like an atoll source at 
tfiistfiis  time. 

Off  the phase zero bright states, first consider the post-step part of observation 
H.. During this time, the band limited noise and the morphology of the branches 
resemblee those seen in a BHC in the very high state, whereas the QPO resemble 
thatt of a Z source in the normal or flaring branch. We interpret the behaviour at 
thiss time as due to near-Eddington accretion onto a neutron star with a magnetic 
fieldfield strength that is lower than that in Z sources (see also Van der Klis 1994a). The 
BHC-likee properties of Cir X-1 in this observation are then due to the absence, like 
inn BHCs but unlike in Z sources, of a magnetic field that is strong enough to affect 
thee observable properties of the accretion flow. The Z-source-like properties 
whichh are observed simultaneously are due to the presence of a neutron star 
ratherr than a black hole in the system. The unique combination of these two 
setss of characteristics is interpreted as due to the fact that Cir X-l is the only 
knownn neutron star with a magnetic field as low as in atoll sources (i.e., too low 
too cause observable effects) that sometimes reaches Eddington accretion rates. 
Thiss observation is therefore of great importance, as it allows to separate out 
phenomenaa that are related to the black-hole character of the compact object 
fromm those that are related to "just" the weakness of its magnetic field. We 
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concludee that frequency and harmonic content of the near-Eddington QPO are 
apparentlyy directly related to compact object type (neutron star or black hole), 
withh the presence of strong harmonics a possible black-hole signature, and the 
6-Hzz lower bound to the frequency range of the QPO a neutron star signature. 
Wee further conclude that the strong band limited noise with variable shape 
iss apparently a consequence of near-Eddington accretion onto low magnetic 
fieldd compact objects (either neutron stars or black holes) and is in some way 
suppressedd by the magnetic field of Z sources. 

Noww consider the big flare near phase zero in observation D. During this 
flare,, the power spectrum of Cir X-l resembles that of a BHC in the low state. In 
accordancee with what has previously been seen in the atoll sources 4U 1608-52 
andd 4U 1705-44 (Yoshida et a l, 1993, Langmeier et al. 1989), this shows that a 
loww magnetic field neutron star can sometimes appear like a BHC in the low state, 
withh strong (several 10%) band limited noise with a low (roughly 0.01 Hz) cut-off 
frequency.. There is an apparent contradiction in the relatively high count rate 
off  Cir X-l (1.2 c/s/ cm2) during this "BHC low-state like" episode as compared 
too the 0.6 c/s/cm2 count rate in observation G, when no obscuration should 
occurr as it was at mid-phase, and when the source was in an "atoll banana-like" 
state,, which is similar to a BHC high state (Van der Klis 1994b, see Section 
5.1.2).. We note that a similar paradox exists in BHCs: there also, in some cases, 
particularlyy in the transient GS 2023+338, low-statelike behaviour is observed 
att relatively high luminosity (Miyamoto et al. 1992). Two possible solutions 
havee been proposed for this. One is that there exists an additional state that at 
highh Lx mimicks the BHC low state (Nowak 1994). The other is that the viewing 
geometrygeometry determines at what Lx level the transition between low state and high 
statee occurs (Van der Klis 1994a). In this interpretation low-state behaviour 
occurss when we can see the central part of the accretion flow. When M increases 
thee inner, radiation pressure dominated part of the disk thickens and hides the 
centrall  region from our view, thus ending the low state. When, for example 
duee to a low inclination we can look down a polar funnel of the thickening 
accretionn disk up to higher M levels, then the low state extends to higher Lx 

levels.. In the case of Cir X-l , this would mean that between observation D and 
observationn G a change in viewing geometry must have occurred allowing us to 
lookk down to the central engine up to higher accretion rate levels in observation 
DD than in observation G. This change might be related to the apsidal motion or 
diskk precession discussed in Section 5.5.1. To test this, further observations are 
requiredd to look for possible long-term periodicities in the phenomenology of 
Cirr X-l , which could confirm that apsidal motion or disk precession are taking 
placee in the system. 
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5.66 Summary 

Wee have interpreted the complex properties of CirX-1 in terms of a model 
off  an accreting neutron star with a magnetic field strength that is too low to 
havee observable effects on the accretion flow (an atoll source). What in our 
interpretationn makes the source unique is its location in a highly eccentric 17-d 
binary,, causing near-Eddington mass accretion to occur near periastron. This 
hass two consequences: (i) it causes obscuration effects related to the sudden 
onsett of rapid mass transfer, which leads to phenomena that may be unique 
too CirX-1, such as power law noise with amplitudes up to 35% (rms) and very 
suddenn very large intensity transitions (we note that such phenomena might 
alsoo be observable during the onset of transient accretion events in soft X-ray 
transients),, and (ii) it produces near-Eddington accretion rates onto an atoll 
source,, which does not otherwise occur. This produces behaviour that has 
elementss of neutron star characteristics (particularly, 6-20 Hz QPO with a low 
harmonicc content) as well as those of BHC (particularly, strong and variable 
bandd limited noise). This makes CirX-1 very important for our understanding 
off  the similarities in the observable properties of accreting neutron stars and 
accretingg black holes, as it allows to separate out the properties that are unique 
too BHCs from those that are merely unique to accreting compact objects with a 
loww magnetic field. 

Wee have concluded that in addition to a mass transfer rate that is highly 
variablee with binary phase another ingredient is likely required in order to 
explainn CirX-l' s phenomenology, and that this additional ingredient probably 
iss one that causes changes in the viewing geometry on time scales > 1 yr. Apsidal 
motionn and disk precession are candidates for this additional ingredient; further 
observationss are required to see whether die periodicity in viewing geometry 
predictedd by both mechanisms does indeed occur. 
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Abstract t 

Wee have analyzed Ginga data collected during the peak of the outburst 
off  the black-hole candidate GS 2023+338. The X-ray spectrum contains a 
strongg iron emission line with an energy of ~6.4 keV, sometimes completely 
dominatingg the spectrum. The X-ray intensity shows very strong fluctu-
ations.. However, the fluctuations in the iron line are much weaker than 
thosee in the continuum. We find a [0.01--8 Hz] fractional rms variability of 

%% in the iron flux, as compared to a value of 60% for the continuum. 
Onlyy on time scales longer than 200 s does the iron line show a comparable 
levell  of variability as the continuum. The lack of variability on time scales 
beloww 200 s suggests that the size of the iron line emitting region is of the 
orderr of 102 It s.We conclude that the iron line is not formed in the inner 
regionn of the accretion disk, which is the likely region where the variability 
inn the continuum originates. 

95 5 
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6.11 Introductio n 

Thee X-ray transient GS 2023+338 was discovered with Ginga (Makino et al. 1989) 
duringg its outburst in 1989. Ginga (All Sky Monitor and Large-Area Counter) 
observationss have been reported by Kitamoto et al. (1989). In ' tZandeta l. (1992) 
presentedd an analysis of the X-ray spectral variability of this source using data 
fromm Kvant. 

Thee optical counterpart has been identified and associated with the old 
recurrentt Nova Cygni 1938 (V404 Cygni, Wagner et al. 1989), which also under-
wentt outbursts in 1938 (Wachman 1948), 1956 and possibly 1979 (Richter 1989). 
GSS 2023+338 is therefore a low-mass X-ray binary (LMXB); the spectral type of 
thee donor star is K0 (Casares, Charles & Taylorr 1992). From optical spectroscopy 
off  this star Casares et al. (1992) found that the mass function of the X-ray source 
iss 1 M 6 which makes the compact star in this system the strongest 
stellar-masss black-hole candidate so far. 

Inn this paper we discuss some properties of the iron line in the energy 
spectrumm of GS 2023+338. The first LMXBs in whose X-ray spectra an iron 
emissionn line (with an energy of ~ 6.7 keV) was reported were Sco X-l and 4U 
1608-522 (Suzuki et al. 1983 and White, Peacock, & Taylor 1985). Subsequentiy 
liness have been reported in the spectra of several other LMXB. In general these 
reportedd lines are very weak (an equivalent width of 100 eV is typical, White et 
al.. 1986), and sometimes they are below the detection limit . Three possible sites 
havee been proposed so far for the emission of the line in LMXBs: the accretion 
disk,, its corona or the compact object itself. From BBXRT observations of CygX-2 
Smalee et al. (1993) conclude mat in that source the accretion disk could produce 
thee iron line if the disk surface were highly ionized. Also in the X-ray spectra of 
AGNss the line is usually very weak; a self-consistent interpretation of these lines 
iss that the X-rays are reflected and reprocessed in an optically thick accretion 
diskk (Lightman & White 1988, Guiibert & Rees 1988), and give rise to a reflected 
spectrumm consisting of a broad band hump around 20 keV, a pronounced feature 
att the iron K edge energy, and a Fe Ka fluoresence line. 

Inn high mass X-ray binaries (HMXB) the iron emission lines have long been 
knownn to be much stronger: e.g., Serlemitsos et al. (1975) detected a strong iron 
linee in the HMXB (Van Kerkwijk et al. 1993) Cyg X-3, with equivalent widths up 
too 1.6 keV (see e.g. Kitamoto et al. 1987). Strong iron emission lines are also 
presentt in the X-ray spectrum of SS 433 (~0.7 keV equivalent width, Matsuoka et 
al.. 1987), and generally in the spectra of X-ray pulsars (see Nagase 1989). 

AA remarkable aspect of the observation of GS 2023+338 we report here is the 
enormouss strength of the iron line near 6.4 keV (Tanaka 1991, 1989); (the line 
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sometimess completely dominates the spectrum). From the association of the 
K-edgee near 7 keV, the iron line is most probably the fluorescent line from cool 
gass (Tanaka, 1991). 

Wee here present a combined analysis of die X-ray spectrum (with an em-
phasiss on the line near 6.4 keV, the Fe Ka line) and the temporal variability of 
GSS 2023+338 in the frequency range from 0.004 to 8 Hz. From the diminished 
timee variability of the iron line as compared to the continuum we can constrain 
thee site of origin of the iron line. 

Thee current analysis is part of a larger study of the correlated spectral 
andd temporal behaviour of BHCs in the framework outlined by Van der Klis 
(1994a,b).. A full report on the timing and spectral characteristics of all Ginga 
dataa of GS 2023+338 wil l be published elsewhere (Oosterbroek et al. 1995). 

6.22 Observations 

Thee observation reported here was made at the maximum of the outburst on 
Mayy 30, 1989. The data were collected in the so-called MPC2 mode (Turner et 
al.. 1989) with high bit rate, which provides 48 spectral channels between 0.5 and 
377 keV and a time resolution of 62.5 ms. During this observation GS 2023+338 
reachedd very high count rates (up to 24000 counts/seconds averaged over 256 
seconds).. This affects our analysis in two ways, (i) The instrumental dead time 
becomess very high; at the highest count rates the instrument is dead for ~80% 
off  the time, (ii) Counter overflow: if there are more than 255 counts per channel 
perr time bin, the counter resets to 0 and starts again. Whenever there was (risk 
of)) overflow we excluded these data from our analysis. We did not try to correct 
forr overflow, in order to avoid possible errors in the presence of large source 
variability. . 

6.33 Analysis and results 

6.3.11 Spectral analysis 

Forr our analysis we only used 6 data stretches of 256 s in which the source was 
brighterr than 5000 counts/s. We are certain that during these times overflow 
doess not occur. We made photon-energy spectra (Fig. 6.1) for these 6 intervals. 
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Energyy (keV) Energy (keV) 

Figuree 6.1: The 6 energy spectra which correspond to the six 256s intervals 
whenn the source was above 5000 counts/second. The strength of the feature 
nearr 6.4 keV is striking in panels 2 and 3. For display purposes only the first 
322 energy channels (up to ~18 keV) have been plotted. Data accumulation for 
spectrumm 1 has started at 5h 8m Is UT (and lasted for 256 s). Spectrum 2 has been 
obtainedd starting at 5h 47m 23.5s UT and the spectra 3, 4, 5, and 6 were obtained 
contiguously. . 
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Dataa for spectrum 1 have been obtained starting at 5h 8m Is UT (for 256 s). Data 
forr spectra 2 to 6 have been obtained contiguously starting at 5h 47m 23.5s UT 
(forr 5 times 256 s). 

Inn each of these energy speciia there is evidence for a iine near 6.4 keV (see 
Fig.. 6.1). The strength of this line is highly variable. A strong variation in total 
countt rate and spectral shape is evident. The very large emission peak around 
6.44 keV is especially striking in spectra 2 and 3. 

Too estimate the equivalent width of the iron line we fitted the X-ray spectra 
withh a model, consisting of a power law for the continuum plus a Gaussian line 
andd an edge, modified by interstellar absorption. The equivalent width of the 
ironn line in the 6 X-ray spectra ranges from 0.13 to 1.5 keV (the values we found 
are:: 0.13, 1.3, 1.5, 0.7, 0.4, 0.3 keV respectively; the errors are -10-15%). In the 
summedd X-ray spectrum me equivalent width is 0.4 keV and at 6.4 keV the iron 
linee is responsible for % of the counts (in a bin of 0.575 keV width). We 
notee here that the fits are not formally acceptable. The obvious reasons for this 
iss that the variations within each 256 s interval are such that the spectrum is a 
compositee of different spectra. This does not strongly affect the estimates of the 
equivalentt widths, or the contribution from the iron line flux to the total flux at 
6.44 keV, but does imply that our error estimates are not very accurate. 

6.3.22 Timin g analysis 

Wee made fast Fourier transforms (FFTs) of the six 256 s data stretches (Sect. 6.3.1) 
forr each of the 48 energy channels individually. 

Beforee making the FFTs we applied a dead-time correction in the time-
domain,, with an implementation of the method as described by Mitsuda & 
Dotanii  (1989). We did not correct the rms source variability for the background, 
ass these corrections are negligible at these count rates even for the high-energy 
channels. . 

Forr each 256 s of data we obtain 48 power spectra (one per energy channel) 
fromm -0.004 to 8 Hz. For each channel we added the 6 Leahy-normalized power 
spectraa of these 6 data stretches, and converted the result to a fractional rms 
normalizedd power spectrum in which the power is in units of (rms/mean)2/Hz 
byy dividing each Leahy normalized power density estimate by the count rate (see 
vann der Klis 1995). The grand average of all these power spectra is shown in Fig 
6.2 2 
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0.11 1 

Frequencyy (Hz) 

Figuree 6.2: The averaged power spectrum of all six 256s data segments when the 
sourcee was above 5000 counts/second. Normalization is (rms/mean)2/Hz. 

Inn Fig. 6.3 we plot the fractional rms source variability from 0.01 to 8 Hz as 
obtainedd from these power spectra as a function of energy. A clear depression is 
visiblee in the fractional rms near 6.4 keV. In Fig. 6.4 we display the rms variability 
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Figuree 6.3: The 0.01 to 8 Hz fractional rms amplitude of the variability as a 
functionn of photon energy ("rms-spectrum"). 

perr logarithmic interval in a 2-D grey scale plot versus frequency and energy. In 
thiss way we obtain a plot where "rms-spectra" (variability versus photon-energy) 
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cann be read horizontally and rms variability as a function of frequency can be 
readd vertically. The most prominent feature in this figure is the dark horizontal 
linee at around 0.04 Hz due to excess power at this frequency, which can be called 
aa QPO peak (see Fig. 6.2). These QPO will be discussed elsewhere (Oosterbroek et 
al.. 1995). The other feature which is visible in this figure is the light vertical band 
nearr photon energies of —6.4 keV, which shows the depression in the variability 
duee to the presence of the iron line. From this figure we learn that the depression 
inn variability is present at all frequencies, and not only in the integrated rms 
variability. . 

Wee also tried to determine the time delay spectrum (for instance to find out 
whetherr there is a delay between the signal at 6.4 keVand the continuum outside 
thee iron line). However, due to the very large dead times (up to 80%), we were 
nott able to correct completely for induced channel cross-talk (see e.g. van der 
Kli ss 1989), and therefore we were unable to conclude anything from the time 
delayy spectrum. 

Fig.. 6.5 shows the 6 individual rms-spectra. In all 6 rms-spectra the dip caused 
byy the iron line is present, although the depth of the depression and the overall 
shapee of the rms-spectrum changes significantly. Especially in rms-spectra 2 
andd 3 two effects are visible: (i) the overall variability is less than in other spectra, 
andd (ii) there is decreased variability below 7 keV as compared to above 7 keV. 
Thee total rms-variability in spectra 5 & 6 is very high also at high energies; this 
largee variability is caused mainly by long term variations in the data. 

Inn order to further investigate the frequency dependence of the variability 
deficitt near 6.4 keV, we have plotted the ratio R of the "continuum" rms to the 
ironn line rms as a function of frequency in Fig. 6.6 (bottom panel). To extend 
thee frequency range to the lowest values possible, we made an FFT for the only 
stretchh of 1024 s of data available (which comprises the data for spectra 2,3,4, 
andd 5). The results show that at lower frequencies ( < 0.003 Hz) R has somewhat 
higherr values (see Fig. 6.6 top panel). 

Thiss indicates that the depression of the iron line flux variability relative to 
thatt in the continuum flux, is smaller on time scales longer than 200 s than on 
shorterr time scales. This is consistent with the observation of strong changes in 
thee relative strength of the line in the successive X-ray spectra taken over 256 
s,visiblee in Fig. 6.1. 
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Figuree 6.4: This figure displays the rms variability spectrum for each energy 
channell  in a grey scale. Along the horizontal axis the photon energy is displayed, 
alongg the vertical axis is the frequency. The rms variability per pixel (i.e 
logarithmicc frequency interval) is represented as a grey scale. The bar at the 
bottomm gives the scale (in fractional rms variability per pixel in percents). We 
havee rebinned the data logarithmically in frequency with 5 bins per decade (if 
possible;; at the lowest frequency bins we do not have 5 data points per frequency 
decade).. The prominent horizontal dark line at frequencies of 0.04-0.05 Hz is 
excesss power at this frequency (QPO), the feature which is (less clearly) visible 
ass a vertical light band at energies of -6.4 keV is the depression of the variability 
ass a result of the presence of the iron line. The noise levels vary between ~0.5% 
att the lowest frequencies, while they are smaller than £0.1% above 0.04 Hz. 
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Figuree 6.5: The rms spectra (see caption Fig. 6.3) obtained simultaneously with 
thee 6 X-ray spectra shown in Fig. 6.1. 

6.44 Discussion 

Ironn emission lines are the result of reprocessing of X-rays in material surro unding 
thee compact star (in particular fluorescent emission). The flux from fluorescent 
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Figuree 6.6: The ratio of the powers in channel 12 (center of the iron line) and 
thee mean of channels 9 and 15 (on either side of the iron line) as a function of 
frequency.. The top panel is for the one contiguous data segment of 1024 s. The 
bottomm panel is the average of the 6 256 s date segments, as is discussed in the 
text. . 

emission,, depends on the shape of the illuminating spectrum ( Krolik & Kallman, 
1987).. A large equivalent width of the iron line requires that either (i) the X-ray 
reprocessorr covers a large solid angle as seen from the compact star, or (ii) the 
radiationn emitted by the compact star is anisotropic (the reprocessor "sees" 
moree X-ray flux than we do), or (iri) high iron abundances in the reprocessing 
area.. The very large equivalent widths we observe (up to 1.4 keV) are only 
possiblee (for realistic iron abundances) when the reprocessor sees more from 
thee illuminating X-ray flux than we detect directly (e.g. due to the presence of 
obscuringg material around the source). 

Thee rms amplitude of the variability around 6.4 keV shows a dip of % 
(seee Fig. 6.3). The presence of the iron-line emission in the X-ray spectra at this 
energyy suggests that this dip is caused by dilution of the variable continuum 
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emissionn with less variable iron line emission. As reported in Sect. 6.3.1 the iron 
linee contributes % of the counts near 6.4 keV. This quantitative agreement 
suggestt that the continuum variability near 6.4 keV is similar to that at other 
photonn energies, but that the iron line is hardly variable on time scales smaller 
thann 200 s. The iron line only adds 15% of the photons to the flux and dilutes 
thee variability by nearly the same amount. Assuming that the continuum and 
ironn line variations are coherent, which is expected if the iron line is caused 
byy reprocessing of the continuum flux, we can derive that the variability of the 
ironn line= [A -Bx)/( 1 -x), where A is the observed variability of the sum of 
bothh components, B the variability of the continuum component at the iron 
linee energy derived by interpolation and x is the relative contribution of the 
continuumm to the flux (0.85). With A = 0.52 , B = 0.60 , and x = 

22 we find for therms-variability of the iron line a value of 7  15% (0.01--8 
Hz).. If the iron line arises due to reprocessing of the continuum flux this suggests 
thatt the reprocessing region is large and supresses the variability due to light 
travell  time smearing. 

Sincee from energy considerations the continuum emission must originate 
nearr the compact object, this indicates that the iron line emission region does 
nott coincide with the source of the primary X-ray emission. 

Thee fractional "rms-spectrum" is soft in frames 1, 4, 5, and 6 of Fig. 6.5: 
att low photon energies more variability is present. This means that the cause 
off  the variability is energy-dependent, i.e., a power law spectrum fluctuating 
inn intensity wil l not suffice to explain the observed variability. The most likely 
explanationn of this excess variability at low energies is variation in foreground 
columnn density NH (corresponding to which the low-energy cut off varies), which 
wass previously discovered by In 't Zand et al. (1992) (on a different time scale, 
seee also Oosterbroek et al. 1995). Sometimes the variability becomes much less, 
andd also the excess variability at low energies disappears (Fig. 6.5, frames 2 and 
3).. This reduction in variability might be caused by (partial) blocking of the 
innerr disk by matter, which might also be responsible for a soft component in 
thee spectra (see also Tanaka 1991). This soft component, if less variable, could 
supresss the low-energy variability by dilution. 

Thee rms variability of the iron line in the range (0.001--0.003 Hz), estimated 
inn the same way as above, is . So the iron line flux hardly varies on time 
scaless < 200 s, but on longer time scales it varies much more. As the continuum 
radiationn is strongly variable on these time scales, we conclude that the site of line 
formationn is most likely large (of order of 102 It sec). With the system parameters 
[M[M xx ~ 10M,., M2 ^ 1M,, /,orh=6.5d) estimated from the quiescent radial velocity 
variationn of the secondary, we find a disk diameter of- 90 It seconds. This shows 
thatt the outer disk may be a good site for the reprocessing of the primary X-rays 
inn iron line photons. An extended accretion induced corona (which may not be 
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appropiatee since it may be too hot), or matter that is otherwise ejected from the 
systemm are other possible iron-line emitting regions. Related to this it should be 
notedd that the X-ray luminosity is very high; Tanaka (1989) concluded from the 
saturationn of the light curve that the Eddington limit was reached during this 
outburst. . 

Iff  the iron line emitting region is illuminated by X-rays from the inner region 
wee can make an estimate of the mass of the fluorescing matter, on the basis 
off  its size (see above) and the energy of the iron emission line. Note that this 
modell  does not apply to iron line emission from an accretion disk which is 
irradiatedd from outside. Since the energy is close to 6.4 keV (see Tanaka, 1991) 
thee ionization state is constrained to be certainly less than Fe XVII . This leads to 
ann ionization parameter̂ (L^/m2, see Hatchett, Buff, McCray 1975, orHirano et 
al.. 1987}  less than 102. Assuming emission at the Eddington limi t for a compact 
objectt of 12 M., we find that the mass in the reprocessing cloud (assumed to be 
spherical)) AM ,> 2 x 10_7r10o (M.), where r100 is the cloud radius in units of 100 It 
seconds.. For a "beamed " distribution of reprocessing matter of solid angle AQ 
(ass seen from the compact object) AM Z 2 x 10_ 7r,( X ,^. 

Evidencee for mass ejection can also be inferred from the a-typically strong 
radioo source (for X-ray transients) which was present during the outburst (Hjell-
mingg 1994). Perhaps GS 2023+338 is a similar source as GRS 1915+105 and GRO 
J1655-40,, which were also both bright radio sources. These two sources have 
shownn expanding radio jet like structures (Mirabel & Rodriguez 1994, Hjellming 
&&  Rupen 1994) indicating large scale ejection of matter. 
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Chapterr  7 

Spectrall  and timin g behaviour  of 
GSS 2023+338 

T.. Oosterbroek, M. van der Klis, J. van Paradijs, B. Vaughan1, R. Rutledge1, 
W.H.G.. Lewin1, Y. Tanaka1, F. Nagase1, T. Dotani1, K. Mitsuda1 & S. Miyamoto1 

ToTo be submitted in modfiedform to Astronomy & Astrophysics 

Abstract t 

Wee have studied the spectral and rapid variations of GS 2023+338 using 
alll  Ginga (LAC) data available of this source. We used colour-colour and 
hardness-intensityy diagrams to study the spectral behaviour and for the 
variabilityy behaviour we used the FFT-technique to obtain power spectra, 
thee energy depence of the variability and the energy depence of the phase 
delays.. We find that the spectral behaviour is strongly influenced by changes 
inn the local absorption. These changes also influence the variability at low 
photonn energies and relatively long time scales (<:1 s). The global shape 
off  the power spectra of GS 2023+338 is similar to that of other black hole 
candidatess in the "low" state, however, small differences in the detailed 
powerr spectral shape between those sources are present. 

'Authorss marked with a ] are intended co-authors and have not yet seen a version of this 
paper.. The list of authors might he subject to changes. 
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7.11 Introductio n 

Thee X-ray transient GS 2023+338 was discovered with Ginga (Makino et al. 1989) 
duringg an outburst in 1989. The optical counterpart was identified as the old 
Novaa Cygni 1938 (V404 Cygni, Wagner et al. 1989). From optical spectroscopy 
Casares,, Charles & Taylor (1992) found that the mass function is 1 M,> 
whichh makes it the most convincing stellar-mass Black-Hole Candidate (BHC) 
currentlyy known. Casares and Charles (1994) further refined the mass function 
too be: 6 M 0. Modelling of the ellipsodial variations of the source 
byy Shahbaz et al. (1994) led to a most probable mass of 12 M ()(see however 
Hasswelll  1992, who argued, for A0620-00, that superhump variations with a 
periodd different from the orbital period may lead to distortions of the orbital 
lightcurvee and incorrect parameter estimates) 

Observationss of GS 2023+338 with Ginga (All Sky Monitor and Large-Area 
Counters)) have been reported by Kitamoto et al. (1989). Spectral variations were 
studiedd by In 't Zand et al. (1992) using data from Kvant. Miyamoto et al. (1992) 
studiedd the time variations of GS 2023+338 and compared it to the behaviour of 
otherr BHCs in the low-intensity state. The source has also been detected at radio 
wavelengthss (Hjellming & Han 1989), with a flux of 1.6 Jy, which is high for X-ray 
transientss (see Hjellming 1995). 

Inn this paper we investigate the relation between the spectral changes of 
GSS 2023+338 and the rapid variability behaviour of its X-ray flux. Application of 
thiss kind of analysis to low-mass X-ray binaries (LMXB) in which the accretor is 
aa neutron star has led to a distinction of two groups of accreting low magnetic 
fieldfield neutron stars in LMXBs: viz. atoll- and Z-sources (Hasinger & Van der Klis 
1989). . 

Analysiss of the fast-timing behaviour has been applied to other sources such 
ass pulsars (Takizawa et al. 1994), BHC (Miyamoto et al., 1991) and Cir X-l 
(Oosterbroekk et al. 1995). The general expectation underlying these analyses is 
thatt the character of the compact object is reflected in die characteristics of the 
fast-timingg behaviour and thus the fast-timing behaviour can be used as a tool 
too probe die character of the compact object. 

Fromm these analyses a global picture is emerging where the main parameters 
whichh determine the behaviour are the mass accretion rate (M) and me strength 
off  the magnetic field of the compact object (see e.g. Van der Klis 1994a, 1994b, 
1995a).. The character of the accreting object (black hole vs. neutron star) 
mayy play a smaller role in determining the fast variability behaviour, and also 
diee spectral behaviour, than die magnetic field strength. A classical example 
off  a source whose fast timing behaviour is reminiscent of "typical" black-hole 
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behaviourr is the neutron star accretor Cir X-l (Oosterbroek et al. 1995). Cir X-l 
alsoo shows spectral characteristics which are resembling those of BHCs (e.g., a 
hardd spectrum, see Dower, Hale & Morgan 1982). 

Inn this paper we use Colour-Colour Diagrams (CDs) and Hardness-Intensity 
Diagramss (HIDs) to study spectral variations, and Fourier transformations to 
studyy the power spectra and phase delay spectra. We make a detailed comparison 
betweenn the properties of this source and the data which are available of other 
BHCss and to a lesser extent neutron stars. 

7.22 Observations 

Thee data we used in this paper were obtained with the Large Area Counter (LAC, 
Turnerr et al. 1989) on board of the Ginga satellite (Makino et al. 1989). The first 
dataa were obtained on May 23, 1989 and the last data almost 160 days later on 
Novemberr 1. For a log of the observations we refer to Tables 7.1 and 7.2. 

Thee observations can be divided into two parts: one with as high a time 
resolutionn as possible , uncorrected for dead time, background, and collimator 
response,, which is used for the timing analysis, and another with a moderate time 
resolutionn (usually 4 seconds) with high spectral resolution and corrected for 
deadd time, background, and collimator response, which is used for the spectral 
analysis. . 

Thee properties of the data we used are summarized in Tables 7.1 and 7.2, for 
thee corrected and uncorrected data, respectively. It should be noted that these 
twoo data sets are not separate, but show overlap. Some data which have been 
obtainedd at high time resolution (especially MPC3 and MPC2 mode data) have 
alsoo been corrected for background, aspect and dead-time and rebinned in time 
too make them suitable for inclusion in the CDs and HIDs. 

Thee data can be further divided into a part taken on May 30, 1989 (1989 
dayy 150) when the source was extremely bright, with dead time corrected count 
ratess up to — 6 x 105 cts/s, already described in some detail by Oosterbroek et al. 
(1995),, and all other data, in which those extreme count rates are not reached. 
Thosee very high count rates require special precaution in the data analysis, and 
becausee the source behaviour on May 30 is different from that during the other 
observations,, the May 30 data will be described mostly separately. During those 
earlyy observations source variations are very dramatic and irregular. 
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7.33 Analysis 

Forr the spectral analysis we made CDs and HIDs. The choice of the bands for 
thee CDs and HIDs was constrained by three concerns: (i) we want approximately 
thee same number of counts in each band to optimize the statistics, (ii) all energy 
boundariess should coincide with the energy channels of the MPC3 mode, since 
wee do not want to interpolate in such broad channels, (iii ) the highest energy 
bandss should be high enough to be sensitive to a change in the power law tail in 
thee spectrum, since this may be a good diagnostic tool for the analysis of BHCs. 
Wee find that a good balance between these consideratons could be obtained with 
thee following choice of the energy channels: 2.3-4.6 keV, 4.6-6.9 keV, 6.9-11.5 
keV,, and 11.5-23.0 keV. 

Forr the timing analysis we made FFT's of data segments with a length of 256 
secondss of data with a highest time resolution of 1 ms (PC data, other data have 
lowerr time resolution). This results in power spectra which have a range from 
~0.0044 to 512 Hz. For data with a lower time resolution (MPC3 and MPC2 data) 
thee Nyquist frequency is accordingly lower. The lowest Nyquist-frequency we 
usedd was 8 Hz (for the MPC2 data in high bit rate mode). All power spectra 
weree normalized according to the normalization, which gives the power density 
inn units of (fractional rms)2/Hz or (rms/mean)2/Hz (see Van der Klis 1994c for 
aa recipe how to obtain such a normalization, see also Belloni and Hasinger 
1990,, and Miyamoto et al. 1991). For the background count rate we used 68 
counts/secondd (Turner et al. 1989). Variations in the background result in errors 
inn the normalization of the order of 5%. 

Wee fitted the power spectra with a model consisting of three components: (i) 
AA Lorentzian component which is centered at zero frequency and has a full width 
att half maximum (FWHM) of -0.1 Hz; (ii) A Lorentzian component with a zero 
centrall  frequency and a FWHM of a ~2 - 3 Hz and (iii ) for the spectra which have 
aa Nyquist frequency of 512 Hz, a Lorentzian component centered around ~30 
Hz.. This model gives a satisfactory description of the shape of the power spectra 
(Fig.. 7.8 and 7.9) and follows the 'wiggles' in the power spectrum. However, 
thee values which are found for the x2 are formally too high for the fits to be 
acceptablee {%2 ~ 100 for 81 d.o.f., and %2 ~ 70 for 45 d.o.f.). To obtain acceptable 
fitss to power spectra which are obtained in the first 10 days of the outburst we 
foundd it necessary to include a power-law component in the fit-model. This 
powerr law is needed to obtain a good fit to the lowest frequency points and has 
indicess of—2. 

Thee Poisson level was subtracted from each power spectrum before we made 
fitss to it. The method we used to determine to Poisson level takes into account 
deadd time, and has been described by Mitsuda & Dotani (1989). We find that the 



115 5 

deadd time calculation is sufficienüy accurate to predict the Poisson level for the 
powerr spectra at the observed count rates. 

Wee have checked that power introduced by changes in pointing of the 
i n < ; t r i i m p n tt fc ne>olim"Mo \Mo rJiH tl-iJc r<- L i m n V ; r . ^ n «^,.„- . . . ., * „.c * i_ _ 

„ „„   ̂ 0 „ ö i „ i v , . , . ,_, u u, U U J I J u j nx«_RjJig a p u v v ci a p c ^ n u i ll ui m e l a w 

uncorrectedd data and a power spectrum of the data which had been corrected 
forr aspect (and dead time and background). We found that the difference is 
veryy small (less than 0.001 ((rms/mean)2/Hz) at 0.005 Hz; this approximately 
correspondss to an rms fractional variation of less than 0.3% for time scales longer 
thann 100 seconds). 

Wee also made FFT's of 256 second long data segments of the energy resolved 
dataa (PC, MPC2, and MPC3 data). We used these FFT's of data obtained at 
differentt energies to study the coherence and phase delays of the variability 
betweenn different energy bands (see Vaughan , 1994). We use the technique 
(X(X22-technique)-technique) in which all FFT's at all energies are used simultaneously to 
extractt the phase delays between these energy bands. These FFT's were also 
usedd to construct power spectra in different energy bands. From these power 
spectraa we constructed rms spectra, which give the fractional variability of the 
variouss spectra components as a function of energy. 

Wee found that in some data sets occasional spikes were present which greatly 
increasedd the variability in one energy channel (or a few non-neighbouring 
channels)) only. These spikes can not be astrophysical in origin, since they 
occurr in a narrower energy band than the detector energy resolution (-20% 
att 6 keV). We also find that these spikes are only present above -10 keV and 
occurr more often at higher energies. When we made the final rms spectra (and 
phasee delay spectra) we filtered the data which were used to make the power 
spectra.. This was done by calculating the local mean of a few points (for the 
MPC22 data with 61.5 msec resolution we used 9 points, i.e. an average over 
~0.55 s), and then calculated the level which has a very low probability to be 
exceededd (we took l.lO"10) based on Poisson statistics. All data points above 
thiss level were substituted with the mean level. Per FFT only a few (less than 
10)) spikes were generally found, and due to filtering them out the power was 
onlyy slightly diminished (normally less than 1 percent points); we concluded this 
fromm a comparison to the neighbouring energy channels. This filtering works 
well.. This can be concluded from a comparison of rms-spectra made with the 
originall  (unfiltered) data and rms-spectra made from the filtered data. From 
thiss comparison we find that spikes are removed very well, while real source 
variationss are not or only very slightly affected (less than 1 percent point). 

Anotherr analysis we performed on the data is the calculation of high-to-low 
fluxx X-ray spectral ratios. In order to do this we calculated the running mean of 
thee dead time and background corrected data (over 64 s) and accepted the spectra 
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whenn the instantaneous flux was above a certain flux level (we find that 1.1 times 
thee running mean works well) to make PHA-spectra of the high-intensity data. 
Thiss was done with data obtained in the MPC2 and MPC1 mode, resulting in 48 
channelss spectral resolution. We also made PHA-spectra of the low intensity data 
byy taking the instantantenous count rates below 0.9 times the running mean. In 
thiss way we obtained dead time and background corrected PHA-spectra at high 
countt rates, which contained about 20-30% of the total data, and PHA-spectra at 
loww count rates, which contained about the same amount of data. The PHA-ratio 
spectrumm was then calculated as the ratio of the spectrum obtained at the peaks 
too die spectrum obtained at the valleys. These PHA-ratio give us an additional 
wayy to look at the energy dependence of the flux variations. 

7.44 Results 

Inn the following sections we describe the CDs, HIDs and lightcurves we obtained 
off  GS 2023+338 {Sect. 7.4.1), and the large effects of A^-changes on the observed 
sourcee spectrum with the help of synthetic CDs (Sect. 7.4.2). In Sect. 7.4.3 
wee will present the power spectra we have obtained, and in Sect. 7.4.4 we 
describee in some more detail the spectral changes which take place in the source 
spectrumm on relatively short time scales. Finally we present the rms-spectra and 
phase-delayy spectra we obtained in Sect. 7.4.5 and Sect. 7.4.6, respectively. 

7.4.11 Light curve, CDs, and HIDs 

Thee light curve of GS 2023+338 can not be characterized by a simple smooth 
curve.. In Fig. 7.1, which shows the sum of the count rates over the 4 energy 
bandss (i.e. 2.3-23 keV), as a function of time, we see that the only trend visible 
iss a long term decline as function of time. However, as we can see from Fig. 7.2, 
thee variations on time scales shorter than a day are almost of the same order as 
thee change on time scales of a month. As we will discuss below this is caused for 
aa largee part by large variations in the NH column density. 

Thee soft colour (SC) as a function of time (which is, as we will show in Sect. 
7.4.22 a good measure of the Afe), is very variable in the first month of the outburst, 
whereass the variations are substantially less in the later phases. 

Inn the colour-colour diagram (Fig. 7.3 the following signatures are visible: 
theree is a track which extends form SC ~3 to SC ~-0.7, with a sharp bend at 
thosee low SC values. The observations which lie around the bend are obtained 



117 7 

3 3 
O O 
o o 

o o 
o o 

,,  . . . . . . . .  j  . . . 

I I 
! ! 

! ! 

::  ! 
_ _ 

::  I ; 
7000 75 0 

Timee (MJ D -  47000 ) 

800 0 

Figuree 7.1: The 2.3-23 keV light curve of all the corrected data of GS 2023+338. 
Onee point corresponds to 4s (occasionally 16 or 64s) of data; error bars are 
smallerr dian the size of the points. Note die large range of intrinsic variations 
withinn each observadon. Data have been corrected for dead time, background, 
andd collimator response. 

inn the last stages of the outburst. There is another collecdon of points which lie 
abovee and pardy to die left of the main track. Those points have been obtained 
att die very early stages of the outburst (May 23 and 30 data, day 143 and 150), 
whenn die source was very bright. The CD seems more or less repeatable: the last 
(loww intensity) observadon falls on top of die observadons obtained ~3 months 
earlier,, at around the bend of the left-most dp of the extended branch. The width 
off  the track gives an indication of the errors in the individual points; the errors 
inn the points which lie above and to the left of diis main track are smaller; real 
variationss are thus present here (errors in both the soft and hard colour range 
from~0.011 to 0.3). 

Inn me soft colour vs. intensity diagram (Fig. 7.4) several tracks are visible. 
Theyy represent the data obtained during different observations. The errors can 
bee estimated from the widths of these tracks. The data points at high count 
ratess have been obtained early in the outburst. The errors in the points around 
intensityy ~ 600 and SC ~2 are -0.2-0.3 in SC. There seems to be a sharp cut-off 
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Figuree 7.2: The 2.3-23 keV light curves of all the corrected data of GS 2023+338. 
Notee that the vertical scales are logarithmic and the same for all panels; the 
horizontall  scale differs from panel to panel. Data have been corrected for dead 
time,, background, and collimator response. Each point is 4s (occasionally 16s) 
off  data, except in the last panel where each point is 64 s of data. Error bars are 
smallerr than the size of the points 

att the bottom near soft colour ~0.6. This reflects (see Sect. 7.4.2 a minimum 
valuee of NH (viz. the extinction along the line of sight). However, two sharp tracks 
extendd to lower values of SC; they are the result of real changes in the spectrum 
att low energies and occur during the May 23 and 30 observations (i.e, in the first 
phasee of the outburst). 

Furthermoree we can discern in the SC vs. intensity diagram that a track seems 
too be visible which is embedded in a cloud of points. The scatter in this cloud of 
pointss (which is roughly delimited by a triangle with coordinates: (I,SC) = (1000, 
0.6),(6000,, 0.6),(2000, 1.8)) is not statistical. The statistical scatter can be roughly 
estimatedd from the width of the tracks, which are visible in the CD. The extra 
scatterr is a result of real changes in NH. The regions where the statistical scatter 
iss substantial are the left-most cloud of points (I,SC) = (70,0.8) and the cloud of 
pointss around (I,SC) = (500,2). In the first region the count rate is low, which 
increasess the scatter. In the second region the count rate is relatively low, and 
moree important, very much low-energy absorption is present, which decreases 
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Softt Colour 

Figuree 7.3: The colour-colour diagram of GS 2023+338. Soft colour is the ratio of 
thee 4.6-6.9 keV to the 2.3-4.6 keVband. Hard colour is the ratio of the 11.5-23.0 
keVtoo the 6.9-11.5 keV band. Most points are 4s averages, some of them are 16s 
orr 64 s averages. Errors in both colours range from ~0.01 to 0.3 (see text). 

diee count rate in the lowest energy band significantly, and thus the statistical 
scatterr is increased. 

Thee errors in the hard colour (HC) vs. intensity diagram (Fig. 7.5) are around 
~0.01-0.055 in the hard colours (the errors in the count rates are very small), with 
thee exception of the cloud of points around HC ~0.5 and a count rate of ~60 and 
aroundd HC 0.7 and count rates of ~800, where the errors are up to a factor of 
fivee higher. This diagram is somehwat simpler than the CD and Soft-colour vs. 
Intensityy diagram. The hard colour is mainly sensitive to changes in die intrinsic 
spectrum:: i.e., a harder spectrum gives a higher value for the HC. 
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Figuree 7.4: The soft-colour vs. intensity diagram of GS 2023+338. Soft colour is 
thee same as in Fig. 7.3, intensity is the count rate in the 2.3-23 keV band. Data 
havee been corrected for dead time and collimator response. 

7.4.22 Synthetic CDs and HIDs 

Inn a first attempt to understand the complex behaviour of the source in the 
CDss and HIDs we made synthetic spectta, which we folded through the Ginga 
detectorr response. We then calculated the fluxes that would have been observed 
inn the four energy bands that we used in our analysis. This enabled us to make 
CDss and HIDs for these simulated data. Varying one parameter of the model 
(whichconsistedd ofvarious combinations of apowerlaw, blackbody component, 
Gaussiann line and absorption) enabled us to see how a change in one parameter 
affectedd the position in the CD. We found from this that, almost independently of 
thee assumed spectral shape, the effect of increasing NH is to move a point along 
aa line parallel to the main track we observe in the CD. We therefore conclude 
thatt the main determinant of the position in the CD is the value of the column 
densityy NH. This column density has to be produced mainly locally because of 

_c c 
G G 

oo CV 
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Figuree 7.5: The hard-colour vs. intensity diagram of GS 2023+338. Hard colour is 
thee same as in Fig. 7.3, intensity is the count rate in the 2.3-23 keVband. 

itss large changes. This procedure we applied is functionally equivalent of the 
determinationn of the so-called "reddening line" (see Schulz et al. 1988). 

Too investigate the NH variation in some more detail we have determined the 
locationn of points in the CD for an assumed power-law spectrum (photon index 
-1.35)) and/VH between 5xl021 and2x l02 3 cm~2, in steps of 5xl021 (Fig. 7.6. 
Wee find that the density of the points decreases to the right in the CD, in a 
similarr way as is observed in the real data for GS 2023+338. This suggests that the 
distributionn of the JVH values is more or less uniform between the two extremes. 
Inn order to test this we estimated the NH from the soft colour in the following 
way:: we selected points above soft colour 1.0 and belonging to the branch in the 
CDD (i.e. hard colour below the line through (SC.HC) = (1.0,0.7) and (2.0,0.8)). We 
calculatedd the soft colours for an artificial spectrum with JVH ranging from 0.5 to 
200 (1022 cm- 2) , with steps of 0.5. We then converted the measured soft colour to 
ann A'H-value by a linear interpolation. In Fig. 7.7 we have plotted a histogram of 
thesee obtained NH estimates. From this figure we see that between 5xl022 and 
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Figuree 7.6: The observed colour-colour diagram of GS 2023+338 (small dots), 
andd the synthetic points (large dots) calculated from a power law spectrum 
(photon-indexx -1.35) absorbed by different amounts of column density. The 
columnn density (NH) ranges from 5 x 1021 and 2 x 1023 cm"2, in steps of 5 x 1021. The 
left-mostt large dot corresponds to the minimum column density, the righ-most 
largee dot to die maximal comlumn density. 

1.6xl0233 the distribution is more or less uniform and starts to drop off above 
1.66 xlO23 . 

Onlyy in the parts of the CD where the source gets very bright (i.e., points 
abovee and to the left of the main track) and the left most tip (i.e., the bend around 
(SC,HC)=0.7,0.5)) the intrinsic source spectrum has to change. In the other parts 
off  the CD the behaviour in this diagram can be reasonably well described by a 
fixedd underlying spectrum, that is only modified by variable absorpdon. 

7.4.33 Power spectra 

Inn Fig. 7.8 we present the power spectra as obtained with the PC-data. From this 
figuree it is clear that the power spectra are remarkely similar to each other during 
mostt of me outburst. Only the power spectra obtained on May 30 (day 150, 1A) 
aree different. Here there is clearly less power above ~0.1 Hz. The spectrum is 
muchh steeper than the other power spectra. From the fits to the power spectrum 
itt can be concluded that in our power spectral decomposition (see Sect. 7.3), 
thee difference is mainly caused by the absence of the component with a FWHM 
off  2 -3 Hz. While these power spectra were obtained the source occupied 
aa different region in the CD. We concluded this from data with high-energy 
resolution,, which were obtained just before and after (but not simultaneously 
with)) die high-time resoludon data. In Fig. 7.10 we can see which region in the 
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Figuree 7.7: The number distribution of the obtained NH-values (see text). From 
thiss figure we conclude that NH -values between roughly 500 and 1600 (1020 cm-2) 
aree distributed approximately uniformly. 

CDD was approximately occupied by the source at the moment when the power 
spectraa were obtained. 

Inn Fig. 7.11 we show the power spectrum obtained when the source was 
veryy bright (M1D=47676.25). In this power spectrum additional power is visible 
aroundd frequencies of 0.05 Hz. 

Wee have fitted all power spectra with a model consisting of Lorentzians (see 
Sect.. 7.3). We note that the inclusion of a third Lorentzian decreases the x2 with 
~400 (from ~ 140 to -100) for -80 degrees offreedomandis therefore statistically 
significant.. However, the shape of the additional component is not constrained 
well.. Our use of a Lorentzian for the third component is arbitrary. It might well 
bee that shape of this component is different. 

Fromm the fit results presented in Table 7.4 we conclude that the changes 
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Tablee 7.3: In this table the times can be read at which the different power spectra 
andd rms spectra are obtained. The labels mentioned in the first column are also 
usedd in the figures. 

Labell  Start time End time 
(MJDD - 47000) (MJD - 47000) 
676.187 5 5 

678.9687 5 5 
680.9687 5 5 
680.9726562 5 5 

681.8945312 5 5 
686.820312 5 5 
687.007812 5 5 

695.9414062 5 5 
697.60937 5 5 

713.4062 5 5 
729.101562 5 5 
676.0507812 5 5 
681.898437 5 5 
695.8007812 5 5 
697.7226562 5 5 

713.335937 5 5 
727.23437 5 5 
728.945312 5 5 

669.3945312 5 5 
679.1132812 5 5 

676.3164062 5 5 
679.101562 5 5 

680.971713 0 0 
681.2304687 5 5 

682.1562 5 5 
686.9648437 5 5 

687.07812 5 5 

696.6523437 5 5 
697.867187 5 5 

713.54687 5 5 
729.20312 5 5 
676.101562 5 5 
681.9570312 5 5 
695.937 5 5 
697.7929687 5 5 

713.351562 5 5 
727.2773437 5 5 
729.0820312 5 5 

669.48437 5 5 
679.2304687 5 5 

inn the shape of the power spectrum over a period of 60 days are very small. 
Thee only systematic change which might be present is a shift toward lower 
frequenciess of the Lorentzian component with a full width at half maximum 
(FWHM)) of ~3 Hz, although it is a relatively small change (see Table 7.4). This 
widthh changes from ~3.4 Hz on MJD 47676 to -2.5 on MJD 47728. There are 
somee additional significant, seemingly random, changes in the power spectra, 
whichh are reflected in the obtained fit parameters. The overall shape however 
remainss fairly constant. 

AA problem in the interpretation of the obtained fit parameters is the cor-
relationn between the parameters. Especially the obtained width of the first 
Lorentziann is strongly correlated with the obtained width of the second Lorent-
zian.. This is evident from Table 7.5 in which we see that whenever a small value 
forr the width of the first Lorentzian is obtained also a small value for the width 
off  the second Lorentzian is obtained. 

MPC22 1A 
MPC22 IB 
MPC22 1C 
MPC22 2A 
MPC22 2B 
MPC22 3A 
MPC22 3B 
MPC22 4A 
MPC22 4B 
MPC22 4C 
MPC22 4D 
PC1A A 
PCC IB 
PCC 2 
PCC 3 
PCC 4 
PC5A A 
PC5B B 
MPC3A A 
MPC3B B 
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Figuree 7.8: The power spectra data with a Nyquist frequency of 64 Hz or greater 
(MPC33 and PC data). The approximate start times (MJD - 47000) at which the 
powerr spectra are obtained are plotted in the top-right corners of the panels. 

Additionallyy we also have tried to estimate an upper limi t for Lorentzian 
shapedd peaks in the power spectrum between 2 and 10 Hz. This is relevant, 
becausee in other BHCs QPOs with these frequencies have been observed. We only 
triedd to fit the spectra where the count rates are high (PC1A, PC1B, MPC3A) to 
determinee this upper limit . We included a Lorentzian component in o ur fit model 
inn which the frequency was allowed to vary between 2 and 10 Hz, and the FWHM 
wass constrained to be smaller than ~0.5 times tlie frequency of this component. 
Wee note that the results of the procedure depend on the assumed underlying 
spectrall  shape and the results are therefore only approximate. However, from 
aa visual inspection of the power spectra no indications of QPO are obtained, 
whilee in other BHCs in the "very-high" state, these QPO peaks are immediately 
obvious.. We can set a firm (la) upper limi t of 4% to the strength of the QPO in 
thiss frequency region. 
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Figuree 7.9: The power spectra for the MPC2 data. Approximate start times (MJD 
-- 47000) for the power spectra are plotted in the top-right corners of the panels. 

Tablee 7.6: Fits to the power spectra obtained during the first 8 days of the 
observations. . 
Obs.. rms a rms Lor. (%) FWHM Lor. x2/dof 

0.001-11 Hz 0.001-100 Hz Hz 
1A A 
MPC3A A 
MPC3B B 

3 3 
1 1 
6 6 

4 4 
4 4 
8 8 

---
10.8+™ ™ 

5 5 

---
33 6+5-3 

8 8 

147/86 6 
51/66 6 
80/66 6 

7.4.44 X-ray spectral changes 

Fromm our analysis of the X-ray spectral changes we draw the following conclu
sions:: (i) The influence of changes in NH on the spectral shape (and thus the 
colours)) is very large. To first order the behaviour in the colour-colour diagram 
forr a large fraction of the data can be decribed reasonably well by changes in the 
(local)) column density (/VH). We find that in the later observations the inferred 
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Figuree 7.10: In this figure the (approximate) regions are plotted where the power-
spectraa are obtained. In the left panel die place where the power spectra with 
thee high Nyquist frequencies (MPC3 and PC data) are plotted. In the right panel 
thee positions where the power spectra with low Nyquist frequency (MPC2 data) 
aree obtained have been plotted. The horizontal line labelled with 3A indicates 
wheree (at the main branch) the power spectra have been obtained. The regions 
indicatedd in the left panel for the PC data are only very approximate, since no 
spectrall data are available when PC data is obtained. 

Frequencyy (Hz) 

Figuree 7.11: The power spectrum obtained when the source is very bright. 
Thiss spectrum has been obtained between MJD = 47676.2139004630 and 
47676.314519676 6 
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Figuree 7.12: The PHA-ratios for the different data sets. Note that the vertical 
scalee for the first three panels is different from the scale of the other panels. 
Startt times at which these raüos are determined are plotted in the panels (MJD 
-- 47000). In panels 1II and 1 III the rado at low photon-eneries (below ~7 keV) 
iss small compared to that at higher energies. This is interpreted as a relatively 
invariablee soft component. In panel 2 an increase of the ratio towards low 
photon-energiess (below ~4 keV) is visible; this is interpreted as the effect of 
aa change in the absorbing column density (see text). The single panel at the 
bottomm has a different energy range. 

columnn density is less, and also less variable, which suggest that the source is 
gettingg clear of matter which is local to the source, (if) A different type of change 
inn the colours occurs near the peak of the outburst. This tells us that the intrinsic 
specUumm is then changing. When this happens also a different power spectrum 
iss obtained. 

Thee results of the analysis of the ratios of spectra obtained at the intensity 
peakss and valleys are summarized in Fig. 7.12, from which we learn that there 
iss large difference in the energy-dependent variability. Especially during the top 
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off the outburst (the panels marked with a 1A-E) we see that there is a large 
variationn of shapes. In the first panel we see a lot of variability around 5 keV and 
aa signature of an iron line with less variability (see Oosterbroek et al. 1995). In 
thee second and third panel we see the presence of a soft component which is 
r o l o t i T T o l i rr  I r - k T r n n ' n K I n i u i u u v u i j ff  Jj.1 VCU.1CILJ1C . 

Thee later ratio plots (2, 3, 4A) show differences caused by the variation in 
cold-matterr absorption. If the Nu-value is high (and thus the variatonsinAfH), we 
seee this as increased variability towards the lowest energies. Since the spectra 
aree obtained using a moving average over 64 seconds, which effectively filters 
outt all the faster variations, this confirms that there are large changes in the 
column-densityy on long time scales. 

7.4.55 Rms-spectra 

Thee rms-spectra we obtained during the observations with enough time- and 
spectrall resolution are plotted in Fig. 7.13. A remarkable rms spectrum in Fig. 
7.133 is that presented in panel "1 B+C": there a decrease is visible towards 
lowerr energies (below ~7 keV); this is probably associated with the presence of 
aa soft-component in the spectrum which is not (or less) variable and dilutes the 
variabilityy (seeTanaka, 1991). 

Inn the other rms spectra we see that the average 0.01-8 Hz rms-variability is 
- 300 %, while in some rms-spectra an increase towards lower photon energies 
beloww ~4 keV is visible (rms-spectra 2 and 3). In the panels labeled 4A+B, 4C, 
4DD this increase at low photon energies is much less prominent. This favours an 
interpretationn where an underlying ~30%variability that is roughly constant with 
photonn energy is, at low photon energies, increased by additional changes in 
thee A/H column density. The changes in the column density introduce additional 
variabilityy in the flux only below ~4 keV, since the absorption cuts off rapidly 
abovee this energy. The additional variability below ~4 keV is not present in the 
lastt observation (rms-spectra 4A+B, 4C, 4D), which is consistent with a lower 
7VH-valuee (and changes of this value) as derived from the CD at that time. In Fig. 
7.144 we have plotted the rms-spectra as obtained from integrating the variability 
betweenn 0.01-0.1, 0.1-1, and 1-8 Hz, and from 0.01 to 8 Hz. From this figure 
wee can conclude that the changes in the NH column density only occur on time 
scaless longer than 1 second, since the variability in the 1-8 Hz band is almost 
constantt with photon energy. 

Thee result from the analysis of the rms spectra and the spectral ratios are 
consistent:: on time scales longer than 1 s variation in the absorbing column play 



132 2 SPECTRALL AND TIMING BEHAVIOUR OF GS 2023+338 

60 0 

44 0 

20 0 

60 0 

"" 20 
fit fit 

•cc 60 

>> 40 

SS 20 -

60 0 

40 0 

20 0 

0 0 

1BB + C 

. . • • • " • " . ' • • i j J j i P jj * i I 
\\ -,-

HH I ! I | I h-

2B B 

vv •»***.* 
HH 1 1 1 h-

2?! ! 

4C C 

• .. ' ' f j * $ i 

11 1 ) 1 1 jj 

• * » * * * $ $ M M 

22 A 

»» * M 

HH 1 1 1 h 
3A A 

•• f 

HH 1 1 1 h —— ' ' 
4A+B B 

'Hi 'Hi • • * * ' * } } 

HH h 
DD i \ 

10 0 20 0 22 2 

E n e r g yy (keV) 

Figuree 7.13: The 0.01-8 Hz rms variability spectra for four data sets. Labels refer 
too the same data as were used for die power spectra in Fig. 7.9. Note the increase 
towardss lower energies of the variability which is present in rms-spectra 2 and 3, 
butt much less in rms-spectrum 4. 

ann important role in the variability behaviour of GS 2023+338. 

7.4.66 Phase delays 

Thee phase delays as a function of photon energy are plotted in Fig. 7.15. We see 
thatt phase changes occur, but that they are generally modest: no phase delays 
withh an amplitude larger than 0.1 radians are detected. In general, the phase 
delayy increases monotonically with photon energy. Between 0 and 1 Hz a delay 
iss present at energies below ~4 keV (panel 3). It should be noted that this occurs 
whenn the increase towards low energies in the rms-spectrum (interpreted as the 
effectt of changes in /VH) is most prominent. 
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Figuree 7.14: The frequency dependence of the rms spectra. From top to bottom 
thee rms-spectra in the frequency range 0.01-8, 0.01-0.1, 0.1-1, and 1-8 Hz are 
plotted.. The data used in this figure are the same as used for panel 2A and 2B in 
Fig.. 7.13. 

Fromm the phase delays plotted in panels labeled 2 and 3 it seems that the 
phasee delays are somewhat larger in the 1-2 Hz band man in the 0 -1 Hz band. 
Thiss is also present in the data presented by Miyamoto et al. (1992) for CygX-1. 
However,, it is difficult to compare our results with those of Miyamoto et al. 
(1992)) since we have plotted the phase delays in two selected frequency bands 
againstt photon energy, while Miyamoto et al. (1992) have plotted the phase 
delayss between two energy bands against frequency. A comparison of our results 
withh the results of Miyamoto et al. (1992) for GX339-4 showthat the phase delays 
mightt be similar. 

Thee conclusion from this is that only small phase-differences are present in 
thee variations at different energies of the X-ray flux; those phase delays seem 
too be roughly comparable to those found in Cyg X-l (and possibly GX339-4), 
howeverr the quite large statistical errors inherent to the determination of small 
phasee delays make a conclusive comparison difficult. 
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Figuree 7.15: The phase delay spectra. Both the delays in the 0 -1 Hz, and the 1-2 
Hzz band have been plotted (indicated in top right of the panels). The channel 
withh an energy of ~6 keV has been choosen as a reference channel and has 
thereforee by definition a phase delay of zero. 

7.55 Discussion 

Inn this section we will make a comparison between the behaviour as found for 
GSS 2023+338 with the behaviour found in other BHCs. 

7.5.11 Comparison of the power spectra with those of other Black 
Holee Candidates 

Thee overal power spectral shape of GS 2023+338 (see Fig. 7.8 and 7.9) is somewhat 
likee that of Cyg X-l, GX 339-4, and GS1124-68 in the low state (see Miyamoto 
ett al. 1992). It can be described by an (almost) flat part below frequencies 
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off ~0.05 Hz, while above this frequency the power drops off steeply. In two 
sources,, the part of the spectrum above this frequency has been observed to stay 
approximatelyy the same, while the part below this cut-off frequency changes. 
Thiss has been observed in Cyg X-l (Belloni & Hasinger 1990) and GX 339-4 
viviiyaiiiuiuu ci cu. ïuzji). me JJCUI auuve uie uui-uii iiequency nas oeen uescnoea 
inn different ways by different authors: as a power law with different indices in 
threee different frequency regimes (Belloni and Hasinger 1990), or as composed 
off different Lorentzians (Miyamoto et al. 1991). 

However,, there are some differences: GS 2023+338 does not show the Belloni-
Hasingerr effect as seen in data from Cyg X-l. There is no clear change visible in 
thee power spectra of GS 2023+338 with respect to the level or cut-off frequency 
off the flat top, although the intensities are different by a large factor. Another 
differencee with respect to Cyg X-l is that the power spectrum is steeper at 
higherr frequencies (above ~ 5 Hz). In Cyg X-l the power spectrum above these 
frequenciess can be described with a power law with an index of ~ 1.5, while in 
GSS 2023+338 the description with a Lorentzian with a FWHM of ~3 Hz seems 
satisfactory.. At frequencies higher than a few FWHM (~ 6 Hz) this corresponds 
too power law with index 2. It should, however, be noted that the steepness of 
thee spectrum of Cyg X-l above a few Hz can be described with a power law 
withh an index changing between 1.4-2 (Belloni and Hasinger 1990). In 4U 
1705-444 (Berger and Van der Klis, 1996) the steepness of the power spectrum at 
frequenciess just above the flat part can be described with a power law with an 
indexx of ~0.9. It may be the case that the steepness of the power spectrum is 
relatedd to the mass of the compact object, with 4U 1705-44 and GS 2023+338 
beingg on the two ends of the scale. 

Fromm Belloni and Hasinger (1990) it appears that in the power spectrum of 
Cygg X-1 a bump around ~4 Hz is present. A similar component is also visible in 
thee power spectra of GX 339-4 presented by Miyamoto et al. (1992) at around 
22 Hz. In GS 2023+338 this bump is also present and we modelled it with the 
zero-centeredd Lorentzian component with a FWHM of - 3 Hz, and its frequency 
thuss is ~1.5 Hz. In atoll sources, which show similar behaviour to black holes in 
theirr low states when they are dim (e.g. 4U 1705-44) additional power is present 
att frequencies of ~3 Hz (Berger and Van der Klis 1996). 

Summarizingg we can say that we are beginning to see small differences (e.g. 
thee frequency of the "bumps" or the steepness of the spectra) in the power 
spectraa of different BHCs. It will be interesting to study those subde differences 
betweenn these sources in more detail. 

Thee power spectra observed during the early stages of the outburst (and thus 
att high count rates) (PC spectrum 1A, and both MPC3 spectra) differ from the 
powerr spectra observed in other black-hole candidates. They contain a large 
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amountt of variability (-35% between 0.001 and 1 Hz) and can be described as 
aa steep (a — -2) power law. They do not resemble the power spectra of other 
BHCss in their high or very high state. 

Thee power spectrum observed at the highest peak of the outburst (May 30 
data),, shows an additional component at around 0.04 Hz (Fig. 7.11). This power 
spectrumm looks similar to that of CygX-1 as obtained with Sigma data (Vikhlinin 
ett al. 1994). This power spectrum of Cyg X-l has been obtained in its low 
statee and shows a peak around 0.05 Hz. This peak can either be labeled broad 
low-frequencyy QPO or "peaked" low-state noise. Since in GS 2023+338 the peak 
iss only observed once we can not study its behaviour in more detail. 

Itt is clear that around maximum intensities the shape of the power spectrum 
changes,, but it does not develop into a very-high-state spectrum, since no 
evidencee for 2-10 Hz QPO is present (we estimate an upper-limit of 4% in 
thee 2-10 Hz range). The upper limit is not very strict since a lot of variability 
iss present in this source and small deviations from the global shape of the 
powerr spectrum have to be fitted with a relatively strong QPO component. This 
obtainedd upper limit is not very different from the observed strength of the QPO 
inn e.g., GX 339-4: 4 - 5% (Miyamoto et al. 1991). 

Itt is remarkable that although GS 2023+338 reaches very high count rates and 
highh luminosities (Tanaka [1989] concluded from the saturation of the light curve 
nearr the peak that the Eddington luminosity was reached) the power spectrum is 
remarkablyy similar to that of other BHCs in the low-state. Only when the source 
iss at its peak the power spectrum (and also the energy spectrum) changes, but 
certainlyy does not resemble a power spectrum of other BHCs in either the high 
orr very-high state. There are two possible differences with other sources which 
couldcould explain this behaviour. The first is that GS 2023+338 is known to have a 
veryy massive compact object (>6 M ., and probably -12 M,, see Shahbaz et al., 
1994),, possibly more massive than that of other BHCs. However, it is not clear 
howw the high mass of the compact object (which is after all probably of the same 
orderr of the masses of other BHCs) could prevent the source from exhibiting 
high-- or very-high- state behaviour, especially since the main determinant of 
thee behaviour would likely be the fraction of the Eddington luminosity at which 
thee source is radiating. The source may reach the Eddington limit for a —10 M . 
compactt object (Tanaka 1989). 

Thee other possible difference is the possible different inclination of the source. 
Itt could well be that a different viewing geometry is present, and therefore a 
differentt part of the region around the compact object is observed. However, 
althoughh there are suggestions (see Van der Klis 1995b), little is known about 
thee effects of inclination on the observed variability behaviour. An inclination 
of -42-80°° is allowed from optical observations (Casares & Charles 1994); from 
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modellingg of the ellipsoidal variations Shahbaz et al. (1994) find a lower limit of 
-50°. . 

7.5.22 energy dependence of the variabilit y 

Fromm Fig. 7.13 (pane l s ' ! II-III") we conclude that during the early stages of the 
outburstt the variability below 7 keV diminishes (see also Oosterbroek etal. 1995), 
whichh is explained by Tanaka (1991) as caused by the presence of a diluting soft 
componentt which is not variable itself. 

Fromm die rms spectra (Fig. 7.13 and 7.14) we conclude that changes in NH 

affectt the fast variability behaviour of GS 2023+338. At low variability frequencies 
thee contribution of changes in NH is evident. At frequencies above 1 Hz there is 
almostt no extra variability below ~5 keV. This suggest that changes in Nu take 
placee on a time scale of >1 s. 

Sincee we find mat the A'H-changes play an important role on time scales 
longerr man 1 s, we consider here a model where clumps of cold gas move in 
frontt of the compact object on a Keplerian time scale. Whenever such a cloud (or 
anyy other geometry, e.g. filaments) passes through the line of sight it introduces 
ann additional JVH and a temporal variation in the flux. The clouds which cause 
thee absorption should not be completely ionized. In the next part we make an 
estimationn at which radii, partially ionized clouds could be present. Below we 
denotee the time scale of the variability with x, and the characteristic size of the 
cloudss with /. The clouds are at a distance a from the compact object. Then: 

2na 2na 
xx (7.1) ^Kepl. . 

Wheree Papier is the orbital period at a distance a. For a 12 solar mass black 
holee this can be written as: 

// = 2.3-10Ba~2i (a in light seconds) (7.2) 

Iff we take as the change in NH 1022 cm - 2 (which is high for variation on a time 
scalee of 1 s, but reasonable for the slower variations), then nl = 1()22 where n is 
thee density of hydrogen atoms (in cm"3) and thus: 

4-1013v^ ^ 
nn = — (7.3) 
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Thee ionization parameter % is defined as: £, = \ (Hatchett, Buff & McCray 
1975),, where L is the luminosity of the central source (we take L as 10% of the 
Eddingtonn luminosity of a 12 M. compact object). This can be written as: 

tt 5-103x 
SS = — (7.4) 

a? ? 

Low-energyy absorption takes place for 4 ̂  50 (Hatchett et al. 1975), which 
leadss to: 

aa Z 6x° 4 (7.5) 

thiss leads to a radius of 6-40 light seconds, as the minimal radius where enough 
absorbingg material can be orbiting the compact object. This is well inside the 
systemm since the semi-major axis equals ~90 light seconds. A site where this 
orbitingg material can be naturally found is the rim of the accretion disk. At the 
highh accretion rates present in GS 2023+338 we expect that the accretion disk is 
thick,, and together with the inclination of ~42-80° it could be that we are just 
lookingg through the edge of the accretion disk and, if the disk is slightly irregular, 
seee the observed variations in the column density. The large NH -values in the 
largee changes in this value could result from a special viewing geometry (i.e., just 
throughh the rim of the disk). 

Iff the above is a correct interpretation of the rapid changes of the column-
densityy we see in GS 2023+338 then the opening angle of the disk must be at 
leastt 10°, but less than ~50°. 
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Summary y 

Inn this thesis I describe the results of my research performed using X-ray data 
obtainedd with the EXOSATand the Ginga satellites. The main aim of die research 
wass to study the correlated changes in the spectral and fast-timing behaviour of 
differentt X-ray sources. This method was successfully applied by Hasinger & Van 
derr Klis (1989J on bright galactic bulge X-ray sources containing neutron stars, 
whoo found that these X-ray sources can be divided into two classes, based on 
theirr spectral and fast-timing properties: the so-called atoll- and Z-sources. This 
thesiss is parüy an extension of the work done by them. 

Inn chapter 1 I give a short overview of the research which has been done 
onn black-hole candidates, since three chapters of this thesis are about sources 
whichh are or used to be black-hole candidates. In chapter 2 I will describe some 
partss of the data reduction in some detail, mainly focussed on how we deal with 
effectss that are unwanted, but present in the data. 

Inn chapter 3 we study the behaviour of the source 4U 1702-42. We analyzed 
twoo EXOSAT observations of this source, and detected X-ray bursts in one of 
them.. We found that the spectral and fast-temporal behaviour of 4U 1702-42 is 
similarr to that of other atoll sources in the "banana-state" and that therefore 4U 
1702-422 is probably also an atoll source. The characteristics of the X-ray bursts 
fromm Üiis source are roughly similar to those of the classical burst (and atoll) 
sourcee 4U 1636-53 when üiis source is in the so-called "banana-state". Another 
propertyy with respect to which the source 4U 1702-42 is similar to other burst 
sourcess is die persistent flux expressed as a fraction of the Eddington limit. 

Inn chapter 4 we study the spectral behaviour of the Z-source GX 340+0 and 
correlatee this with simultaneous radio data. It has been found by Penninx et 
al.. (1988), and Hjellming et al. (1990a,b) that the radio flux of several Z sources 
(GXX 17+2, CygX-2, Sco X-l) is correlated with the position of the source in a so 
calledd X-ray "colour-colour diagram". The highest radio fluxes are observed in 
thee horizontal branch state. For the Z source GX5-1 Tan et al. (1992) found the 
highestt radio flux when me source was in the normal branch and a low radio flux 
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whenn the source was in the horizontal branch. For GX 340+0 we find that there is 
aa possible correlation between the radio and X-ray flux on long time scales, but 
thatt on short timescales this correlation does not hold. 

Inn chapter 5 we study the fast-timing behaviour of Cir X-l in correlation with 
itss spectral behaviour. Until recently Cir X-l was a strong black-hole candidate 
basedd on its strong variability {similar to that of Cyg X-l, see chapter 1). With 
thee detection of X-ray bursts from Cir X-l, however, by Tennant et al. in 1986, 
itss neutron-star character was established. From our study we conclude that 
att certain times the rapid variability of Cir X-l is indeed very similar to that of 
otherr black-hole candidates, while at other times it is very similar to that of atoll 
sources.. We interpret this in terms of special properties of Cir X-l: its magnetic 
fieldd is weak (similar to that of atoll sources), while it reaches high accretion 
ratess (similar to Z-sources and black-hole candidates). When its mass accretion 
iss moderate it behaves very similar to atoll sources, because of its weak magnetic 
field. . 

Wee find long-term changes in the behaviour of Cir X-l. Due to the sparse 
dataa sampling we are not able to derive conclusive results, but we propose that 
ann important ingredient in the long-term behaviour is a long-term period. This 
periodd may be the result of apsidal motion or, possibly, disk precession. 

Inn chapter 6 we study the iron line of GS 2023+338 and its variability. This iron 
linee with an energy of 6.4 keV is formed by reprocessing of the X-ray flux formed 
nearr the compact object. We find that the iron line is not (or hardly) variable on 
timee scales shorter than 200 s, while on longer time scales the strength of the 
ironn line is variable. This suggests that the size of the iron line emitting region is 
off the order of 100 light seconds, and that variations on shorter time scales are 
smearedd out due to different light travel times. 

Inn the last chapter (7) we report on the results of an analysis of all Ginga 
dataa of GS 2023+338. During its outburst in 1989 data have been collected with 
thee LAC in board of Ginga during ~ 6 months. We have made a study of the 
spectrall and variation properties of this source, roughly similar as for Cir X-l. 
Ourr conclusions from this work are: (i) changes in the local absorption play an 
importantt role in the spectral behaviour in the colour-colour diagram and in the 
variabilityy behaviour below ~ 4 keV, and (ii) the power spectrum of GS 2023+338 
iss similar to that of other black-hole candidates in the "low" state. However, 
smalll differences between the power spectra of the black-hole candidates are 
presentt (possibly related to different masses of the compact object). 



Samenvatting g 

Ditt proefschrift handelt over waarnemingen aan de röntgenstraling afkomstig van compacte 
objectenn in dubbelstersystemen. In deze systemen vindt massaoverdracht plaats van de be
geleiderr (die in de systemen die wij hebben bestudeerd een sterretje met een massa kleiner 
dann die van de zon is) naar het compacte object. In dit proefschrift worden twee soorten 
compactee objecten bestudeerd: neutronensterren en zwarte gaten. Neutronensterren heb
benn een massa van ongeveer 1.4 maal die van de zon en een straal van ongeveer 10-15 
km;; zwarte gaten zijn enkele malen zwaarder: de massa van het compacte object in GS 
2023+338',, dat zeer waarschijnlijk een zwart gat is, is ongeveer 12 zonsmassa's. 

Alss gevolg van de massaoverdracht en de versnelling van de overgedragen materie on
derr invloed van de enorm sterke zwaartekracht van het compacte object (de zwaartekracht 
opp het oppervlak van een neutronster is ongeveer 150 miljard maal zo groot als die op het 
oppervlakk van de aarde) wordt de materie zodanig verhit dat deze röntgenstraling gaat uit
zenden. . 

Inn dit proefschrift worden vooral de snelle veranderingen in de intensiteit van de rönt
genstralingg (op tijdschalen van ongeveer 0.002 tot 100 seconden) bestudeerd in samenhang 
mett veranderingen in de spectrale verdeling daarvan. De spectrale variaties werden voorna
melijkk bestudeerd door middel van de zogenoemde "röntgenkleuren". Deze kleuren wor
denn bepaald door in (meestal) 4 banden het aantal gedetecteerde fotonen te tellen en de 
verhoudingg daarvan voor 2 paren banden te berekenen. Het voordeel van deze methode is 
dee gevoeligheid: alle fotonen in het bestudeerde energiegebied worden gebruikt voor het 
bepalenn van slechts twee getallen, de zogenaamde zachte en harde kleur. De zachte kleur is 
dee verhouding van 2 banden in het lage energiegebied, de harde kleur de verhouding van 2 
bandenn in een hoger energiegebied. Een ander voordeel is dat het mogelijk is de veranderin
genn in het spectrum te quantifïceren zonder dat een fysisch model nodig is dat het spectrum 
beschrijftt (bovendien hoeven dan geen tijdrovende fits van modelspectra aan de data plaats 
tee vinden). Hierbij worden vaak "kleur-kleur diagrammen'' of "kleur-intensiteits diagram
men"" gebruikt waarin de harde en de zachte kleur tegen elkaar worden uitgezet, of één van 
dee kleuren tegen de intensiteit. De snelle veranderingen in de intensiteit van de röntgen
stralingg worden voornamelijk bestudeerd door middel van "power spectra". Deze power 
spectraa worden verkregen door een Fourier transformatie van de röntgenflux en geven de 
hoeveelheidd variatie voor elke frequentie binnen een zeker frequentiegebied. 

11 GS geeft aan dat deze bron is ontdekt door de Ginxa satelliet en 2023+33X zijn de coördinaten in rechte 
klimmingg en declinatie. Van de/e bron zijn de coördinaten dus 201' 23'" rechte klimming en 33.8 graden 
declinalie e 
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Eenn belangrijke rol in dit proefschrift spelen bronnen waarvan men denkt dat ze een 
zwartt gat als compact object te hebben (GS 2023+338) of waarvan vroeger gedacht werd 
datt dat het geval was (Cir X-12). De eerste röntgenster waarvan vermoed werd dat deze als 
compactt object een zwart gat heeft, was Cyg X-1. Door middel van optische spectrosco
pischee waarnemingen van de optische zichtbare begeleider werd een baanperiode van 5.6 
dagenn vastgesteld. Uit deze periode en uit de grootte van de snelheidsvariaties (gemeten 
m.b.v,, het Doppler-effect), samen met de massa van de optische ster kan worden vastge
steldd dat deze massa van het compacte object minimaal 7 zonsma.ssa's is. Nu vertoont deze 
sterr in zijn röntgenstraling ook snelle tijdsvariaties (op tijdschalen korter dan 0.1 s) met 
grotee amplitudes. Dit vertelt ons dat (een groot deel) van de röntgenstraling afkomstig is uit 
eenn klein gebied, daar anders door verschillen in de tijd die het licht nodig heeft ons te berei
ken,, de variaties uitgesmeerd zouden worden. Door deze snelle variaties en de bijbehorend 
kleinee afmetingen zijn de enige kandidaten voor het compacte object een neutronenster of 
eenn zwart gat (of eventueel een witte dwerg, maai- hier is de potentiaalput niet diep genoeg 
voorr het genereren van het röntgenspectrum). Aangezien de maximale (theoretisch bere
kende)) massa van een neutronenster ongeveer 3 zonsmassa's is, moet het compact object 
inn Cyg X-1 een zwart gat zijn. 

Doorr deze associatie van snelle veranderingen in de röntgenintensiteit en de grote mate 
vann waarschijnlijkheid van een zwart gat in Cyg X-l, is er historisch een verband gelegd 
tussenn snelle variaties (of beter: snelle variaties lijkende op die in Cyg X-1) enerszijds en 
dee aanwezigheid van een zwart gat. Een van de bronnen waarvoor, op grond van de snelle 
variaties,, vermoed werd dat het een zwart gat is, is Cir X-1, A priori is de aanwezigheid van 
snellee variaties geen aanleiding te denken aan het bestaan van een zwart gat; de afmetingen 
vann een neutronenster en de bijbehorende dynamische tijdschalen zijn klein genoeg voor 
hett optreden van soortgelijke snelle variaties. Dit blijkt ook uit onderzoek van Hasinger 
enn Van der Klis die bij neutronensterren soortgelijke snelle variaties vonden, die weliswaar 
meestall minder sterk zijn. 

Inn de röntgenstraling van Cir X-l echter werden in 1986 röntgenbursts gedetecteerd. 
Eenn röntgenburst is een plotseling optredende instabiliteit in de op het oppervlak van de 
neutronensterr verzamelde materie die leidt tot spontane kernfusie op dat oppervlak. Aan
gezienn zwarte gaten geen oppervlak hebben en een oppervlak waar materie zich verzamelt 
essentieell is voor het optreden van röntgenbursts tonen deze bursts aan dat het compacte 
objectt in Cir X-1 een neutronenster moet zijn. 

Inn de loop van de tijd zijn er behalve Cyg X-1 andere röntgenbronnen ontdekt die ook 
zeerr waarschijnlijk een zwart gat als compact object hebben. Dit wordt afgeleid op basis 
vann bewegingen onder invloed van zwaartekracht: we zien de beweging van de optische 
begeleiderr en dit levert ons informatie over de massa van het compacte object. De enige 
onbekendenn hierin zijn de hoek van het baanvlak met het hemelvlak en de massa van de 
optischee begeleider: in feite krijgen we hierdoor een benedenlimiet op de massa, de zoge
naamdee massafunctie. Voor de bron GS 2023+338 is deze limiet 6 zonsmassa's. 
Dezee bron heeft de hoogst gemeten massafunctie en is daarom tot nu toe de beste kandidaat 
voorr het herbergen van een zwart gat. 

2Ditt is de eerst ontdekte röntgenhron (X-l) in het sterrenbeeld Circinus (Cir) 
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Inn dit proefschrift wordt verslag gedaan van een studie van de röntgenwaarnemingen 
vann een viertal bronnen: 4U 1702-42, GX 340+0, Cir X-l en GS 2023+338. Deze bron
nenn zijn representanten van alle bekende typen lichte röntgendubbelsterren. Hasinger en 
Vann der Klis hebben in 1989 laten zien dat op grond van spectrale en variatie karakteris
tieken,, de heldere röntpenhronnen die een neutronenster bevatten onderverdeeld kunnen 
wordenn in twee typen: de atol-bronnen en de Z-bronnen. In atol-bronnen vindt er minder 
materieoverdrachtt plaats dan in Z-bronnen. Hun neutronensterren hebben waarschijnlijk 
eenn zwakker magneetveld dan die in Z-bronnen. Z-bronnen beschrijven een karakteristieke 
"Z"" in het kJeur-kleur diagram. In de bovenste tak van de Z ("horizontale" tak) is de massa-
overdrachtsnelheidd het laagste, en worden Quasi Periodieke Oscillaties (QPO) met een fre
quentiee van 20-50 Hz gedetecteerd. Als de massa-overdrachtssnelheid toeneemt komt de 
bronn in de middelste tak van de Z ("normale" tak) terecht. Ongeveer halverwege deze tak 
zijnn vaak QPO aanwezig met een frequentie van ca. 6 Hz. De massa-overdrachtsnelheid 
iss het grootst in de onderste tak ("vlammende" tak) van de "Z"; tevens neemt de frequen
tiee van de 6 Hz QPO toe tot ca. 20 Hz. Er zijn goede theoretische redenen om te veron
derstellenn dat de Z-bronnen de Eddington-lichtkracht bereiken (en overschrijden) op de 
"vlammende"" tak. Atol bronnen vertonen een minder duidelijk patroon in het kleur-kleur 
diagram.. Wel kunnen twee verschillende toestanden onderscheiden worden: een "eiland" 
toestand,, welke zich kenmerkt door een weinig structuur vertonende verzameling punten 
inn het kleur-kleur diagram en een lage róntgenintensiteit, en een "banaan" toestand, welke 
gekenmerktt wordt dooreen langgerekt en gekromde verzameling punten in het kleur-kleur 
diagram.. De snelle tij ds variaties van atol-bronnen zijn duidelijk verschillend in beide toe
standen:: tijdens de "eiland"-toestand wordt het power spectrum gedomineerd door varia
tiess met een hoge frequentie (~ 10 Hz), terwijl in de "banaan"-toestand het power spectrum 
voorall bepaald wordt door variaties met een lage frequentie (~0.01 - 1 Hz). 

Wijj vinden dat de bron 4U 1702-42 zeer waarschijnlijk een atol-bron is, op basis van 
zijnn variatie-eigenschappen en zijn gedrag in het kleur-kleur diagram. De bron GX 340+0 
iss door Hasinger en Van der Klis geclassificeerd als een Z-bron. Cir X-1 is een afwijkende 
bronn (zie boven): deze bron gedraagt zich niet als een Z-bron of atol bron, hoewel deze toch 
eenn neutronenster als compact object heeft, maar schijnt eigenschappen van verschillende 
soortenn bronnen in zich te verenigen. GS 2023+338 bevat geen neutronenster maar een 
zwartt gat als compact object. 

Inn hoofdstuk I geef ik een algemene inleiding, De nadruk ligt hierbij op zwart-gat kandi
daten;; dit omdat drie hoofdstukken van dit proefschrift gewijd zijn aan een zwart-gat kandi
daatt (GS 2023+338) en aan Cir X-1, die vroeger een zwart-gat kandidaat was en een aantal 
eigenschappenn gemeen heeft met zwart-gat kandidaten. In het korte hoofdstuk 2 vertel ik 
ietss meer over de datareductie. De nadruk ligt hier op effecten waar we niet op zichzelf in 
geïnteresseerdd zijn, maar die de interpretatie van de gegevens bemoeilijken. 

Inn hoofdstuk 3 beschrijven we twee waarnemingen van de bron 4U 1702-42 die ver
richtricht zijn met de EXOSAT-sateïWci . In een van de twee waarnemingen hebben we drie 
burstss gevonden. We bekijken de eigenschappen van deze bursts en concluderen dat deze 
ergg veel lijken op de bursts die de welbekende burst-bron 4U 1636-53 vertoont in de zo
genaamdee "banaan-toestand". Op basis van de snelle tijdsvariaties van deze bron en zijn 
spectralee gedrag concluderen we dat 4U 1702-42 waarschijnlijk een atol-bron is. 
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Inn hoofdstuk 4 bespreken we Ginga waarnemingen van de bron GX 340+0 die gelijk
tijdigg zijn verkregen met radiowaarnemingen. In een drietal bronnen (GX 17+2, Cyg X-2. 
Scoo X-l) is een correlatie gevonden tussen het gedrag van radio en de röntgenstraling. In 
dezee bronnen wordt de hoogste radioflux gemeten op het moment dat de bron zich in de 
zogenaamdee "horizontale tak" van het kleur-kleur diagram bevind. In de bron GX 5-1 ech
terr vonden Tan et al. (1992) dat de hoogste radioflux optrad als de bron zich bevond in de 
"normalee tak". Voor de bron GX 340+0 vinden wij dat er een globale correlatie is tussen de 
radioo flux en de röntgentoestand. Met deze globale correlatie wordt bedoeld dat op lange 
tijdschalenn de radio en röntgenflux mogelijk gecorreleerd zijn, maar dat op korte tijdscha
lenn deze correlatie niet meer opgaat. We vinden de hoogste radiofluxen als de bron zich op 
dee "normale" tak bevindt. 

Inn hoofdstuk 5 bestuderen we de eigenschappen van de spectrale en intensiteitsveran
deringen,, en de samenhang daartussen, van de bron Cir X-l. We concluderen dat Cir X 
11 met betrekking tot deze eigenschappen op sommige momenten heel veel op een zwart 
gatt lijkt. Op andere momenten daarentegen is het variatiegedrag en ook het spectrale ge
dragg ononderscheidbaar van dat van een atol bron in de "banaan-toestand". De interpreta
tiee hiervan is dat de compacte ster in Cir X-l bijzondere eigenschappen heeft: enerszijds 
heeftt de neutronenster waarschijnlijk een zeer zwak magneetveld (vergelijkbaar met dat 
vann atol-bronnen), anderszijds bereikt Cir X-l grote massa-overdrachtssnelheden (zoals 
voorkomendd in Z-bronnen en zwart-gat kandidaten, maar niet in atol-bronnen). We vin
denn ook lange-termijn (één of enkele jaren) veranderingen in het gedrag van Cir X-1. We 
suggererenn dat een lange-termijn periode deze veranderingen kan verklaren. Een mogelijke 
oorzaakk van deze lange periode zou beweging van de apsidelijn van de dubbelster kunnen 
zijn,, of misschien precessie van de schijf. 

Inn hoofdstuk 6 bestuderen we de variaties zoals we die zien in de ijzerlijn met een ener
giee van 6.4 keV in het spectrum van GS 2023+338 en vergelijken we die met de variaties 
inn het continuum. Deze ijzerlijn wordt gevormd door "reprocessing" van röntgenstraling 
diee afkomstig is van vlakbij het compacte object. We vinden dat de ijzerlijn niet (of slechts 
heell weinig) variabel is op tijdsschalen van 200 seconden en sneller. Op langere tijdsscha-
lenn daarentegen vinden er wel variaties plaats in de sterkte van de ijzerlijn. We interprete
renn dat als het gevolg van het feit dat de ijzerlijn in een groot gebied (ongeveer 100 licht-
seconden)) gevormd wordt en dat snelle variaties door verschillen in reistijden als gevolg 
vann de eindige lichtsnelheid worden uitgesmeerd. 

Inn het laatste hoofdstuk (7) beschrijven we de resultaten van een analyse van alle ge
gevenss van GS2023+338 die verkregen zijn met behulp van de Large Area Counter op de 
GingaGinga satelliet. Gedurende een periode van 6 maanden is de bron GS 2023+338 gevolgd 
gedurendee zijn uitbarsting in 1989 (GS 2023+338 is het beste voorbeeld van een zwart gat 
inn een dubbelster dat we tot nu toe kennen). In dit hoofdstuk wordt een soortgelijke analyse 
gedaann als voor Cir X-1: een zo uniforme mogelijke analyse van de spectrale veranderingen 
(bestudeerdd d.m.v. kleur-kleur en kleur-intensiteits diagrammen) en van de snelle tijdsva-
riatiess (m.b.v. power spectra). De conclusies van deze studie zijn dat: (i) veranderingen in 
dee locale kolomdichtheid van koud gas (dat absorptie beneden de ~4 keV oplevert) heb
benn een grote invloed op de veranderingen beneden ~4 keV in het spectrum op tijdschalen 
langerr dan 1 s, en (ii) het spectrum van GS 2023+338 gelijkenis vertoont met die van de 
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zwart-gatt kandidaten GX 339-4 en Cyg X-1 in hun zogenaamde "'low state". Er zijn ech
terr ook subtiele verschillen aanwezig, die mogelijk duiden op een verschil in massa van de 
compactee objecten in deze bronnen. We beschouwen een model waarin we de grote varia
tiess in absorptie verklaren d.m.v. ongeïonizeerde materie die op een dynamische tijdschaal 
rondomm het compacte object beweegt. Een natuurlijke plaat* hiervoor lijkt de rand van de 
accretieschijff te zijn. 



158 8 



Curriculu mm Vitae 

Opp 29 augustus 1966 ben ik geboren in Haarlem, de stad waar ik de rest van mijn leven 
(mett uitzondering van 10 maanden in Zuid-Afrika) heb gewoond. Op 30 mei 1984 (met 
eenn gedeeltelijke zonsverduistering 's avonds) behaalde ik het eindexamen Atheneum B 
mett 8 vakken. Hetzelfde jaar begon ik een studie Natuurkunde aan de Universiteit van Am
sterdam.. Na veel wikken en wegen heb ik besloten om af te studeren in de richting Ster
renkunde.. Dit vond plaats op 29 augustus 1989 (op mijn verjaardag dus). Mijn afstudeer
onderzoekk betrof een onderzoek naar röntgen-bursters gebruik makende van data verkregen 
mett de satelliet EXOSAT, hetgeen plaatsvond onder leiding van Jan van Paradijs. Na een 
oponthoudd van 1 jaar ben ik op 1 september 1990 in dienst getreden van de Universiteit 
vann Amsterdam als AIO. Dit betrof onderzoek op het gebied van de snelle tijdsvariaties in 
dee röntgenstraling afkomstig van compacte objecten, wederom onder de begeleiding van 
Jann van Paradijs. Tijdens de loop van het onderzoek is Michiel van der Klis steeds meer 
betrokkenn geraakt bij de begeleiding. Voor dit onderzoek werd gebruik gemaakt van data 
verkregenn met de EXOSAT en Ginga satelliet. Om de gegevens van de Ginga satelliet te 
verkrijgenn ben ik twee maal een paar maanden op het Institute for Space and Astronautical 
Researchh te Japan geweest. Verder heb ik tijdens mijn AIO-schap tweemaal waarnemin
genn verricht met optische telescopen voor andere projecten: eenmaal op La Silla, Chili en 
eenmaall op Mauna Kea, Hawaii. Ik heb deze optische waarnemingen altijd erg leuk gevon
denn en daarom is het misschien wel jammer dat röntgensterrenkunde niet vanaf de grond 
verrichtt kan worden. 
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Dankwoord d 

Allereerstt wil ik mijn beide promotors bedanken voor de hun begeleiding. Beiden hebben 
opp verschillende en eigen wijze een bijdrage geleverd aan de wording van dit proefschrift. 
Jann wil ik vooral bedanken voor de wijze waarop hij altijd zeer snel zijn commentaar op 
eenn concepttekst liet weten. Dit legde meestal de zwakke plekken in een tekst bloot. Soms 
wass dit wel eens een kleine tegenvaller, maar hij had zelden of nooit ongelijk. Michiel wil 
ikk vooral bedanken voor de werkbesprekingen. Na deze besprekingen had ik, door zijn 
enthousiasme,, altijd weer zin om ergens mee verder te gaan. 

Uiteraardd wil ik ook de mensen bedanken die op het instituut rondlopen of hebben rond
gelopen.. Door af en toe een praatje met ze te maken (over onderzoek of andere onderwer
pen)) of ze te proberen te helpen met (meestal computer-) problemen, kon ik daarna weer 
friss aan mijn eigen werk beginnen. Ik ben altijd met plezier naar het instituut gegaan, mede 
omdatt de sfeer er altijd goed was. 

Ookk de organisaties die geld hebben gegeven voor de twee werkbezoeken aan Japan en 
conferentiebezoekk dienen niet onvermeld te blijven: NUFFIC, internationaliseringsfonds 
vann NWO en het Leids Kerkhoven-Bosscha fonds hebben allen bijgedragen. 

Ikk moet zeggen dat, hoewel ik dat nooit zo heb laten blijken, ik in het laatste jaar de 
aanvechtingg had om met het schrijven (dat me zwaar viel) van het proefschrift te stoppen. 
Uiteraardd ben ik nu natuurlijk blij dat ik het heb afgerond, maar de betrekkelijkheid van een 
afgerondee promotie heeft me altijd helder voor ogen gestaan. Graag wil ik dan ook Francis 
bedankenn voor haar steun tijdens de moeilijke tijden. 

Hoewell mijn toekomst onzeker is wil, ik ook mijn ouders bedanken dat zij mij altijd 
dee keuze hebben gelaten om te gaan doen wat ik zelf leuk vond. Ik vind dit zelf heel be
langrijkk en hoop dat mensen bij het aanvangen van een studie of een promotie-onderzoek 
zichh niet in de eerste plaats laten leiden door economische motieven. Uiteraard zal men de 
consequentiess dan ook voor lief moeten nemen. Het plezier dat ik heb gehad tijdens mijn 
studiee en onderzoek (en de mogelijkheden die mij geboden zijn) is heel groot geweest. 
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