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Chapterr  5 

CircinusX-11 revisited: fast-timing 
propertiess in relation to spectral 
state e 

T.. Oosterbroek, M. van der  Klis, E. Kuulkers, 
J.. van Paradijs, &  W.H.G. Lewin 

AppearedAppeared in Astronomy & Astrophysics 297, 141 

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 
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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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Û ¥* * 

8x10" " 
6x10" " 
*x10" " 
2x11 0~ 

'\JHfi*jW^l!^h'\JHfi*jW^l!^h Vy*? /W 

Wvw-*// "^^V^-V^V 

2x10** 3x10* 4x10* 5x10* 6x]D* 

Timee (seconds) 

A3 3 

"I I 
C C 
: : 

E E 

F F 

G G 

H; ; 
Bx lO** 9X10 

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 



samee phase (0.0). 
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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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