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Introductio n n 

TTHISS THESIS investigates black holes, or to be more precise, stellar-mass black holes. One 
cann study such sources in several ways, both from a theoretical and an observational point 

off  view. It is clear that black holes, like many stars, are very intriguing objects to study, but 
havee properties that are absolutely fantastic. This has led Kip Thorne to the following charac-
terizationn of black holes: 

OfOf all the conceptions of the human mind, from unicorns to gargoyles, to the hydro-
gengen bomb, perhaps the most fantastic is the black hole: a hole in space with a defi-
nitenite edge over which anything can fall and nothing can escape; a hole with a gravita-
tionaltional field so strong that even light is caught and held in its grip; a hole that curves 
spacespace and warps time. Like the unicorn and the gargoyle, the black hole seems 
muchmuch more at home in science fiction or in ancient myth, than in real universe. 
Nevertheless,Nevertheless, the laws of modern physics virtually demand that black holes exist. 
InIn our Galaxy alone there may be millions of them (taken from Novikov 1995). 

Althoughh mind boggling, phenomena like curvature of space and time in the immediate vicinity 
off  black holes, traveling inside the event horizon of a black hole, or the information paradox in 
whichh a black hole slowly evaporates by emission of thermal radiation, will not be addressed in 
thiss thesis. Instead, we report on optical and X-ray observations of binary star systems for which 
wee have good reasons to believe that they contain a black-hole primary. The analyses discussed 
inn this thesis are based on observations made at both optical and hard X-ray wavelengths and are 
presentedd in six chapters; three on X-ray and optical data each. For one source, GRO J1655—40, 
wee make an accurate measurement of the mass of the primary, and thereby show its firm black-
holee candidacy. Here, in this introductory chapter, the concept of a black hole as it occurs in 
observationall  astrophysics, is outlined and our current understanding of black holes is briefly 
reviewed,, in order to provide the necessary background information to the work presented here. 

1.11 History 

Blackk holes, a prediction of theoretical physics, constitute a physical singularity in space-time. 
Thee firsts who actually considered the possibility of what we would nowadays call 'black stars', 
weree Michell (1783) and Laplace (1795) by the end of the 18th century. After Newton, who had 
alreadyy hypothesized that light might be subject to gravitation, they independently argued that 
thee most massive stars in the universe would be invisible, i.e., would be black. They reasoned 

7 7 
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thatt for a sufficiently massive (and compact) star, the escape velocity at its surface would exceed 
thee speed of light, and therefore, light cannot escape from it. 

However,, this was not truly a prediction of the existence of black holes, as their reasoning 
wass entirely based on classical mechanics. Einstein showed early this century that for very 
strongg gravitational fields Newtonian mechanics no longer holds, and the theory of general 
relativityy has to be applied instead. Also, Michell and Laplace could not be aware of the fact 
that,, according to the theory of special relativity (also postulated by Einstein in the early 1900s), 
nothingg in nature can exceed the speed of light. Therefore, if light cannot escape from a region 
inn space, nothing is able to emerge from it, and no communication with its outside world is 
possible.. Such a star is therefore not only black, but also a true hole in space, from which 
nothingg can escape. 

Thee (classical) escape velocity from the surface of a star of mass M and radius r is given by 
vv = (2 GM/r)1 '2. By setting v to the speed of light c, the radius of the star would be 

__ 2GM 
RsRs — —^— ccz z 

Itt turns out that this expression coincides with the radial distance parameter which occurs in 
thee spherically symmetric Schwarzschild metric, describing the metric of a non-rotating object 
off  mass M. The surface which corresponds to this radius is the event horizon; no information 
fromm inside this horizon can be communicated outward. Matter flowing to a black hole, cannot 
stopp at or inside this event horizon. Once the horizon is reached, matter has to fall inevitably 
too the center of the black hole at which it collapses to a point, and where all of the mass is 
concentratedd at essentially infinite density. Note that the center of the black hole is a singularity 
wheree our current physical understanding breaks down, while the event horizon itself is not 
particularlyy special from a physical point or view. Although it is generally regarded as the 
'pointt of no return', passage of an object or observer through the event horizon of a black hole 
iss a 'non-event'. When the black hole is sufficiently large (or massive), the observer will not yet 
experiencee severe gravitational tidal forces upon passage of the event horizon. 

Thee process of the relativistic gravitational collapse of a star was first calculated by Oppen-
heimerr & Snyder (1939). They studied the collapse of a homogeneous sphere of pressure-free 
fluid,, applying the theory of general relativity, and found that if all thermonuclear sources of 
energyy of a sufficiently heavy star are exhausted, the star will collapse. This contraction will 
continuee indefinitely and the sphere will close itself from communication with a distant ob-
server.. For a black hole of one solar mass, the event horizon will be three kilometers from the 
center,, however, for a black hole with the mass of the Galaxy, the horizon is ~ 1012 km from its 
center. . 

1.22 Formation of black holes in binaries 

Duringg the stellar evolution, the nuclear fuel content of a star becomes depleted. Loss of en-
ergyy due to radiation leaving the stellar surface causes its core to contract, thereby enabling 
thee conditions under which a next stage of nuclear burning can start. When, after successive 
cycless of core contraction and subsequent nuclear burning the nuclear fuel is finally exhausted, 
thee core of a sufficiently massive star implodes and its outer layers are expelled. Sufficiently 
massivee stars may leave a neutron star or black-hole remnant at the supernova (SN) explosion, 
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dependingg on their initial mass. The lower limits to the initial mass of such progenitor stars 
forr the formation of (binary member) neutron stars or black holes are about 10 and 40-60 MQ, 
respectively.. However, the latter limit is rather uncertain as massive stars suffer heavy mass loss 
duringg their evolution, which is still poorly understood. 

Basedd on extensive observational work in the 1970s, it has become clear that there are two types 
off  X-ray binaries. They are distinguished by the mass of the mass donor, which is either ^ 10 
M 00 (high-mass X-ray binaries [HMXBs]), or ^ 1 M 0 (low-mass X-ray binaries [LMXBs]) . 
Black-holee candidates have been found among both groups. In contrast to the production of a 
HMXB,, the formation of LMXBs is an exceedingly rare event (van den Heuvel 1983), which 
impliess that the progenitor binary system should fulfil l a set of restrictive conditions in order 
too successfully produce a LMXB (see, e.g., Kalogera & Webbink 1998). Such a progenitor 
binaryy most probably has an extreme mass ratio, as the black hole must have formed from a 
veryy massive star, while its low-mass companion started out with approximately its currently 
observedd mass of ^ 1 M 0. However, when the binary member which explodes as a SN is 
thee most massive one, the system can easily be dissolved. Disruption will occur if more than 
halff  of the binary mass is lost in the SN explosion. If the exploding star still has its initial 
masss at the moment of the SN explosion, the mass lost in the SN event exceeds half of the 
binaryy mass, unless the initial mass ratio is close to unity (Verbunt & van den Heuvel 1995). 
However,, if the SN progenitor reduces its mass by transferring its envelope to the companion 
starr (conservative mass loss), it becomes relatively easy to keep the system bound after the SN 
explosionn (Blaauw 1961; Boersma 1961). This must happen in the case of HMXB formation, 
wheree large amounts of mass are transferred to the companion star, or are lost from the system, 
beforee the SN explosion occurs. A massive secondary orbiting a neutron star or black hole is 
left. . 

Conservativee mass transfer cannot take place for binary stars with an extreme mass ratio, for 
whichh reason LMXBs need to be formed through different channels (see, e.g., van den Heuvel 
1992;; Webbink 1992). For such systems a phase of common-envelope evolution is required. 
Whenn the more massive star evolves and becomes a giant, its envelope engulfs the light com-
panionn which will spiral inwards due to frictional drag. Only when the initial binary separation, 
masss ratio and fractional drag fulfil l certain conditions, the binary system will survive this so-
calledd common-envelope phase, and merging of the secondary star with the core of the primary 
iss prevented. During this phase, most of the mass is lost as the envelope is stripped from the 
system.. The remaining core (a helium star) continues its evolution and explodes as a SN. The 
masss loss during the collapse of the primary is so severe that the system would be disrupted 
iff  the explosion were symmetric. However, if the compact star receives at birth a kick veloc-
ity,, the apparent result of asymmetric core collapse, there is a small probability that the binary 
remainss bound. A kick velocity of the appropriate magnitude and direction can keep the bi-
naryy system from becoming unbound even in the case of severe mass loss. Also other, more 
exoticc LMXB formation scenarios have been proposed, including, e.g., triple-star progenitors 
(Eggletonn & Verbunt 1986), and direct SN explosion without a preceding phase of mass transfer 
(Kalogeraa 1998). Therefore, although tightly constrained by the restrictive conditions a possible 
progenitorr system has to fulfill , formation of a binary consisting of a black hole and a low-mass 
secondaryy star appears to be possible. 

Thee binary system only becomes visible as a luminous source of X-rays at the moment mass is 
transferredd to the black-hole primary. This will happen after the low-mass companion expands 
ass it ages, or the binary system has shrunk significantly by emission of gravitational radiation 
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and/orr magnetic braking. The low-mass star will then start overflowing its critical Roche lobe. 
Matterr is transferred towards the black hole, forming an accretion disk around it, in which matter 
graduallyy spirals inwards, and finally accretes onto the black hole. The luminosity arising from 
thee accretion of matter onto a compact object of mass M and radius R is given by 

GMM GMM 

Heree M is the rate at which mass flows to the compact star; most of this energy is liberated near 
thee surface of the object at radius R. For a one solar mass primary the accretion rate needs to be 
10-88 M 0 per year to release a luminosity of 1038 erg s"1, close to the maximum observed from 
galacticgalactic X-ray sources. However, we cannot apply this approach to the case of black holes, as 
suchh stars lack a hard surface. The maximum energy per unit mass which can be extracted by 
wayy of accretion to a black hole, is the specific binding energy of the innermost stable circular 
orbit,, i.e., the orbit at three Schwarzschild radii. The efficiency at which the matter is converted 
intoo energy, depends on the angular momentum of the black hole. 

Itt is interesting to compare the efficiency, 77, at which matter is converted into energy in the 
accretionn process onto compact stars, with that of the efficiency of nuclear reactions. For a white 
dwarf,, i) is of order ~ 0.001, which is comparable to the efficiency of nuclear reactions: 0.001-
0.007.. For accretion onto a neutron star or black hole, however, the efficiency of converting 
matterr into energy can become very large in comparison to the efficiency of nuclear reactions. 
Forr a neutron star, r\ is of order ~ 0.1; the maximum efficiency of extracting energy from matter 
accretingg onto a black hole depends on its angular momentum: r\ = 0.06 (non-rotating black 
hole),, 77 = 0.42 (maximal rotating black hole, Kerr solution). Therefore, release of gravitational 
energyy by way of accretion onto a black hole can be highly efficient. The release of such large 
amountss of gravitational energy in a small volume leads to high temperatures (<; 107 K), at 
whichh the bulk of the energy is emitted as X-ray photons. 

1.33 Signatures of black holes 

Itt is likely that most phenomena related to accretion flows around a compact object are influ-
encedd by basic intrinsic properties of the compact object itself, such as its mass M, its magnetic 
momentt /x, and its spin rate to. By studying the accretion flow phenomena in detail, one might 
hopee to deduce information on the intrinsic properties of neutron stars and black holes. How-
ever,, it has turned out to be difficult to distinguish binary systems containing a low-magnetic 
fieldfield neutron star from those with a black hole, based on X-ray spectral characteristics or rapid 
X-rayy variability alone. A neutron star of nominal mass (M = 1.4 M0) and radius (R = 10 km), 
iss only about three times as large as its Schwarzschild radius, for which reason the accretion flow 
aroundd a weakly magnetized neutron star and a black hole of comparable mass will bear many 
similarities,, including similar characteristic time scales. For instance, the dynamical time scale 
rdd = (r3 /GAf)1//2 at the surface of a 1.4 M 0 neutron star is ~0.1 ms, while at the innermost 
stablee orbit (i.e., at three Schwarzschild radii) of a 3 M 0 black hole, r<i ~0.2 ms. 

Ass is mentioned in Section 1.1, black holes are singular points in space and do not have a hard 
surface;; therefore, matter is indifferent to flowing through the black hole event horizon. In 
contrastcontrast to black holes, neutron stars do possess a solid surface on which matter can accrete. 
Thee presence or absence of a solid surface on which matter can accrete, might give rise to 
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observablee differences between the energy spectra and rapid X-ray variability of neutron star 
andd black-hole systems. A direct positive identification of a neutron star primary arises from 
thee observation of type I X-ray bursts, and of regular X-ray pulsations, which require a solid 
surfacee on the compact object, and therefore rule out the presence of a black hole in the binary 
system.. In the absence of X-ray bursts or X-ray pulsations, one might attempt to distinguish 
betweenn a neutron star or black-hole primary on the basis of their spectral and X-ray variability 
characteristics.. However, some of these characteristics are found among both black-hole and 
neutronn star systems. For instance, the X-ray variability characteristics of atoll sources, which 
harborr a neutron star primary, are very similar to those of black-hole candidates in the low 
statee (see, e.g, Section 1.3.4). Also, their 1-20 keV X-ray spectra can become quite hard, like 
iss the case in black-hole candidates in the low state. The ultra-soft spectral component in the 
X-rayy spectra of black-hole candidates in the high state, is also not a characteristic unique of 
black-holee systems, as ultra-soft spectra have been detected from 'anomalous' X-ray pulsars too 
(Stellaa et al. 1998). Therefore, the observation of an ultra-soft spectrum and/or a high-energy 
power-laww tail above 20 keV, together with the existence of different spectral states (high-soft, 
andd low-hard) and millisecond variability, is used to infer the presence of a black hole in an 
X-rayy binary based on X-ray diagnostics. These criteria have proven to be quite successful, 
ass demonstrated by subsequent dynamical studies of such binary systems. A more detailed 
discussionn of black-hole candidate characteristics (rapid X-ray variability, X-ray spectra, source 
states,, mass function) is given in Sections 1.3.2 to 1.3.5. 

Basedd on general physical considerations, e.g., the sound speed should not exceed the speed of 
lightt (Hartle 1978), one can derive that the mass of a neutron star cannot exceed a certain max-
imumm value. Nauenberg & Chapline (1973) and Rhoades & Ruffini (1974) have shown on the 
basiss of these considerations that the maximum gravitational mass of a slowly rotating neutron 
star,, independent of the equation of state (EOS) of high-density matter, is ~ 3 MQ. Detailed 
modelingg of neutron stars, yield masses mainly between 1.3 and 1.9 M 0 for different EOS, 
althoughh Arnett & Bowers (1977) and Prakash, Ainsworth & Lattimer (1988) have shown that 
thee neutron star mass may reach 2.7 MQ for extreme cases with very stiff EOS. Rapid uni-
formm rotation (for extreme EOS) further increases the maximum neutron star mass up to ~ 3.2 
M 00 (Friedman, Ipser & Parker 1986). The measured masses of neutron stars in binary systems 
liee in the range 1.0-1.8 M 0 (Thorsett et al. 1993; Finn 1994; van Kerkwijk, van Paradijs & 
Zuiderwijkk 1995; van Paradijs 1998). Although a dynamical mass estimate of a compact object 
exceedingg ~ 3 MQ is rather compelling, it is still no conclusive evidence of their being a black 
hole.. As argued above, black holes are characterized in particular by the absence of a solid 
surface,, but such evidence is hard to provide. Therefore, since systems with dynamical mass 
estimatess exceeding ~ 3 M 0 cannot be neutron stars, these are commonly denoted by the term 
black-holee candidate (BHC). 

1.3.11 The first  BHC: Cyg X-l 

Thee first X-ray source of which the binary nature was established, also provided the first ob-
servationall  evidence for the existence of black holes: the X-ray source X-l in the constellation 
Cygnus.. The X-ray source was discovered during a rocket flight in 1965 by Bowyer et al. (1965) 
andd is the brightest persistent X-ray source in the sky at energies > 20 keV. Subsequent X-ray 
observationss narrowed down its X-ray error box (Rappaport, Zaumen & Doxsey 1971), which 
ledd to the detection of a likely radio counterpart (Braes & Miley 1971; Hjellming & Wade 
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Figuree 1.1: Typical power density spectra of black-hole candidates in the low state (Cyg X-l ) 
andd in the high state and very high state (GS 1124-68) observed with GINGA. The high state 
powerr spectrum was shifted down by one decade for clarity (from van der Klis 1995b). 

1971).. Confirmation that the radio source is associated with Cyg X-l was established when its 
radioo brightness showed a large increase correlated with a major hardening of the 2-10 keV 
X-rayy spectrum (Tananbaum et al. 1972). Based on the accurate radio position, Cyg X-l was 
opticallyy identified by Webster & Murdin (1972) and Bolton (1972) with HD 226868 (VI357 
Cyg),, an 09.7 supergiant with an orbital period of 5.6 days. The mass function of Cyg X-l is 
onlyy 0.24 M 0, but since the mass of the secondary likely exceeds ~ 15 M 0, the mass of the 
compactt object in Cyg X-l is higher than 4 MG), which exceeds the maximum possible mass 
off  a neutron star. Therefore, the HMXB Cyg X-l was from the beginning considered a strong 
black-holee candidate. 

Spectrall  transitions of BHCs were first noticed in the X-ray spectra of Cyg X-l (Tananbaum 
ett al. 1972). The source exhibits two spectral states; the common low (or hard) state, character-
izedd by a hard X-ray spectrum, and the relatively rare high state, when the spectrum consists of 
ann ultra-soft component and a high-energy tail (see, e.g., Sect. 1.3.4). Cyg X-l is a bright radio 
sourcee when it is in the low state, whereas it is radio weak in the high state. Rapid variability 
off  the X-ray flux was detected first in Cyg X-l , its flux varies on all time scales down to a 
feww milliseconds. This variability is strongly correlated with the spectral hardness of Cyg X-l 
(Tanakaa & Lewin 1995; Crary et al. 1996a). 
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1.3.22 Rapid X-ray variabilit y 

Matterr accreting onto a compact object moves across small distances under the influence of a 
strongg gravitational force, due to which large accelerations are produced. The resulting short 
characteristicc time scales are in the order of milliseconds for both neutron stars and black holes. 
Therefore,, rapid X-ray variability may occur in binaries containing a compact object. Such 
fast,, aperiodic X-ray variability on a time scale less than 0.1 sec was observed first in Cyg X-l 
inn 1971 (Odaet al. 1971), shortly before it was proposed that Cyg X-l contained a black-hole 
primary.. This observation led to the idea that strong, rapid X-ray variability might be a signature 
off  an accreting black hole. However, similar fast-variability characteristics were detected from 
VV 0332+52, a Be/X-ray transient containing a pulsar with a period of 4.4 sec (Stella et al. 1985). 
Sincee X-ray pulsars are neutron stars, this observation disqualified rapid X-ray variability as a 
uniquee black-hole signature. 

Muchh later it was found that several BHCs show low-frequency (0.04-0.8 Hz) quasi-periodic 
oscillationss (QPOs) (van der Kli s 1995b; van der Hooft et al. 1996). However, QPOs of com-
parablee frequency have also been observed from the Rapid Burster (Lubin et al. 1992; Lubin 
ett al. 1993), which harbors a neutron star (Lewin, van Paradijs & Taam 1995). Therefore, low-
frequencyy QPOs are not a conclusive diagnostic of the presence of a black hole either. Typical 
black-holee candidate power spectra are displayed in Figure 1.1. 

1.3.33 X-ray spectra 

Thee X-ray spectra of BHCs generally consist of two components, whose relative strengths can 
varyy by a large factor. The high-energy part of the spectrum fè 20 keV) is dominated by a power 
law,, sometimes detected up to several hundred keV, with a typical photon index ~ 1.5 to ~ 2.5. 
Thiss component is interpreted as the result of Compton up-scattering of low-energy photons 
inn a very hot medium, generally associated with a disk corona, or a geometrically thick disk 
(Sunyaevv & Titarchuk 1980). The second component in the energy spectra is ultra-soft. This 
componentt is limited to energies below 10 keV and can roughly be described by a Planck func-
tionn with a blackbody temperature of ~ 1 keV. It is interpreted as emission arising from an opti-
callyy thick, geometrically thin accretion disk around the compact object. X-ray spectra of four 
BHCs,, showing both the hard power-law tail and the ultra-soft component, are shown in Fig-
uree 1.2. It has been suggested that the presence of the hard power-law tail in the X-ray spectrum 
(££ 20 keV) may be the signature of a black hole (see, e.g., Sunyaev et al. 1991b). This conjec-
turee was put forward based on both theoretical considerations (Sunyaev & Titarchuk 1989), as 
welll  as observational data. All dynamically proven black-hole binaries exhibit, at least some-
times,, the hard spectral component (Gilfanov et al. 1995). However, low-luminosity neutron 
starr LMXBs, often exhibit a single power-law type spectrum which can extend up to 100 keV 
andd beyond (Barret et al. 1991). Therefore, the hard power-law spectrum alone is not a feature 
uniquee in BHCs. Van Paradijs & van der Kli s (1994) have shown that there exists a general anti-
correlationn between the hardness of the 20-100 keV spectra and the luminosity of non-pulsating 
LMXBs.. However, BHCs may be the only type of systems which exhibit a hard X-ray spectrum 
att high luminosities. 
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Figuree 1.2: The X-ray spectra of the black-hole candidates GS 1124-68, GS 2023+338, 
Cygg X-l , and GS 2000+25 (shifted down by one decade for clarity), observed with Mir-Kvant 
andd GRANAT. All sources show a hard power-law tail up to several hundred keV. The energy 
spectraa of GS 1124—68 and GS 2023+338 show in addition a significant ultra-soft component 
(fromm Gilfanov et al. 1995). 

1.3.44 Source states 

Thee simultaneous analysis of spectral and rapid temporal variability of BHCs has led to the 
distinctionn of different source states (see, e.g., van der Kli s 1995b). In the low (or hard) state 
(LS)) the energy spectra are dominated by a hard power-law component with photon spectral 
indexx of ~ 1.5-2, while the ultra-soft spectral component is weak or absent. The power density 
spectraa (PDSs) show a strong broad-band noise component with a flat top below 0.03-0.3 Hz, 
andd fractional rms amplitudes up to 50% which is not strongly dependent on photon energy. 
Att higher frequencies the PDS can be described by a power law of slope 2 and a variable low-
frequencyy cut-off. Belloni & Hasinger (1990a) found that as this break frequency changes, 
thee high-frequency part of the PDSs remained approximately constant. As a result, the power 
integratedd over a frequency range below the break frequency is strongly anticorrelated with 
thee break frequency. In several sources, low-frequency QPOs were observed in hard X-rays at 
frequenciess similar to the cut-off frequency (van der Klis 1995b; van der Hooft et al. 1996). In 
thee high (or soft) state (HS) the 1-10 keV flux is an order of magnitude higher than in the LS 
duee to the ultra-soft spectral component. The LS power-law spectral component is sometimes 
stilll  visible at higher energies, with usually a somewhat steeper slope (~ 2-3). The amplitude 
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off  the X-ray variation is small (fractional rms amplitude less than ~ 10%); the PDSs can be 
representedd by a power law with index ~ 1-1.5. The very-high state (VHS) has similar spectral 
characteristicss as the HS (at a higher 1-10 keV luminosity), but can be distinguished from 
thee HS by its broad-band noise properties and the 3-10 Hz QPOs, with (sub)harmonics (see 
Fig.. 1.1). 
'Low',, 'high' and 'very high' refer to the source flux in the classical 1-10 keV energy band, 
andd it has been suggested based on the ordering of these states during the X-ray outburst 
off  a BHC, that the sequence LS -> HS -> VHS is one of increasing mass accretion rate 
(vann der Kli s 1994b). Indeed, during its 1991 outburst, GS 1124-68 sequentially went through 
thee very high, high and low state while its count rates decreased. In addition, the PDS showed 
characteristicss of the VHS when the source moved from the HS to the LS, indicative of a 
possiblee intermediate state. Such an intermediate state has also been observed in Cyg X-l 
(Bellonii  et al. 1996) and GX 339-4 (Méndez & van der Kli s 1997). Also, rapid variability 
similarr to that seen in the LS, is sometimes observed in the HS and VHS. LS temporal char-
acteristicss were observed in GS 2023+338 and GRO J0422+32 while these sources were very 
bright.. Note that as the soft spectral component is virtually constrained to the & 10 energy band, 
thee high energy (~ 100 keV) X-ray flux in the low state may become larger than in the high state 
(seee Fig. 1.2). 

1.3.55 Mass function 

Thee most reliable method to distinguish a black hole from a neutron star is determining its mass. 
Ass the conventional mass limit of a neutron star is believed to be 3-3.2 MQ, a compact object 
withh a mass exceeding this value is generally viewed as a strong black-hole candidate. The 
masss of the compact object can be determined by studying the absorption line spectrum of the 
companionn star, i.e., solving the mass function,/opt (M). The mass function can be derived from 
thee orbital period, Porb, and the observed semi-amplitude, Kopt = ôpt sin ü of the radial-velocity 
variationss of the secondary star, and is defined by 

ff (M\ ^X s in3 i _K%plPolh 
W M j ~ ( M xx + Mopt)

2 2TTG 

inn which i is the binary inclination of the orbit to the line of sight, and Mx and Mopt denote the 
masss of the compact object, and secondary star, respectively. From this expression it follows 
thatt the mass function itself represents a firm lower limit to the mass of the compact object; 
MxMx cannot be less than fopt (M). Therefore, a mass function in excess of 3 M 0 directly provides 
dynamicall  evidence that the compact object in the binary system is a black hole. During the past 
decade,, this method has proven to be quite successful in classifying several LMXBs as BHCs; 
inn almost all cases/opt (M) > 3 MQ (see Table 1.1). In the case the secondary star is massive 
(i.e.,, for a HMXB), the mass function reduces to a small number as the mass of the compact 
objectt is comparable to (or smaller than) the mass of the secondary star. Therefore, in order 
too derive a reliable value of Mx, both Mopt and i (or, equivalently, q and i) must be accurately 
known,, which introduces the potential of systematic uncertainties in the mass estimation of the 
compactt object. 

Severall  systematic effects may modify the amplitude of the radial-velocity variations of the 
secondaryy star, and therefore, determination of the mass of the compact object (van Paradijs & 
McClintockk 1995). The observed radial-velocity variations of the secondary star are averaged 
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Orbitall Phase 

Figur ee 1.3: Theoretical radial velocity (top) and optical light curve (bottom) of Nova Sco 1994, 
togetherr with a model picture of the binary system at four different orbital phases. The light 
curvee and model pictures were computed with the theoretical model described in Chapter 7, 
andd the following parameters: mass of the compact star M x = 7.0 M 0 , mass of the secondary 
starr M opt = 2.3 M 0 , binary inclination i = 67?50, orbital period P = 2.62 days, optical luminos-
ityy Lopt = 41 LQ, fractional radius of the accretion disk (in terms of the effective Roche lobe) 
aa = 0.8, flaring angle of the disk 7 = 2°, a temperature at the outer edge of the disk Tedge = 100 
K,, and a gravity darkening coefficient /3 = 0.25. The radial-velocity curve is a sinusoid with 
radial-velocityy semi-amplitude K= 228 km s_ 1, and a space velocity of — 142 km s_ 1. 

overr its surface. Therefore, temperature variations across the stellar surface due to tidal dis-
tortion,, and/or X-ray heating by the compact object, may cause the observed radial velocities 
too deviate significantly from the center-of-mass velocity. Also, possible contamination of the 
stellarr absorption lines by emission lines arising in the accretion disk, an accretion stream to-
wardss the disk, or circumstellar material, can make determination of accurate radial velocities 
hazardous. . 

Ass the secondary fills its Roche lobe, and under the assumption of co-rotation, the ratio of its 
effectivee radius and the orbital semi-major axis is determined by the mass ratio q = Mopt/Mx-
Byy using Paczyriski's (1971) expression for the radius of the Roche lobe of the secondary, the 
radial-velocityy semi-amplitude A"opt and rotational broadening vTOt sin i are related to the mass 
ratioo via 

^ ^ = 0 . 4 6 [ ( ll  + g ) V / 3 
-ftt opt 
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Therefore,, by comparing the radial-velocity amplitude of the secondary star and its projected 
rotationall  velocity as observed from the broadened spectral lines, the mass ratio of the binary 
systemm can be measured. This procedure is thought to be reliable, but technically challenging 
ass typical values of the rotational broadening are 30-80 km s'1. High-dispersion, high signal-
to-noisee observations are required, making this method applicable to the brightest systems only. 
Furtherr constraints on the mass of the compact object and secondary star require knowledge 
off  the orbital inclination, which can be obtained by studying the ellipsoidal variations of the 
secondaryy by way of optical photometry. 

Ellipsoidall  light curves are caused by the tidal and rotational distortion of the secondary star, 
andd a non-uniform surface brightness distribution (gravity darkening). The double-waved shape 
off  the ellipsoidal light curve reflects the observed projected surface area of the non-spherical 
secondaryy star: equal maxima occur near quadratures, minima near conjunctions. The deepest 
minimumm in the ellipsoidal light curve occurs at superior conjunction of the secondary with 
respectt to the compact star. At this orientation, the observer views a region of the star at which 
thee surface gravity, and therefore the surface brightness, is minimal. A theoretical ellipsoidal 
lightt curve, together with model pictures of the binary system and a theoretical radial-velocity 
curve,, are shown in Figure 1.3. If the secondary star fills its Roche lobe, the shape of the el-
lipsoidall  light curve is completely determined by the mass ratio and binary inclination only. 
However,, X-ray heating by the compact star, the presence of a (bright) accretion disk, and 
intrinsicc variability of the secondary may alter the shape of the ellipsoidal light curve signifi-
cantly.. Nevertheless, by taking such disturbing effects into account when necessary, one can 
derivee constraints to q and i by studying the ellipsoidal light curves in detail (van der Hooft 
ett al. 1997,1998a). 

1.44 Black-hole X-ray transients 

Softt X-ray transients (SXTs) are among the best studied examples of accreting stellar mass 
blackk holes (van Paradijs & McClintock 1995; Tanaka & Lewin 1995; Tanaka & Shibazaki 
1996).. In the 1970s, these transients were studied in the 2-10 keV energy band first, which 
resultedd in the detection of an ultra-soft component in the energy spectra. The classification 
'soft'' distinguishes this subclass of LMXBs from the hard X-ray transients which are associ-
atedd with massive Be star systems. However, later spacecraft often observed an additional very 
hardd power-law component in the X-ray spectra of SXTs at higher energies, which is detectable 
upp to several hundreds of keV. Four SXTs have shown type I X-ray bursts (Cen X-4, Aql X-1, 
1608-522,, and 1658—298), which establishes that the compact object in these systems is a neu-
tronn star. Radial-velocity studies of Cen X-4 (McClintock & Remillard 1990; Shahbaz, Naylor 
&&  Charles 1993) show that the mass of its primary is consistent with 1.4 M 0, i.e., the canonical 
masss for a neutron star. Remarkably, dynamical studies indicate that at least eight, and possi-
blyy all of the remaining SXTs which do not show X-ray bursts, appear to contain a black-hole 
primary.. Therefore, these systems are often referred to as black-hole X-ray transients (BHXTs). 

BHXTss are characterized by outbursts (typical duration weeks to months) driven by accretion 
instabilities,, during which their X-ray luminosity suddenly increases, separated by long periods 
off  quiescence with very low emission of X-rays. The outbursts are recurrent on a time scale 
off  typically years to decades; therefore, these sources spend most of their life in the quiescent 
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Sourcee name 

HMXB: HMXB: 
CygX-1 1 
LMCC X-3 
LMCC X-l 

LMXB: LMXB: 
GROO J0422+32 
AA 0620-00 
GRSS 1009-45 
GSS 1124-683 
GSS 1354-64 
AA 1524-61 
4UU 1543-47 
4UU 1630-47 
GROO J1655-40 
GXX 339-4 
HH 1705-25 
GROO J1719-24 
GRSS 1737-31 
IEE 1740.7-2942 
HH 1741-32 
4UU 1755-33 
GRSS 1758-258 
EXOO 1846-031 
GRSS 1915+105 
4UU 1957+11 
GSS 2000+25 
GSS 2023+338 

V1357Cyg g 

V518Per r 
V616Mon n 
XNVell  1993 
GUMus s 
BWCir r 
KYTrA A 
ILL Lup 

VI0333 Sco 
V8211 Ara 
V2107Oph h 
V22933 Oph 

V4134Sgr r 

V1408Aql l 
QZVul l 
V4044 Cyg 

Period d 
(hr) ) 

134.4 4 
40.8 8 

101.3 3 

5.1 1 
7.8 8 
6.9 9 

10.4 4 

27.0 0 

62.9 9 
14.8 8 
12.5 5 

4.4 4 

9.3 3 
8.3 3 

155.4 4 

V V 
(mag) ) 

8.9 9 
~17ö ö 

14.5 5 

22.4 4 
18.3 3 
21.6 6 
20.5 5 
21.3 3 

~22 2 
16.7 7 

17.3 3 
20.2 2 
21.3 3 

~22 2 

~19 9 

~~ 18.7 
22.5 5 
18.4 4 

fofoPPt(M) t(M) 
(M0) ) 

0.244 + 0.1 
2.33 + 0.3 

0.144 + 0.05 

1.21+0.06 6 
2.91+0.08 8 

3.01+0.15 5 

0.222 + 0.02 

3.244 + 0.09 

4.866 + 0.13 

5.022 + 0.46 
6.088  0.06 

i i 

(°) ) 

28-38 8 
64-70 0 
40-63 3 

400 b 

C C 

444 + 7 
600 + 5 

24-36 6 

677 + 4 

70+10 0 

733 + 7 
566 + 4 

MMx x 

(M 0) ) 

£4 4 
£7 7 
£ 6 6 

4 +1 1 
4.99 + 0.7 

6+1.5 5 

2.7-7.5 5 

77 + 0.7 

6 +1 1 

MM2 2 

(M e) ) 

£15 5 

£20 0 

0.4 4 
0.7 7 

0.8 8 

2.3-2.6 6 

2.3 3 

0.7 7 

7+1.55 0.4-0.9 
122 + 2 0.7 7 

aa Mean brightness varies between 16.7-17.5 
hh Beekmanetal. (1997) report 10°-31°, andA/x > 9 M 0 
cc Shahbaz, Nay lor & Charles (1994a) report 31°-54°, and A/x 1OM0 0 

Tablee 1.1: Properties of HMXB and LMXB black-hole candidates. Both the system name, as 
welll  as the name commonly used to denote the optical counterpart (if known), are listed. The 
thirdd column gives the orbital period in hours derived from photometry and/or spectroscopy, 
exceptt for 4U 1755—33, for which the period was derived using X-ray dips. The next three 
columnss list the quiescent V-band magnitude, mass function, and binary inclination. The final 
twoo columns give the limits to the mass of the compact object and secondary star, respectively. 
Dataa have been taken from Tanaka & Lewin (1995), van Paradijs (1995), Chen, Shrader & Livio 
(1997)) and references therein, Orosz et al. (1998), and van Paradijs (1998). 
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Sourcee name 

HMXB: HMXB: 
CygX-1 1 
LMCC X-3 
LMCC X-l 

LMXB: LMXB: 
GROO J0422+32 
AA 0620-00 
GRSS 1009-45 
GSS 1124-683 
GSS 1354-64 
AA 1524-61 
4UU 1543-47 
4UU 1630-47 
GROO J1655-40 
GXX 339-4 
HH 1705-25 
GROJ1719-24 4 
GRSS 1737-31 
IEE 1740.7-2942 
HH 1741-32 
4UU 1755-33 
GRSS 1758-258 
EXOO 1846-031 
GRSS 1915+105 
4UU 1957+11 
GSS 2000+25 
GSS 2023+338 

Year r 

1965 5 
1970 0 
1970 0 

1992 2 
1975a a 

1993 3 
1991 1 
1987b b 

1974 4 
1971 1 
1971c c 

1994 4 
1972 2 
1977 7 
1993 3 
1997 7 

1977 7 
1972 2 
1990 0 
1985 5 
1992 2 
1972 2 
1988 8 
198914 4 

logg (Flux) 
(ergg cm-2 s"1) 

-7.6 6 
-9.0 0 
-9.2 2 

-7.46 6 
-6.00 0 
-7.73 3 
-6.77 7 
-6.54 4 
-8.53 3 
-6.65 5 
-7.64 4 
-7.16 6 
-7.3r f f 

-7.24 4 
-6.72 2 
-8.6e e 

-8 .5/ / 
-7.6 6 
-8.4C C 

-8.6e e 

-8.07 7 
-7.47 7 
-9.3» » 
-6.71 1 
-6.24 4 

X-rayy spectrum: 
US/S S 

y(hs) ) 
n(ls) ) 

y y 
y y 

n n 
y y 
y y 

yy (vhs) 

y y 
y y 
y y 
y y 
n n 

y(hs) ) 
"(Is) ) 

y y 
n n 

n n 
y y 
y y 
n n 
y y 

y y 
y y 
n n 

PL L 

y(hs) ) 
1.5-2.2(ls) ) 

2.22 + 0.1 
2.33 + 0.1 

2.2 2 

2.5 5 
2.2-2.66 (vhs) 

1.5-1.88 (Is) 
2.1 1 
y y 
2-3 3 
2.5 5 
2.1 1 

2.55 (hs) 
1.7{ls,os) ) 

2.7 7 
2.0-2.3 3 

1.7 7 
1.9-2.9 9 

2.4 4 

2 2 

2.1 1 
1.9-2.5 5 
1.3-1.6 6 

QPO O 
(Hz) ) 

0.04 4 

0.075 5 

0.3 3 

3-10 0 

300 0 
6(hs) ) 

~~ 0.1 (Is, os) 

0.04-0.3 3 

10~3-67 7 

aa Also optical outburst in 1917 e 2-200 keV energy band 
66 Also 1967, and possibly 1971 ' 4-300 keV energy band 
cc Outbursts are recurrent at a period of ~ 600 days 9 2-11 keV energy band 
dd 1-20 keV energy band h Also optical outburst in 1938, 1956, and possibly 1979 

Tablee 1.1: (continued) The second column lists the year of first X-ray detection, note however 
thatt several sources have shown recurrent outbursts. The third column contains the calibrated 
peakk flux in the 0.4-10 keV energy band, unless indicated otherwise. The next two columns 
givee the properties of the X-ray spectra; ultra-soft (US), or soft (S) component, and index of 
highh energy power-law tail (PL). For some sources the entries are distinguished between the off 
statee (OS), low state (LS), high state (HS) and the very high state (VHS). The final column lists 
thee (range of) QPO frequencies observed in X-rays. Data for GRO J0422+32 were adapted 
fromm Pietsch et al. (1993) and Denis et al. (1994); GRS 1009-45 from Shahbaz et al. (1996); 
GROO J1655-40 from Greiner, Predehl & Pohl (1995); GRO J1719-24 from van der Hooft 
ett al. (1996); GRS 1737-31 from Cui et al. (1997b); remaining data were taken from Tanaka 
&&  Lewin (1995), van Paradijs (1995), Chen et al. (1997) and references therein. 
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state.. During outburst, the X-ray luminosity of BHXTs can increase by factors up to ~ 106, 
whilee the optical luminosity increases by factors of a few hundred. The optical light of the 
systemm becomes dominated by the contribution of the bright accretion disk, and any variation 
inn the brightness of the disk related to a hot spot, or to gas flows to the disk, dominate the 
ellipsoidall  variations of the main-sequence secondary star. However, during quiescence most 
off  the optical light comes from the faint secondary star. 

Thee importance of SXTs relative to the class of LMXBs as a whole, is that as luminous X-ray 
sourcess they signify the presence of a neutron star or black hole in the system, while as tran-
sientss they hold out the rare prospect of observing the secondary star directly, when the domi-
nantt light from the accretion disk has faded. Observations of BHXTs have so far been mainly 
concentratedconcentrated on X-ray and optical/near-IR wavelengths, while more recently the importance 
off  quick radio follow-up observations have become clear. Detection of the X-ray outburst of 
aa previously unknown BHXT requires the presence of instruments capable of monitoring the 
wholee sky (so-called all sky monitors [ASMs]) at X-ray wavelengths. In the past decade the 
ASMss on the GINGA and GRANAT satellites and on the Mir-Kvant space station, and the 
Burstt And Transient Source Experiment on board of the Compton Gamma Ray Observatory 
havee detected bright transient X-ray sources at a rate of 1-2 per year. Optical follow-up ob-
servationss performed shortly after the initial X-ray detection led to the identification of these 
sourcess with faint stars, which brightened by several magnitudes together with the increase in 
X-rayy flux. Subsequent dynamical studies during the quiescent state have led to the conclusion 
thatt a significant fraction of these sources are BHXTs. 

Propertiess of individual HMXB and LMXB BHCs are listed in Tab. 1.1. 

1.4.11 A 0620-00 (V616 Monocerotis) 

AA 0620—00 (V616 Monocerotis, Nova Mon 1917/1975) is a recurrent transient which exhib-
itedd outbursts in 1917 (Eachus, Wright &Lille r 1976) and 1975, when it was discovered with 
ArielAriel 5 (Elvis et al. 1975). Within a few days the X-ray flux rose to ~ 50 Crab (~ 1.3-6 keV). 
Att first the X-ray flux decreased exponentially with a decay time of ~ 24 days (Matilsky et al. 
1976),, and then showed a distinct second, and a broad third maximum, about 55 and 200 days, 
respectively,, after the primary maximum. The energy spectrum of A 0620—00 was ultra-soft 
(Ricketss et al. 1975; White & Marshall 1984), and softened during the decay. The spectrum 
containedd a hard tail above 10 keV (White, Kaluzienski & Swank 1984). 

Duringg its X-ray maximum the source was identified with a blue star of V~ 12 (Boley et al. 
1976)) which decayed in 15 months to its quiescent brightness of V~ 18.3 (Murdin et al. 1980). 
Thee decay in the optical was ~ 0.015 mag per day during the first ~ 125 days, then a flatten-
ingg occurred during the next ~ 70 days, followed by a fast decline of ~ 3 mag in ~ 3 weeks 
(Whelann et al. 1977, and references therein; Lloyd, Noble & Penston 1979). Optical spectros-
copyy during quiescence showed the characteristic absorption lines of a K5 V dwarf, super-
imposedd on a blue continuum with double-peaked Balmer emission lines characteristic of an 
accretionn disk (Oke 1977; Whelan et al. 1977; Murdin et al. 1980). The quiescent optical emis-
sionn is modulated with the orbital period of 7.75 hr (McClintock et al. 1983). 

Inn quiescence, A 0620—00 is a relatively bright object and McClintock & Remillard (1986) 
weree able in 1985 January to measure the radial-velocity curve of the K5 dwarf. The AT-velocity 
amplitudee of 457  8 km s_1 led to a mass function of 3.18  0.16 M 0, based on which they 
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concludedd that the compact object in A 0620—00 is probably a black hole. With this observa-
tion,, A 0620—00 became the third stellar mass BHC based on dynamical arguments (the other 
twoo candidates being the HMXBs Cyg X-l and LMC X-3), and the first member of the class of 
BHXTs. . 

1.55 Recent results 

1.5.11 Accretion instabilit y 

Itt is generally accepted that dwarf nova outbursts are caused by a thermal-viscous instabil-
ityy in the accretion disk around the white dwarf, and can occur if the mass accretion rate is 
sufficientlyy low. In this model, the entire accretion flow (both in quiescence and during out-
burst)) is assumed to be in the form of a thin disk which extends to the innermost stable orbit 
(Mineshigee & Wheeler 1989). The mass accretion rate M critical for occurrence of the insta-
bilityy depends on the orbital period. Van Paradijs (1996) and King, Kolb & Burderi (1996) 
havee shown that the distribution of SXTs and persistent LMXBs in a (/'orb. M) diagram may 
bee understood within the concept of the dwarf nova instability if X-ray heating of the accretion 
diskk is taken into account. Crucial in the argument is that the temperature of the accretion disk 
iss determined by X-ray heating. The relation dividing the transient from the persistent sources, 
agreess well with the observed separation of persistent LMXBs and SXTs. These results show 
thee importance of X-ray heating: stability of the mass accretion flow onto the compact star is 
nott determined by the rate of the mass transfer itself, but by the X-ray luminosity. Therefore, 
X-rayy heating of the accretion disk by the central source should be included when modeling the 
outburstss of SXTs. 

1.5.22 Transient nature of SXTs 

Thee fraction of BHCs among SXTs is significantly larger than that among persistent LMXBs. 
Itt has been suggested that this reflects the lower mass-transfer rates in the black-hole systems 
(White,, Kaluzienski & Swank 1984), which results in unstable accretion disks and subsequent 
X-rayy outbursts. The mass transfer rate one expects for a main-sequence secondary star may 
causee the accretion disk in such BHXTs to become unstable, however, the same scenario would 
applyy to neutron star LMXBs, while the majority of these are observed to be persistent. Re-
cently,, it was shown that X-ray irradiation of the accretion disk by the central source is important 
inn determining the stability of the disk (van Paradijs 1996, see also Section 1.5.1), decreasing 
thee upper limit on the critical mass transfer rate for systems to becomee transient. 

Irradiationn of the accretion disk by the central source suppresses the transient behavior of short-
periodd neutron star LMXBs (orbital period & 1 day), except at extremely low mass transfer 
rates,, making them persistent X-ray sources. Despite the effects of X-ray irradiation, most long-
periodd neutron star LMXBs with a low-mass giant donor (^ 1 day) will be transient (King, Kolb 
&&  Burderi 1996; King et al. 1997). Therefore, a significant fraction of the neutron star LMXBs 
havee mass transfer rates low enough to be transient. Most short-period black-hole systems will 
formm with unevolved main sequence secondaries and generally have much higher mass transfer 
rates.. The fact that the majority of such black-hole systems are nevertheless transient, led 
King,, Kolb & Szuszkiewicz (1997) to argue that X-ray irradiation differs sharply for a neutron 
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Figuree 1.4: AAT and WHT spectra of Cen X-4, GS 2023+338 and A 0620-00 showing the 
presencee of Li A6708 A (from Charles 1994). 

starr and a black-hole X-ray binary. Irradiation of the accretion disk is much weaker if the 
accretingg object is a black hole rather than a neutron star. As a black hole does not have a solid 
surface,, it cannot act as a point source for irradiation. Instead, the X-ray luminosity of a black 
holee is released in the inner region of the accretion disk, i.e., a flat surface nearly parallel to the 
outerr layers of the disk. In such a configuration, the accretion disk is likely to be irradiated less 
effectively,, and most black-hole binary appear transient, even at mass transfer rates larger than 
thosee of neutron star binary. Moreover, if the accretion flow onto a black hole is dominated by 
advection,, its X-ray luminosity will be decreased significantly (see, e.g., Section 1.5.3). The 
observationn that the majority of the black-hole binary are transient, may therefore be related 
directlyy to the fundamental property of black holes: the absence of a solid surface. 

1.5.33 Advection-dominated accretion 

Althoughh SXT outbursts are in some respects similar to those observed in dwarf novae, and 
basicc features of the light curves of BHXTs can be well described by the disk instability model, 
thee estimated recurrence time between successive outbursts disagrees significantly with the ob-
servedd constraints (Lasota, Narayan & Yi 1996). Furthermore, McClintock, Home & Remillard 
(1995)) showed for A 0620—00 that its optical and X-ray data are inconsistent with any accre-
tionn model purely based on a thin accretion disk. Narayan, McClintock & Yi (1996) recently 
proposedd that this can be solved with a model in which the accretion flow occurs as a thin disk 
outsidee a transition radius rtr only, while the accretion inside this radius occurs via an advection-
dominatedd accretion flow (ADAF). The transition to such ADAF occurs at low mass accretion 
ratess M, at which the time scale for radiative cooling of the inner disk becomes longer than the 
radial-floww time scale. Therefore, the liberated gravitational potential energy is stored in the 
accretingg gas, rather than being radiated locally. In the case of a black hole as central accretor, 
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mostt of these internal energy will then flow through its event horizon. Therefore, in contrast to 
thinn accretion disks, most of the energy is advected with the gas flow into the black hole. 

Apartt from this ADAF at low values of M, there is another solution to the accretion disk flow 
problem,, which is associated with very high M. The flow is then optically thick, and most 
off  the generated photons will be dragged into the black hole by the accreting gas (Katz 1977; 
Begelmann 1978). The high M ADAF has not yet found application to real sources. It has been 
shownn that the low M ADAF is both thermally and viscously fully stable (Abramowicz et al. 
1995;; Narayan & Yi 1995), and the low M ADAF has been applied to explain the quiescent 
statee of SXTs. The quiescent optical and X-ray spectra of GS 2023+338 and A 0620-00 
(Narayan,, McClintock & Yi 1996), and GRO J1655-40 (Hameury et al. 1997) can be explained 
byy an inner optically thin ADAF extending from the black-hole radius to ~ 104 Schwarzschild 
radii,, and an outer geometrically thin disk beyond this radius. Also, the observed delay of the 
X-rayy to the optical flux during the 1996 April outburst of GRO J1655—40 provides support to 
thee ADAF model (Orosz et al. 1997). 

Thee five distinct spectral states observed in BHXTs, can be ordered in a sequence of increas-
ingg luminosity: quiescent state, low state, intermediate state, high state, and very high state 
(see,, e.g., Sect. 1.3.4). All of these states, except for the very high state, can be unified by 
aa model in which the accretion flow consists of two zones, an inner ADAF and an outer thin 
diskk (Esin, McClintock & Narayan 1997). The ADAF radiates inefficiently at low luminosity 
(quiescentt state), but starts to radiate more and more efficiently when the mass accretion rate in-
creasess (low state). At higher accretion rates the ADAF shrinks and the spectrum changes from 
hardd to soft (intermediate state). When the accretion rate increases even more, the ADAF disap-
pearss and the thin disk extends down to the marginally stable orbit (high state). Most sources are 
observedd in a single state, excursions to other states being rare. However, in its 1991 outburst, 
GSS 1124—68 went rapidly from quiescence to the very high state, and subsequently decayed via 
thee high, intermediate and low state to the quiescent state. The above model naturally describes 
thesee state transitions, although the very high state still remains to be explained. 

1.5.44 Lithiu m in SXTs 

Significantt Li I A6708 A absorption was first discovered by Martin et al. (1992) in optical spec-
traa of the BHXT GS 2023+338. Since then, high lithium abundances have been observed in the 
spectraa of the secondaries of four other SXTs (Martin et al. 1996), one of them having a neu-
tronn star primary (Cen X-4), the others being (firm) BHXTs (A 0620-00, GS 2000+25, and 
GSS 1124—68). Detection of lithium in these systems at an abundance of 20-200 times solar, 
iss surprising as comparable lithium abundances are observed only in relatively young stars; as 
aa low-mass star gets older its initial lithium content is reduced due to convective mixing to hot 
innerr regions of the star, where it is destroyed by nuclear burning. In ordinary late-type stars, 
thee Li I A6708 A absorption line is usually absent or at most very weak. The secondaries of the 
SXTss in which lithium is observed, are all evolved, and are not expected to be very young. 

Twoo mechanisms have been proposed for the production of lithium in these stars. Podsiadlowski 
ett al. (1995) proposed that SXTs are the descendants of massive Thorne-Zytkov objects, i.e., red 
supergiantss with a neutron star core which formed as a result of common-envelope evolution. 
Lithiumm may be produced around the neutron star core, and distributed outwards to cooler re-
gionss in the envelope where it cannot be destroyed anymore. Mass accretion to the neutron star 
coree is supposed to lead to the formation of a black hole, while the secondary is formed from 
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thee collapsing envelope of the Thorne-Zytkov object. Martin, Spruit & van Paradijs (1994) pro-
posedd that lithium is produced by spallation, i.e., by the breakdown of heavier elements due to 
bombardmentt with high-energy particles, during an outburst of a SXT. The observation of a 
4766 keV 7-ray line from GS 1124—68 by GRANAT (Sunyaev et al. 1992) gives some support 
forr the production of lithium by spallation. Although this line was originally interpreted as a 
gravitationall  redshifted e+ -e~ annihilation line, it was suggested later to be associated with the 
4788 keV line of  7Li , which also provides a more natural explanation for the width of the line 
(Charless 1994). If lithium is produced by spallation, it is likely formed in an excited state, and 
wil ll  produce the 478 keV lithium line upon decay to the ground state. 

1.5.55 Kerr  black holes 

Thee ultra-soft spectral component observed in many BHCs is thought to arise from the inner 
regionn of the accretion disk, i.e., close to the horizon of the black hole. However, the ultra-soft 
componentt was absent in the energy spectra of several BHCs observed during their X-ray bright 
statee (see Tab. 1.1). Zhang, Cui & Chen (1997) have recently suggested that the strength of the 
ultra-softt spectral component is directly related to the spin of the black hole, and proposed a 
classificationn scheme based upon this. 

Theyy assumed a standard geometrically thin, optically thick accretion disk (Shakura & Sunyaev 
1973)) around a Kerr black hole. The spin of the black hole affects both the radius of its horizon, 
andd the radius of the innermost stable orbit around the black hole (Bardeen, Press & Teukolsky 
1972).. The radius RK of the Kerr horizon is smaller than that of a non-spinning black hole and 
dependss on the dimensionless specific angular momentum a* = a/Rg. It can be expressed in 
termss of the gravitational radius Rg = GM/c2 as RK = Rg [1 + (1— al)1/2]. For a non-spinning 
blackk hole (at = 0) the black-hole radius becomes equal to the Schwarzschild radius RK — 2Rg 

(see,, e.g., Sect. 1.1); for a maximally spinning black hole (a„  = ) the Kerr radius becomes 
equall  to the gravitational radius RK = Rg- In all other cases RK> Rg. 

Thee radius of the last stable orbit of the accretion disk around a rotating black hole depends on 
itss mass and spin: 

#iastt = RG{3 + A2  [(3 - Ax) (Z + Ai + 2A2)}
1'2} 

wheree Al = 1 + (1 - a,2)1/3 [(1 + a,)1/3 + (1 - a,)1/3] , A2 = {3a2 + A2)1!2 (Bardeen et al. 
1972).. The plus and minus signs are for a prograde (i.e., rotating in the same direction as the 
blackk hole) and a retrograde disk, respectively. For a non-spinning black hole the innermost 
stablee orbit occurs at Ri!tst = GRg (a*  = 0), while in the case of a Kerr black hole it occurs at 
^iastt = Rg (prograde disk, a* — +1), or i?last = 9Rg (retrograde disk, a* = —1). Therefore, a 
progradee disk may fully extend to the horizon of thee Kerr black hole, i.e., the radius of its inner 
regionn becoming much smaller than that of a retrograde disk. Zhang et al. (1997) show that as 
aa result the disk color temperature and disk luminosity are influenced by the spin of the Kerr 
blackk hole; prograde disks systems will , at the same M, have a higher color temperature, while 
systemss containing a retrograde disk show a softer component in their spectra. 

Basedd on the spin of the black hole, Zhang et al. (1997) proposed a classification into extreme 
retrograde,, non- or slowly-spinning, and extreme prograde BHCs. GRO J1655—40 is proposed 
too be a member of the last group since its inner disk radius is well within the innermost stable 
orbitt of a non-spinning black hole at the known mass of the black hole in the system. If one 
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assumess the black hole in GRO J1655—40 to spin, the angular momentum of the black hole 
iss found to be at 70-100% of the maximum possible value (Zhang et al. 1997). The case of 
GRSS 1915+105 is less clear, although the observations seem to suggest its Kerr black hole 
iss progradely spinning extremely fast as well. Three BHCs (GS 1124-68, GS 2000+25, and 
LMCC X-3) appear to be spinning slowly, and would therefore be in the second group. As yet, no 
BHCss have been detected which qualify as (extreme) retrograde systems. Such systems would 
havee a (very) soft component in their energy spectra, possible not efficiently detectable with 
currentt instruments. Therefore, Zhang et al. (1997) postulate that BHCs for which no ultra-
softt spectral component is observed during their X-ray bright state, may very well be extreme 
retrogradee systems. 

Zhangg et al. (1997) also proposed that the spectral changes (hard-low, versus soft-high state) 
off  Cyg X-l , may be explained in terms of temporary reversal of the rotation of the accretion 
diskk from a retrograde to a prograde system. Cyg X-l is a wind fed system, and theoretical 
simulationss have shown that reversal of the direction of the accretion disk rotation can actually 
occurr in such systems (Matsuda, Inoue & Sawada 1987; Benensohn, Lamb & Taam 1997). 

1.5.66 Superluminal jet sources 

Episodicc ejection of relativistic jets have been observed in two BHXTs so far; these systems 
aree often called superluminal jet sources or micro-quasars. GRS 1915+105 was the first BHXT 
too show bipolar, jet-like outflow in radio observations (Mirabel & Rodn'quez 1994). These jets 
showw apparent superluminal motion, which can be explained as a relativistic effect with the 
radio-emittingg plasma moving at speeds close to that of light (0.92 c). Radio observations of 
GROO J1655—40 also revealed two highly collimated jets, opposite directed and moving at 92% 
off  the speed of light (Hjellming & Rupen 1995). Both jets expand and decay over a time scale 
off  days. GRO J1655—40 is a dynamically proven BHC containing a black hole of about 7 M© 
(Oroszz & Bailyn 1997; Chapter 7). Due to severe extinction in the direction of GRS 1915+105, 
itss optical counterpart is undetectable, however, the source is suspected to be a black hole binary 
becausee of its similarities to GRO J1655—40. 

Thee superluminal radio jets observed in these sources provide a link between BHXTs and active 
galacticc nuclei (AGN), a subset of which also eject superluminal radio jets. AGN and BHXTs 
appearr to follow one and the same relation between the surface brightness and size of the jets, 
andd the accretion rate onto the central source (Sams et al. 1997). Therefore, the presence of 
jetss in both AGN and galactic stellar mass black holes, appears to be independent of the central 
accretorss total mass. 

X-rayy observations obtained with the Rossi X-ray Timing Explorer (RXTE) have shown a 
remarkablee richness in the X-ray variability behavior of GRS 1915+105. It showed QPOs 
withh frequencies ranging from 10~3 to 67 Hz (Morgan, Remillard & Greiner 1997), and on 
severall  occasions its X-ray light curve showed a complicated pattern of dips and rapid tran-
sitionss between high and low intensity, which repeated on time scales of 30 to 400 minutes 
(Greiner,, Morgan & Remillard 1996). Fractions of the X-ray light curve of GRS 1915+105, 
showingg its typical complicated behavior on a broad range of time scales, are displayed in Fig-
uree 1.5. Belloni et al. (1997a) found that the complicated X-ray intensity curve can be described 
inn terms of rapid removal and replenishment of matter forming the inner part of an optically 
thickk accretion disk, probably caused by a thermal-viscous instability like the one active in 
dwarff  novae. 
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Figur ee 1.5: X-ray light curves of GRS 1915+105 obtained with RXTE (2-60 keV) at four 
differentt epoches during 1996 and 1997, showing its very complex behavior on a broad range 
off  time scales (courtesy T. Belloni). 
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GROO J1655—40 is a remarkable SXT due to the fast recurrence of its successive X-ray outbursts 
sincee the first X-ray detection of the source in 1994. The X-ray outbursts were initially sepa-
ratedd by intervals of about 120 days (Zhang et al. 1995) and lasted many weeks, followed by a 
relativelyy long X-ray quiescent period (1995 August to 1996 April). Also, GRO J1655-40 be-
camee again X-ray detectable in 1996 April; this X-ray outburst was covered by RXTE through 
1997.. Using RXTE, Remillard (1998) observed a ~ 300 Hz QPO in GRO J1655-40. The first 
evidencee for orbital variations in the X-rays of GRO J1655-40 were reported by Kuulkers et al. 
(1998),, who discovered X-ray dips in the X-ray light curve of GRO J1655—40 with a duration 
onn the order of minutes. The occurrences of these dips are consistent with the optically de-
terminedd orbital period, and were found between photometric phases 0.72 and 0.86. Méndez, 
Bellonii  & van der Kli s (1998) showed that during the 1997 X-ray outburst of GRO J1655-40, 
thee source went through the high, intermediate, and low state (and probablee was in the very high 
statee at the start of the outburst), just like other black-hole candidates. 




