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Introduction n 
1.11 Gamma-Ray Bursts 

1.1.11 Hot Bursts in Cool Times 
Thee discovery of gamma-ray bursts is a scientific fringe benefit of the Cold War. If it 
weren'tt for the Vela espionage satellites it might have taken years longer to find Gamma-
Rayy Bursts (GRBs). Designed to detect bursts of 7 rays originating in clandestine Soviet 
nuclearr tests outside the Earth atmosphere, the Vela satellites detected sixteen flashes of 
77 rays in the years between 1967 and 1973 of which, by means of triangulation1, it was 
determinedd that their origin was not terrestrial or Solar (Klebesabel, Strong and Olson, 
1973).. This was the birth of the question that now, almost thirty years later, has still not 
beenn answered: what is the origin of 7-ray bursts? Steady progress has been made over 
thee years and an explosion of discoveries have made 7-ray bursts one of the 'hot' topics 
off  astronomy today. Much of the recent development has been fueled by the discovery 
off  counterparts to 7-ray bursts in all parts of the electromagnetic spectrum, especially in 
thee optical. After the first of these optical counterparts (Chapter 2), more were soon to 
followw (Chapter 4 and the thesis of Titus Galama), although not every hunt was succesfull 
(Chapterr 3). To understand the importance of these discoveries we have to look at the 
statee of knowledge on 7-ray bursts in, say, the beginning of 1996. 

1.1.22 Fashion and Models 

Afterr the first detections with the Vela satellites, small 7-ray burst detectors were flown 
'piggy-back'' on many of the deep-space planetary missions, such as the Soviet Venera 
satellitess to Venus and the American Pioneer and Voyager satellites to the outer planets. 
Thesee small detectors revealed one of the basic characteristics of 7-ray bursts: their rapid 
timee variability. Changes in the 7-ray flux of GRBs on time scales shorter than a mil-
lisecondd were observed. A well known astronomical estimate tells us that everything that 

'Triangulationn is especially well-suited for finding relative positions and was therefore one of the main 
methodss of 17th century Dutch cartographers to map the Netherlands. In the flat, church-rich Dutch land-
scapee the relative positions of Dutch cities were determined with high accuracy. 
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changess on a certain time scale, must be smaller than the distance that electromagnetic ra-
diationn can travel over that same time. If the brightness of a source varies on a time scale 
off  a millisecond, then the source of that variable intensity cannot be much larger than a 
iightmillisecond,, or in normal units, ~300 km. There are only a few astronomical objects 
thatt are as small as that. Only comets, asteroids, neutron stars and black holes are of the 
requiredd size. The fact that, in the mean time, no trace of the bursts or their remnants had 
beenn found in other parts of the electromagnetic spectrum, showed that they are highly 
energeticc phenomena. 

Sincee the start of X-ray astronomy in the early 1960's it had been recognized that much 
off  the violence and turbulence seen in the X-ray sky was caused by neutron stars, and 
theirr more heavy brethren the black holes, in mass-transferring close-binary systems (see 
Sect.. 1.2). Until the end of the 1980's neutron stars in our own Galaxy were therefore the 
favoritee culprits for the origin of 7-ray bursts, either through neutron star quakes or by 
collisionss of neutron stars with other objects, such as rogue comets. 

However,, some had proposed a GRB origin at completely different distances, in particular 
aa 'cosmological' Gigaparsec distance scale (e.g., Paczynski 1986). At this distance scale 
twoo neutron stars would collide and the ensuing fireworks would show up as a GRB. Not 
onlyy would these GRBs have to be much more luminous than GRBs that originated in our 
ownn Galaxy, but also much rarer. 

Thee extreme difference in distance between an origin in the Galaxy or the outer realms 
off  the Universe, implied extreme differences (typically a factor ~1010) in the energy that 
wouldd be needed to observe the phenomena at the brightness seen from Earth. The cause 
forr this uncertainty was that the 7-ray observations themselves did not allow for a firm 
exclusionn of one or the other origin. Neither the known distribution of GRBs on the sky 
norr the intensity distribution of GRBs gave conclusive evidence for a particular origin and 
withoutt knowing the cause of a GRB its distance cannot be determined on the basis of the 
7-rayss alone. 

1.1.33 In Touch with the Universe 

Muchh changed in the view on GRBs in the early 1990's as the result of the launch of 
thee Burst and Transient Source Experiment (BATSE) on board the American Compton 
Gamma-RayGamma-Ray Observatory (see Fig. 1.1). BATSE provided a major improvement in sen-
sitivityy over the existing 7-ray detectors and its lay-out of eight detectors on the eight 
cornerss of CGRO gave it an almost all-sky view. Number statistics on GRBs were soon 
largee enough to show that the distribution of GRBs on the sky is isotropic (Meegan et 
al.,, 1992, see Figure 1.2) and that the distribution of burst strengths does not follow the 
predictionn of a uniform space density. Too few weak bursts are detected, which implies 
thatt there has to be an edge to the distribution. One could say that we are at the center of 
thee GRB Universe, of which the edge is in view. 
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Figuree 1.1. Schematic view of the Compton Gamma-Ray Observatory. The detectors on the 
eightt corners of the spacecraft together constitute the Burst and Transient Source Experiment. 

Thee combination of these two observational results, an isotropic sky distribution and an 
inhomogeneouss space distribution, clearly favours the cosmological explanation. The 
isotropyy is easy to understand, since on a very large scale (Gigaparsecs) the distribution 
off  matter in the Universe is isotropic. The inhomogeneity can then be explained by the 
effectt of cosmological redshift. The cosmological redshift causes two effects that both 
causee a decrease of the number of weak bursts that are detected. First the GRB rate is 
redshiftedd by (1+z)^1, where z is the cosmological redshift. Second, the photon energy 
andd the times of their arrival are both redshifted by a factor (1+z). 

Thee Galactic neutron star model, which was favoured until the BATSE results, is much 
harder,, but not impossible, to reconcile with the isotropy and inhomogeneity. The inho-
mogeneityy is easiest to explain because anything connected with the Galaxy will occupy 
aa limited volume, since the Galaxy itself occupies a limited volume. To satisfy the cri-
teriumm of isotropy the distribution of galactic GRBs has to be in a sphere that is large 
enoughh not to show the offset of the Sun with respect to the Galactic Center. However, 
thee GRB sphere can also not be too large because it would then intersect with a similar 
spheree which is expected to surround our neighbouring galaxy, the Andromeda Nebula. 
Iff  the two spheres overlap it will lead to an increased detection probability towards An-
dromeda,, and the distribution on the sky would not be isotropic anymore. This makes the 
galacticc model rather 'constructed'. It has to be of exactly the right size for isotropy to 
hold. . 

Althoughh the BATSE results favoured the cosmological origin of GRBs, they did not 
proveprove that they were cosmological. The reason for this was that the 7-ray observations 
themselvess do not allow a distance determination for a GRB. To determine the distances 
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Figuree 1.2. Distribution on the sky of the 2408 bursts detected with BATSE up to August 1999. 
Thee sky projection is in galactic coordinates, with the galactic plane running along the equator, 
andd the Galactic North and South Pole on top and bottom respectively. If GRBs were connected to 
thee Galaxy, they would show a concentration towards the galactic plane. The observed distribution 
is,, however, completely isotropic. (A band of lower GRB density running roughly from bottom 
leftt to top right is caused by a non-uniform sky exposure.) 

too GRBs they would have to be connected to known astrophysical objects for which the 
distancee can be determined. Considering the vast difference in possible distances already 
aa loose association with a known astrophysical object would suffice to determine a typical 
distancee scale to GRBs. Prime candidates for such an association would, of course, be 
starss (for galactic models) or galaxies (for cosmological models). Both of these, however, 
aree only small objects on the sky and in an area as large as the full Moon (used here 
forr easy instructional comparison with GRB error boxes), many hundreds of stars and 
galaxiess can be found if we observe down to a magnitude limi t of 20th magnitude. It 
wass expected that any phenomena connected to GRBs would be as dim as this, since 
thee transient phenomena in the sky with a brightness a few magnitudes brighter than this 
aree reasonably well known, and no trace had ever been found of a GRB afterglow in 
thiss brightness range. To associate GRBs with known phenomena it would not only be 
necessaryy to pinpoint the location of a GRB with high precision, but do it quickly as 
well.. Depending on the energy in the blast wave that was expected to follow a GRB, any 
aftergloww was expected to fade on typical time scales of days to months depending on the 
wavelengthh of observation and the energetics of the 7-ray burst. 
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Thee positional accuracy of 7-ray detectors is rather poor (a few times the full Moon at 
best),, which made searching for X-ray, optical or radio counterparts a quest for the needle 
inn a Universal haystack. Despite extensive efforts (e.g., Hudec, 1995; Galama et al., 
1997a),, none were found. The size of the initial 7-ray position would have to be brought 
downn to an area much smaller than a full Moon to make a fast follow-up feasible. 

1.1.44 And Let there be Light... 

Thiss improvement in positional accuracy came with the launch of the Italian-Dutch X-ray 
satellitee BeppoSAX in April 1996. Apart from having an onboard Gamma-Ray Burst De-
tector,, it carries two Wide Field Cameras (WFCs), which continuously monitor 40° x40° 
off  the sky in X rays, and can detect sources with a positional accuracy of ~ 3' in radius (in 
areaa ~l/25th of the size of the full Moon). Since the distribution of GRBs on the sky is 
isotropicc and their occurence is random in time and position, it will happen about once a 
monthh that a GRB goes off in the 40° x40c field-of-view of one of the WFCs and, if the 
GRBB is bright enough in the 2-24 keV energy band, the WFC detects it. The first of these 
detectionss occured on July 20, 1996, when the satellite was still in its test phase. The 
secondd followed on January 11, 1997. Follow-up observations in the optical (Gorosabel 
ett al., 1998) and radio (Galama et al., 1997b; Frail et al. 1998) did not find anything un-
usuall  in the WFC error box. The third of these WFC detections occured in the early hours 
off  February 28, 1997 and an accurate position was available late in the European after-
noonn of February 28. In a fortunate circumstance service observations on the optical 4.2m 
Williamm Herschel Telescope (WHT) at La Palma were to be taken of the position of the 
Januaryy 11 burst for the group in Amsterdam. Just before the position of the February 28 
burstt disappeared below the horizon, the WHT could be targeted to this new position and 
211 hours after the GRB deep optical observations were taken: faster and deeper than ever 
before.. Comparison of this exposure with observations taken a few days later revealed the 
presencee of a source that had disappeared in the days in between (Groot et al., 1997a, Van 
Paradijss et al., 1997). This fading optical source was found to coincide with a fading X-
rayy source in the WFC error box which, in the mean time, had been found with follow-up 
X-rayy observations of the GRB made with the Narrow Field Instruments on BeppoSAX 
(Costaa et al., 1997), and also with a faint, blue galaxy (Groot et al., 1997b, Sahu et al., 
1997):: the first optical counterpart to a GRB was found (see Fig. 1.3) and its connection 
withh a galaxy provided the long sought for association with a known astrophysical object, 
althoughh a few percent chance did exist that the superposition was coincidental. With 
thee measurement of the redshift of the optical afterglow of GRB 970508 (Metzger et al., 
1997),, the conclusion to the debate on the distance scale of GRBs was unambiguous: 7-
rayy bursts are cosmological in origin (Chapter 2). GRB 970228 was the first of almost a 
dozenn GRBs that have been identified in the optical (e.g., Chapter 4). 
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Figuree 1.3. The first optical counterpart to a 7-ray burst; GRB 970228. It was discovered by 
comparisonn between a WHT-image taken on February 28 (left) and an INT-image taken on March 
88 (Groot et al., 1997a; Van Paradijs et al., 1997). It was later found to be coincident with a faint 
bluee galaxy (Groot et al., 1997b; Sahu et al., 1997), which is now known to have a redshift of 
0.6955 (Djorgovski et al., 1999) 

1.1.55 ...But Darkness Still Enshrouds the Origin 

Thee detection of afterglows of GRBs in all parts of the electromagnetic spectrum over 
thee last 2.5 years has expanded our knowledge of the birthplace and energetics of GRBs 
enormously.. The connection with galaxies is quite secure (Hogg and Fruchter, 1999), 
butt what causes the extremely rare event that leads to a GRB is still unknown. There is 
evidencee that they originate in star-forming regions, but this may be the result of an obser-
vationall  selection effect, since the expected brightness of low-energy afterglows depends 
onn the density of the environment in which the GRB occurs (Sari, Piran and Narayan, 
1998;; Wijers and Galama, 1999). GRB afterglows in dense environments such as star-
formingg regions will be more luminous than those that occur in intergalactic space. For 
somee GRBs no low-energy afterglows have been detected, which can be due to either a 
veryy low or a very high density of the circumburster environment (Chapter 3), or due to 
veryy rapid declines which cause the burst to fade before we have a chance to identify an 
aftergloww (Chapter 4). Evidence has been found that beaming of the 7-rays is impor-
tantt to understand their implied energies (e.g., for GRB 990123 by Kulkarni et al., 1999 
andd Fruchter et al., 1999 and for GRB 980510 by Stanek et al., 1999 and Harrison et al., 
1999)) and a connection with a rare type of supernova has been implied in some cases (see 
Galamaa et al., 1998 for GRB 980425/SN1998bw, Bloom et al., 1999 for GRB 980326 and 
Reichart,, 1999; Galama et al., 1999 for GRB 970228). However, the key that will reveal 
thee GRB origin has not come to light yet. 
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1.22 Accretion disks 

1.2.11 A Powerhouse 
Accretionn is the Universe's powerhouse. After the recognition of nuclear fusion as the 
energyy source of the Sun and all the other stars, it was thought that fusion is as efficient an 
energyy generator as you can get in nature. During nuclear fusion about 0.7% of the rest 
masss (E = mc2) is converted into energy, which is used to maintain the stellar pressure 
equilibrium.. However, at the end of the life of a massive star (M* > 8 MQ) the ensuing 
supernovaa explosion liberates, in a second or less, an amount of energy that is equal to or 
evenn more than the total amount of energy the star has produced during its entire life by 
nuclearr fusion. The energy to power a supernova explosion comes from the liberation of 
potentiall  energy as matter falls into a deep gravity well. This process of energy generation 
iss known as accretion. 

Iff  we drop a mass, m, that is initially at rest at a very large distance, into a gravity well 
thatt is caused by an object of mass, M, and radius R, then the total amount of potential 
energy,, E^c, that can be gained by the mass, m is equal to: 

EEaccacc = GMm/R, (1.1) 

wheree G is the gravitational constant. It is the ratio (M/R), which we will call the com-
pactnesss of an object, that determines if accretion is an efficient powerhouse. For the Sun, 
thee ratio of M/R is very low. The Sun is too large and too light to make accretion onto it 
aa very energetic phenomenon. You would need to dump matter at a rate of 3 x 10~8 MQ/yr 
ontoo the Sun to obtain an accretion luminosity that is equal to its nuclear luminosity for 
whichh it needs to fuse only 10-11 MQ/yr. 

Forr accretion to become more efficient than fusion, we have to increase the compactness 
off  an object. In white dwarfs, with i?WD = 0.01R0 and M ~M0 , accretion is already 
~1000 times more efficient than for the Sun. Even better is accretion onto neutron stars 
andd black holes, with M >M 0 and -RNS/BH < 10 km (< 1/70000 RQ). In objects with 
aa compactness as high as this, accretion is about 20 times more efficient in converting 
masss into energy than nuclear fusion. It is for this reason that most of the high-energy 
phenomenaa in our Universe, such as supernovae, quasars, active galactic nuclei, X-ray 
binariess and probably also 7-ray bursts, involve very compact objects and are ultimately 
poweredd by accretion. To understand how these sources are fueled is to understand how 
accretionn works. 

1.2.22 Disks, Spins and Binaries 

Thee occurence of accretion is often accompanied by a phenomenon called an accretion 
disk.. The formation of an accretion disk is best illustrated in a class of sources called close 
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binaries.. With the advance of X-ray astronomy in the beginning of the 1960's, some very 
brightt X-ray sources were found that could not be immediately identified in the optical. 
Thee optical counterparts to these very luminous X-ray sources were only found after deep 
searchess and it was recognized that some sources that are among the brightest in the 
X-rayy sky are only very dim in the optical. The X rays come from accretion onto a very 
compactt object: a neutron star or a black hole. As we have seen in the previous paragraph, 
theyy are very efficient powerhouses and much of that power is radiated in X-rays. After 
studiess of the X-ray and optical behaviour of these sources (e.g. Cyg X-l where there is 
aa 8th magnitude star in the error box, which is a binary with (plausibly) a black hole as a 
companion,, and Cen X-3, which was found to be an eclipsing X-ray pulsar with the Uhuru 
satellite)) it became clear that they are binary stars: the X-ray binaries, whose apparently 
puzzlingg evolutionary history was first explained by Van den Heuvel and Heise (1972). 
Inn an X-ray binary a neutron star or black hole is accompagnied by a normal star, that can 
eitherr be very massive (M* >8 M 0, the High-Mass X-ray Binaries), or very light (M* < 1 
M 0;; the Low-Mass X-ray Binaries, LMXB) . Through the course of stellar evolution the 
companionn star in an LMXB has come into contact with its Roche-lobe2. This is the max-
imumm volume that a star in a binary system can occupy before the gravitational attraction 
off  the other star in the system becomes so large that mass is transferred from one star 
too the other. Fig. 1.4 shows a graphical representation of the potential in a close binary 
system.. Both stars cause a gravity well, which is connected in the middle by a saddle 
point:: the inner Lagrange point3, denoted with Li . At this point the effective gravity in 
thee system is zero and gas will be free to move from one potential well to the other. A 
contourr plot of the potential in the Li point shows a very characteristic 'figure-of-eight' 
shapee (as shown by the thick line in the contour projection in Fig. 1.4), which represents 
thee maximum volume any of two stars can fill  before overflow through the Lx point to the 
otherr component occurs. 

Iff  the companion star fills its Roche-lobe, gas in the outer regionss of the atmosphere, close 
too the Lx point, will feel almost zero-gravity and random, kinetic motion of the gas will 
causee an overflow from the companion to the compact object. If the two stars did not 
revolvee around their center-of-mass, the gass would fall directly onto the central object. 
However,, since the system is rotating, the gas overflowing through the Li point will have 
angularr momentum, that prevents if from falling onto the central object directly. Instead, 
itt wil l follow a path that leads it away from the straight trajectory to the central object and, 
dependingg on the size of the central object, it will either hit the central object off-center, 
orr miss it completely. In the case of compact objects (including white dwarfs) it will miss 

2Edouardd Roche, 19th century French mathematician, who first calculated the shape of equipotential 
surfacess in the framework of a synchronously rotating two-body system. 

3Josephh Louis Comte de Lagrange (1736-1813), French, Turin born, mathematician, who first calculated 
wheree in a synchronously rotating two-body system, the points with zero derivitave of the potential lie. 
Thesee points (five in total) are called the Lagrange points (L1-L5). 



1.21.2 Accretion disks 9 

Figuree 1.4. A graphical representation of the gravitational potential in a close binary system, with 
thee two stars located in the center of the gravity wells. The slope of the curved upper surface is a 
measuree for the gravity in the system. Points with no slope are locations without a net gravitational 
pull.. There are five of these in total (the Lagrange points). The saddle point between the two stars 
iss the inner Lagrange point, through which mass transfer will ensue if either one of the stars fills 
thee volume available inside this point. The equipotential curve through the inner Lagrange point 
formss the 'figure-of-eight' shown in the projection by the thick line and is called the Roche-lobe 
andd delimits the maximum volume either of the stars can obtain before mass transfer starts. Credit 
MartinMartin Heemskerk. 

thee central object and circle around it and hit the stream coming from the secondary. If 
theree were no interaction between the atoms the matter would settle in a ring around the 
compactt object at a distance called the circulisation radius, where the amount of angular 
momentumm in the rotating gas is equal to that of the gas leaving the secondary. This is 
requiredd since angular momentum must be preserved (see Fig. 1.5). 

1.2.33 Friction and Viscosity 

Inn the situation of such a friction-free accretion ring, no matter would ever be accreted 
ontoo the compact object. However, we see powerful X-ray sources that are fueled by gas 
crashingg into the surface. So, somehow, the material must lose its angular momentum. 
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Figuree 1.5. The initial formation stages of 
ann accretion disk in a close binary system. 
Thee gas stream that initially leaves the mass-
losingg secondary, will miss the compact ob-
jectt and swing around it. After it collides 
withh itself, the gas will settle in an accre-
tionn ring at the circulisation radius, where the 
angularr momentum of the material orbiting 
thee compact object is the same as the angu-
larr momentum of the matter leaving the sec-
ondary.. Through processes that are not well 
understood,, but most likely including mag-
neticc field effects, the interactions between 
thee particles in the accretion ring will cause an 
exchangee of angular momentum. Most parti-
cless will lose angular momentum and fall in-
wardss and some will gain angular momentum 
andd spread outwards. At a distance of some 
70%% between the compact object and the in-
nerr Lagrange point, tidal forces will remove 
thee angular momentum again from the indi-
viduall  particles and feed it back into the orbit. 
Fromm Verbunt( 1982). 

IfIf  it does so, it wil l find a new orbit closer to the compact object. If it continues to lose 
angularr momentum it wil l ultimately fall onto the compact object. However, the total 
amountt of angular momentum must be conserved, so if most of the gas is falling inwards, 
somee of it must move outwards, and we see that the accretion ring must spread into an 
accretionn disk. The exchange of angular momentum between the atoms in the accretion 
ring/diskk is caused by the viscosity of the accretion disk. The nature of the viscosity is not 
welll  known and a major unsolved question in accretion disk physics, although a magnetic 
hydrodynamicc instability originally discovered by Velikovsky and by Chandrasekhar, and 
rediscoveredd by Balbus and Hawley appears to produce the required viscosity. For an 
excellentt overview of accretion power in astrophysics see Frank, King and Raine (1992). 

1.2.44 Accretion Overload and Powerhouse Burn-out 

Althoughh the ultimate effects of accretion are best seen in supernovae, 7-ray bursts and 
X-rayy binaries, they are actually not the best places to study the physics of accretion disks. 
Thee reason for this is that accretion in these systems either occurs too fast (supernovae 
andd 7-ray bursts) or is too powerful (X-ray binaries). In supernovae and 7-ray bursts the 
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wholee event of accretion takes place on a time scale of minutes or less and is hidden from 
vieww by the outer layers of the star in a core-collapse supernova. 

Inn X-ray binaries the gas that accretes onto the compact object is already heated up to 
veryy high temperatures (> MK) and shines brightly in X rays. These X rays are partly in-
terceptedd by the cooler parts of the surrounding accretion disk, and thereby heat the outer 
partss to temperatures that would not be reached without the X rays. This process is called 
X-rayy heating and is seen in many systems. The occurrence of this X-ray heating not only 
distortss the accretion disk structure, but also plays an important role in its dynamics (Van 
Paradijs,, 1996). This shows that accretion disks in X-ray binaries are not the best place to 
studyy the physics of accretion disks. 

1.2.55 A Cataclysmic Substitution 

Ann almost ideal environment for the study of accretion disks is offered by the Cataclysmic 
Variabless (CVs; see Warner 1995 for a monograph). These are identical to LMXBs, 
exceptt for the fact that the neutron star is replaced by a white dwarf as the compact object. 
Wee have seen in Sect. 1.2.1 that white dwarfs are almost a factor 1 000 less efficient in 
generatingg accretion energy than neutron stars and are therefore less luminous than X-ray 
binaries,, but the advantage is that the accretion disk is not disturbed by X-ray heating, 
sincee most of the light is emitted as UV or optical radiation. 

Theree are several reasons why CVs are such ideal laboratories for accretion disk studies. 
Wee have already seen that the accretion energy is not enough to generate a large amount 
off  X rays, and the disks in CVs are therefore relatively undisturbed. Many of the CVs, 
off  the sub-class 'dwarf nova' show brightenings of several magnitudes with inter-outburst 
timess of weeks to decades. These dwarf-nova outbursts are the result of an instability 
occurringg in the accretion disk, when the surface density becomes too high, which causes 
thee viscosity to change. The higher mass transfer rate through the disk causes much of 
thee mass that has slowly been stored in the accretion disk to accrete on the white dwarf 
andd the potential energy that is liberated in the process is partly radiated away. These 
outburstss give a unique opportunity to study the time-dependence of an accretion disk. 

Inn contrast to other systems (X-ray binaries, AGNs and quasars) CVs are relatively close-
byy and bright. This allows for studies with high signal-to-noise ratios. Most of the CV 
lightt is emitted in the UV and optical regions. Orbital periods in CVs are of the order of 
aa few hours. This is an ideal stretch of time to study the source during one or more nights 
onn a telescope. This is in contrast to, e.g., AGNs and quasars where the intrinsic periods 
off  variation are usually of the order of weeks to months. 

Thee light that we receive from CVs is mainly emitted by the accretion disk itself, with only 
minorr contributions from the white and red dwarfs in the system. Especially in eclipsing 
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systemss this is a very useful feature, since the eclipse profile in the light curve is mainly 
causedd by the light distribution on the accretion disk itself. 

CVss show a whole range in mass transfer rates from the secondary to the white dwarf. 
Whenn the accetion rate is low, we see the systems as the dwarf nova systems described 
above.. If the mass-accretion rate from the secondary is high, the disks become stable. 
Theyy do not show the dwarf-novae outbursts anymore, but appear to be in a permanent 
statee of outburst. These systems are the novalike variables and their disks are supposed to 
bee in a steady state: the mass transfer rate from the secondary and the mass accretion rate 
onn to the white dwarf are in equilibrium. Current accretion disk theory predicts that the 
effectivee temperature of the disk (Td) should depend on distance to the white-dwarf (rd) 
as: : 

TTdd^rl^rl3l3l\\ (1.2) 

1.2.66 Resolving a Pinpoint 

AA fundamental difficulty in studying accretion disks in close binaries and AGNs is that 
nonee of these systems can be directly resolved with today's telescopes. The total size of 
aa CV is of the order of the radius of the Sun: 700000 km. At a typical distance of 100 
pcc this wil l subtend and angle on the sky of 5x 10~5 arcseconds. The sharpest images 
noww available with optical telescopes are > 5 x l 0 ~2 arcseconds. We have to resort to 
differentt techniques if we want to determine any spatial structure on something we don't 
seee spatially resolved. 

Figuree 1.6. The amount of light received on Earth versus (part of) the orbital period of an 
eclipsingg cataclysmic variable. The V-shaped drop in the ligthcurves is caused by the secondary 
starr that eclipses the bright accretion disk. Using the eclipse mapping technique we can deduce 
thee most-likely light distribution on the accretion disk from the shape of this eclipse profile. 
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Onee such a technique is eclipse mapping. Initially proposed by Home (1985) it uses the 
informationn on the brightness distribution of the accretion disk that is contained in the 
eclipsee profile. If the inclination of a CV is high enough that we see the secondary star 
passs in front of (part of) the accretion disk and we can resolve the passage in time, then 
thee light curve of such a CV will look like that shown in Fig. 1.6. The amount of light 
sharplyy drops, reaches a minimum and rises again to its normal level. At each step in 
time,, the amount of light that (dis)appears can be projected on a strip of the accretion 
disk,, that is eclipsed in that time step. Since the angles at which we see the shadow of the 
secondaryy cross over the accretion disk vary slightly between ingress and egress, we can 
betterr determine the position of the (dis)appearing light on the accretion disk (see Fig. 
1.7).. The result of this technique is a 'picture' of the accretion disk, which shows the 
brightnesss distribution over the disk for the wavelength band in which the observations 
weree taken. 

ifiifi  = -0 .06 tf = - 0 .05 ? = 0.00 

<p<p = 0.05 p = 0.08 y = 0 J2 

Figuree 1.7. Series of graphical illustrations of an eclipsing CV at six phases during its orbital 
period.. We see that the occultation of the accretion disk by the secondary is different for the 
samee phases before and after mid-eclipse. This helps to constrain the emission site in the eclipse 
mappingg reconstruction technique. 

Iff  we extend the eclipse mapping technique to multiple wavelength bins we can recon-
structt the brightness distribution over the accretion disks at multiple wavelengths. We call 
thiss technique spectral eclipse mapping (see Chapters 6, 7 and 8). Rutten et al. (1994) 
weree able to show for the nova-like UX UMa that the temperature dependence on radial 
distancee from the white dwarf was indeed as predicted by Eq. 1.2. However, a sub-class 
off  the nova-like systems, the SW Sex stars, do not show this temperature dependence, but 
onee that is much flatter. In Chapter 6 we investigate what the possible causes for this are 
andd we conclude that a mass-loss from the system in the form of a wind, that originates at 
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Figuree 1.8. A cross-cut through a flared accretion disk. If our line of sight is almost parallel to 
thee plane of the disk, the flared outside of the disk can prevent a direct view of the inner parts of 
thee disk. 

aa position about half-way in the disk disturbs the inner disk and prevents it from obtaining 
thee temperature dependence given above. 
Inn Chapter 7 we discuss the system RW Tri. which has been classified as a system like 
UXX UMa. We find, however, in our current study that it shows some characteristics that 
aree attributed to the SW Sex stars. Apparently the spectroscopic appearence of a no-
valikee systems can change with its brightness, which is most likely correlated with the 
mass-accretionn rate from the secondary. Instead of classifying RW Tri as a SW Sex star, 
wee propose to abandon the division into two classes (the UX UMa and SW Sex stars) 
altogetherr since there appears to be no physical distinction between the two. 

Evenn when the disk in a NL is in a steady-state, as is the case for UX Uma, it does not 
meann that it is stationary. The luminosity and size of the accretion disk will change when 
thee mass transfer rate from the secondary changes. Because these changes occur on a 
muchh longer timescale (weeks to years) than are normally spent on observing a CV (days 
too weeks) it has only fairly recently become clear that the mass-transfer rate of secondaries 
themselvess can vary. Studying how the mass transfer rate changes and how the accretion 
diskk reacts to this, will allow us to gain more information on the physics of accretion disks. 
Onee system that shows these long-term changes and which is particularly interesting is 
GSS Pavonis (Chapter 5). This is a system that not only eclipses once every orbital period, 
butt that eclipses totally (the accretion disk is completely obscured by the secondary in 
mid-eclipse)) when it is in a low brightness state, and eclipses partially when it is brighter, 
andd may even show self-eclipses of the accretion disk. Self-eclipses occur when the outer 
partss of the accretion disk shield inner parts of the disk from our line of sight. This can 
onlyy occur when the disk is flared (i.e. the height increases non-linearly with distance to 
thee white dwarf), which is theoretically predicted to be the shape of accretion disks (see 
Fig.. 1.8). 

Althoughh the disk shape in NL-CVs can normally be well approximated by a two dimen-
sionall  disk, since no strong effect of the three dimensionality of the disk is visible, this 
assumptionn cannot be made for disks in the dwarf nova systems. Here the mass trans-
ferr rate from the secondary is much lower, which not only leads to the disk instabilities 
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thatt cause the dwarf novae outbursts, but also causes the place of impact of the accretion 
streamm on the accretion disk, the hot spot, to contribute a significant amount of light. This 
contributionn of the hot spot is not only seen as an extra ingress and egress step during 
thee eclipse of the accretion disk, but also as a very broad, and possibly very pronounced, 
humpp on the light curve outside eclipse (see Fig. 1.9). The fact that this contribution of 
thee hot spot is not constant with orbital phase shows that the hot spot 'comes into view' at 
aa certain phase and 'disappears from view' half an orbit later. This shows that the disk in 
somee dwarf novae systems has to be treated as a three dimensional object. Early attempts 
att reconstructing the accretion disk brightness distribution of dwarf nova disks have used 
aa decomposition technique, in which the contribution of the white dwarf, hot spot and 
accretionn disk are subtracted separately from the total light curve, after which the light 
curvee for the accretion disk is used for an eclipse mapping reconstruction (Wood et al., 
1989).. Although this method works well, it is only suited for systems where the three 
differentt components (accretion disk, white dwarf and hot spot) can be well separated. In 
practicee this means that it is only usable with high time resolution data of systems where 
thee ingress and egress of the hot spot and the white dwarf are well separated in time. 

Figuree 1.9. The light curve of the dwarf nova cataclysmic variable IP Peg. The broad hump 
visiblee before eclipse is caused by the hot-spot region, where the accretion stream hits the accretion 
disk,, and shows the three-dimensionality of the disks in these systems. The gradual increase and 
decreasee of this broad hump suggest a bright region on a disk-rim, that comes into view and fades 
fromm view again half an orbit later. 

Too make the eclipse mapping method applicable to more general cases Rutten (1999) 
hass made a generalisation of the two-dimensional eclipse mapping method to three di-
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mensions,, in which the disk can be given an arbitrary three-dimensional shape and the 
Roche-lobee fillin g secondary star can be included in the light curve fitting routine. Al-
thoughh this 3-D eclipse mapping has the potential of being applicable to many different 
systems,, it has the disadvantage of many degrees of freedom. The shape of the accretion 
diskk is arbitrary and has to be pre-defined by the user. The eclipse mapping technique will 
thenn try to find the most-likely distribution of light on this predefined grid. Careful testing 
off  the assumptions that are made about the shape of the disk is of crucial importance to 
understandd the results of 3-D eclipse mapping. 
Inn Chapter 8 we apply, for the first time, this 3-D technique to spectrally reconstruct the 
accretionn disk brightness distribution of the disk in IP Peg, a well known and well studied 
cataclysmicc variable of the dwarf-nova sub-class. From the phasing and brightness of the 
hot-spott we have been able to deduce that the flaring of the disk is less than 2° at the 
hot-spott position. Using this constraint on the shape of the disk, we derive that the outer 
partss of the accretion disk in IP Peg are cold enough for TiO molecules to form. 

1.33 The Faint and The Variable 

1.3.11 To Boldly Go... 

Thee brightest of the optical counterparts to 7-ray bursts so far known had a brightness of 
18thh magnitude after a few hours (here we do not discuss GRB 990123 for which prompt 
emissionn was discovered at V~9; Akerlof et al. 1999). Their fast decay of, intially, 1-2 
mags/dayy allows an easy identification of these counterparts. If the beaming mentioned in 
Sect.. 1.1.5 indeed plays an important role, one would expect to find optical counterparts to 
GRBs,, for which we observe no accompanying burst of 7 rays. This is caused by the fact 
thatt the beaming in 7 rays will be larger than the beaming in the optical. For some bursts 
thee Earth will be located outside the beaming cone of the 7 rays, but inside the beaming 
conee of the optical radiation. The expected number of optical GRBs without a burst of 7 
rayss depends on the amount of beaming. If beaming is unimportant (i.e. GRBs explode 
isotropically)) we will never see an optical GRB without a burst of 7 rays. Establishing an 
estimatee of, or an upper limit on, the number of optical GRBs will constrain the beaming 
anglee of GRBs and will therefore constrain the problem of energy production in GRBs. 
Iff  the beaming is large, the total amount of energy that is needed to produce the signal 
receivedd on Earth is much less than when GRBs explode isotropically. 

Thee variability behaviour of stellar-like objects at magnitudes fainter than 20th magnitude 
iss not well known. Large-scale variability studies are rare because of the large amount of 
observingg time needed to cover an appreciable part of the sky, and studies that reach 
thee faintness where we expect optical counterparts of 7-ray bursts are either limited to 
specificc galactic populations, or probe only a small area on the sky. An example of studies 
thatt probe specific stellar populations are the microlensing studies (MACHO, Alcock, 
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1995;; EROS, Beaulieu 1995; OGLE, Udalski, 1992), that are targeted to find transitions 
off  dark-matter objects in front of background stars. To increase the chances of finding 
thesee microlenses, these studies are directed at regions that have a very dense stellar sky 
distribution:: the Galactic Bulge, the Large Magellanic Cloud and M31. However, partly 
duee to this high stellar density which causes severe crowding, these studies are limited to 
relativelyy shallow depths of 21st magnitude with precisions of 0.5 mag at the faint end. 
Althoughh sufficient to pick up bright optical counterparts of 7-ray bursts, these studies 
wil ll  not reveal anything that is fainter or less variable. 

Onee of the types of objects that is expected to fall in this last category (faint and variable 
withh amplitudes less than 0.5 mag) is the majority of the Cataclysmic Variables. The 
samplee of CVs with a known orbital period shows a strong bias towards systems with 
longg periods (3-9 hrs) and high luminosity (see e.g. Ritter and Kolb, 1998). This is 
almostt entirely an observational selection effect. These systems are the easiest to find and 
thereforee dominate the sample. Theoretical calculations show that the vast majority of all 
CVss (~99%) will have periods below 2 hours and most of these (~70%) will have very 
loww mass transfer rates (<10-11 M0/yr; Howell, Rappaport and Politano, 1997; Kolb, 
1993).. These very low mass transfer rates make the accretion disks in these systems 
intrinsicallyy very dim, which makes them also observationally very faint. Folding of the 
expectedd brightness distribution of this theoretical population of CVs with a typical space 
densityy shows that most CVs will be fainter than 20th magnitude. Convential ways of 
findingg CVs, such as their detection during dwarf-nova or nova outbursts, or detection 
basedd on the very blue colour of the accretion disk, will not work in uncovering this 
majorityy of CVs because the inter-outburst times of dwarf-nova outbursts in these systems 
iss of the order of decades or longer. Because of the low mass transfer rates the accretion 
diskss in these systems are not expected to be the dominant source of radiation, and the 
colourss of these system will be a composite of the (red) companion star, the (blueish) 
accretionn disk and the (blue) white dwarf. 

Al ll  CVs however, show variations in their light curves of a few tenths of magnitudes 
whichh is caused by fluctations in the mass transfer stream. This random variation, typ-
icallyy on a timescale of minutes, is referred to as 'flickering'. In the few systems that 
aree suspected to have the low mass transfer rates expected for the majority of all CVs, 
thiss flickering is clearly observable. It can, therefore, serve as an identifier of low mass 
transferr rate CVs. 

1.3.22 Large and Sensitive 

Thee observational requirements for the detection of the optical GRBs without a 7-ray 
burst,, as well as the low-luminosity CVs are the same. A large area of the sky needs 
too be observed much deeper than 20th magnitude, preferably down to 25th magnitude, 
withh precisions that are better than 0.1 mag for the faintest sources and with repeated 
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observationss of the same field over a time period of roughly a week. Over the last few 
years,, technical developments have made the fabrication of large format CCDs (Charged 
Coupledd Devices4) possible. Currently the largest CCDs contain 4000x2000 pixels and 
cann be stacked in arrays to make cameras that contain 16 or more of these CCDs. 

Onee of the first of these so-called Wide Field Cameras (WFCs) is the WFC on the 2.5m 
Isaacc Newton Telescope (INT) on the island of La Palma. This camera contains four 
4000x20000 pixel CCDs and is able to cover an area on the sky as large as the full Moon 
(0^27)) in one exposure. In the spring of 1997 the Joint Steering Committee of the Isaac 
Newtonn Group of Telescopes (to which the INT belongs) decided that a large amount 
off  telescope time with the new WFC was to be made available for large surveys. The 
'Faintt Sky Variability Survey', which has, among others, the above-mentioned objectives 
off  finding optical GRBs and the majority of the CV population as two of its main targets, 
wass selected as one of three proposals that combined form the INT Wide Field Survey. 
Observationss for the Faint Sky Variability Survey have started in the November 1998 
andd in Chapter 9 we outline the main goals, the observational strategy and the reduction 
techniquess of this important next step in GRB and CV research. 
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