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11 Introduction 

1.11 Prologue 

Astrophysicss has always been among the most exciting branches of science. This is es-
peciallyy true today. The immense progress in observational techniques and computer 
facilitiess mark the beginning of a new era in astrophysical research. Never before in 
historyy did we have more advanced or better observational facilities at our disposal, 
andd almost the complete electromagnetic spectrum can be studied in unprecedented 
detail. . 

Butt it is not due to observations alone that remarkable progress in many as-
trophysicall  research fields is achieved. Modern astrophysics clearly is a symbiosis 
betweenn observational studies and theoretical work. A theoretical framework is the 
essentiall  basis for the observed phenomena. And from time to time a theoretical 
predictionn is made before we have the observational evidence for it, such as neutron 
starss which were born at the tip of the theoretician's pen long before their existence 
wass observationally proven. 

Thee modern theoretician is not restricted to work with paper and pen anymore. 
Today'ss most powerful computers have become important tools to simulate almost 
anyy astrophysical process, from the structure formation in the early universe to a 
supernovaa core collapse. Due to many impressive theoretical results also this side of 
astronomyy gains increasing popularity today. 

Inn this thesis I consider some new aspects of one the most important and suc-
cessfull  concepts in astrophysics: accretion, the process of the accumulation of matter 
ontoo a central object via an accretion disk. 

1.22 Accretion - the power house of the universe 

Thee theory of accretion is primarily linked with the names Shakura & Sunyaev 
(1973),, Novikov & Thome (1973) and Lynden-Bell & Pringle (1974) who developed 
thee basic framework for accretion onto compact objects. The theoretical efforts in 
thiss field began when it was realized that in compact gravitating objects (e.g. neu-
tronn stars, white dwarfs) the efficiency of energy release is much higher than the 
efficiencyy of hydrogen nuclear fusion, the main energy source of normal stars. Thus 
itt is accretion which plays the dominant role for the most active and brightest phe-
nomenaa in the universe. Soon it was recognized that accretion does not take place by 
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11 Introduction 

aa radial infall of matter (except e.g. in a supernova core collapse), but mostly via a 
flat,flat, disk-like gaseous flow, which swirls around the compact object. Such an object 
iss called an accretion disk. 

1.2.11 The classical picture and its problems 

Thee description of an accretion disk as proposed by Shakura &: Sunyaev (1973) is 
oftenn referred to as the standard disk model and such accretion disks are simply 
calledd a-disks. 

Thee basic ingredients for an accretion disk are that it is approximated as axisym-
metricc and steady. It is geometrically thin, i.e. the vertical height is much smaller 
thenn the radial distance from the central object and the dominant motion in the 
diskk is due to a Keplerian rotation around the gravitational center. Responsible for 
thee mass transport inwards (and the angular momentum transport outwards) is the 
shearr viscosity between different disk annuli, because at different radii the disk has 
differentt rotational velocities. The exact nature of the viscosity, however, is not clear 
untill  today. A prescription for the viscosity (the a-parameter) has proven to be a 
veryy successful way to absorb our ignorance into an adjustable number. By using the 
conservationn laws for mass, momentum, angular momentum and energy the radial 
diskk structure can be described mathematically. The solutions for such a cool disk 
describee an exact balance between gravitational energy liberated by viscosity and 
thee local energy loss from the system via radiation. 

Thee a-disk concept has been highly successful in many ways. It was the first 
practicall  model for objects like X-ray binaries, protostars and active galactic nuclei. 
I tt could explain several observations, for example dwarf nova outbursts (with an 
extensionn of the standard model into low temperature regimes) or the observational 
characteristicss of cataclysmic variables. But soon it became clear that some obser-
vationss could not be fitted with the standard model. Since in the standard picture 
thee viscously generated heat is radiated away from the surface roughly as a black-
body,, which has different temperatures at different radii (this yields the so-called 
multi-colormulti-color disk-blackbody spectrum) the emergent spectra should peak around some 
feww hundred eV. One keV roughly corresponds to the highest temperatures of the 
accretionn disk, which are found near the compact object. Especially observations of 
blackk hole candidates (BHCs) showed much harder X-ray photons than the standard 
modell  could predict. 

BHCss are thought to be close binary systems, in which a black hole swallows 
matterr from its companion star via an accretion disk. A famous representative of this 
classs is Cyg X- l , which is the brightest and probably best studied of the persistent 
blackk hole candidates. Its optical companion is a 09.7 supergiant with an orbital 
periodd of 5.6 days. From the mass function the mass, M, of the X-ray star is 5 < 
M/MQM/MQ < 15 (Herrero et al. 1995), which strongly indicates the presence of a black 
hole. . 

BHCss generally appear in different spectral states. An example for the shape of 
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Fig.. 1.1: Different spectral states of Cyg X- l . Hard state observed by Ginga, 
OSSEE and COMPTEL in June 1991. The soft state was observed by ASCA, 
RXTERXTE and OSSE in June 1996 [taken from Gierliriski et al. (1999)]. 

thee X- ray spectrum of Cyg X - l at different states is shown Fig. 1.1. In the so called 
hardd (or low) state the spectrum is characterized by a hard power-law spectrum 
(occ E~T) with a photon spectral index of T ~ 1.7, and a high energy cut-off at 
EEcc ss 100 keV. The source spends up to 90% of the t ime in the hard state. The total 
X- rayy luminosity of the hard state is generally 10% below the Eddington luminosity. 
Inn the soft (or high) state the 2-10 keV luminosity is an order of magnitude higher 
andd the spectrum is dominated by an ultrasoft blackbody-l ike component (explained 
wit hh the multi-color blackbody from the cool disk) and a hard power law tail, which is 
muchh less luminous than in the hard state. An intermediate state is also present which 
markss the transit ion between the two states. In all spectral states observed from Cyg 
X - ll  the hard photons cannot be explained by the standard model. An extension of 
thee classical picture is therefore needed to account for such hard photons. 

1.2.22 The Shapiro-Lightman-Eardley model 

Manyy of the observed hard spectra are characterized by a power law with a high 
energyy cut-off (see Fig. 1.1). A radiative process which yields such a power law 
distributionn of the photon energies (including a cut-off) is Comptonization. Comp-
tonizationn occurs if photons propagate through a (hot) dilute plasma with small 
effectivee optical depth but non-negligible scattering optical depth. Every t ime when 
suchh a photon scatters with a free electron energy can be transferred between the 
twoo scattering partners. Low energy photons propagat ing through a hot plasma wil l 
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onn average gain in energy (inverse Compton process). 
Iff  the hot electrons have a power law distribution of energies and the scattering 

opticall  depth is low, then also the emergent energy spectrum of the photons scat-
teringg off such an electron cloud will show a power law distribution. But even if the 
electronss have a thermal distribution, Comptonization often yields an approximate 
powerr law, by multiple scattering, if the optical depth is not too low. Among the 
possiblee radiation processes, Comptonization is the most plausible one. It has be-
comee standard practice to include regions where Comptonization takes place when 
matchingg accretion disk models to observations. 

Ann accretion disk model which attempts to resolve the puzzle of the hard spec-
trall  component was proposed by Shapiro et al. (1976). Basically the same ingredients 
aree used as in the standard disk model. But these authors noted that a hot accretion 
solutionn is also possible. At higher temperatures the radial accretion velocity is higher 
andd the densities lower. The disk plasma then gets optically thin to absorption near 
thee compact object, and radiation losses are less efficient there. Further, at the low 
proton/electronn densities in such a region, protons and electrons are energetically 
decoupledd due to the reduced rate of Coulomb interactions in a high temperature 
plasma.. Two energy equations are needed to describe protons and electrons sepa-
rately.. This solution shows that the electron temperatures in the inner regions of the 
accretionn disk could be Te ~ 109 K, while the protons reach temperatures near their 
viriall  temperature, Tp ~ 1012 K. The inner region of the flow is then characterized 
byy a two temperature plasma. 

Inn principle this model could explain the observed spectra. The cool accre-
tionn disk (Te ~ 106 K) surrounding the hot, inner part serves as a soft photon 
source.. These soft photons can impinge on the hot region and are Comptonized 
there.. Though at first sight attractive, because this model naturally produces a 
Comptonizationn region, it turned out that the original mode as proposed by Shapiro 
ett al. (1976) is thermally unstable. An additional ingredient is needed. 

1.2.33 Advection dominated accretion flows (ADAFs) 

Thee Shakura-Sunyaev and the SLE- models do not consider an important processes 
involvedd in accretion, namely advective cooling. The classical models assume that 
alll  viscously liberated energy is radiated locally. But there exist distinct branches 
off  steady solutions in which this assumption is violated. In two cases the radiative 
coolingg efficiency is low: in a high temperature, optically thin situation, and in a 
regimee with a high accretion rate at high optical thickness. In both situations the 
viscouslyy liberated energy is stored as entropy, and carried inward with the accretion 
flowflow  before it can be radiated locally. The energy budget and thus the properties of 
thee accretion disk are strongly affected by advective cooling. These solutions are 
calledd Advection Dominated Accretion Flows, or short ADAFs. 

Thee optically thick variant of ADAFs was proposed several times and studied 
inn detail by Abramowicz et al. (1988). It is characterized by mass accretion rates 
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abovee the Eddington limi t (M/MEÓÓ i£ !)  Due to the high mass accretion rate the 
advectivee cooling dominates over the radiative cooling, and the energy balance is 
realizedd by Qyiac = QZdvi ie- t n e viscously liberated energy is not radiated locally, 
andd most of the accreted matter is swallowed by the central black hole before it can 
loosee its energy via radiation. Therefore these solutions are underluminous for their 
accretionn rate. The accretion disk of an optically thick ADAF is moderately thick, 
H/RH/R ~ 0.3. They have been studied often with the same assumptions as used for 
thinn standard disks. In this approach they are called slim disks. 

Muchh more promising models for explaining the hard X-ray spectra of active 
galacticc nuclei (AGN) and galactic black hole candidates are optically thin ADAFs, 
sincee they intrinsically have high temperatures. Detailed discussions of optically thin 
ADAFss were performed by Narayan & Yi (1994, 1995a,b). But similar approaches 
weree already earlier considered by Ichimaru (1977) and Rees et al. (1982). 

Inn optically thin ADAFs the temperatures of protons and electrons differ. For 
thee heat balance of the protons their energy exchange with the electrons is negligible 
becausee of the low densities in the ADAF. Thus the energy equation for the protons 
cann be treated separately from the electrons. Solving the energy equation for the 
protonss allows one to calculate the structure of the ion gas. After that the electron-
temperaturee distribution can be determined by solving the energy equation for the 
electrons.. For electrons the heating rate is given by Coulomb interactions with pro-
tonss whereas cooling is due to radiative losses (i.e. bremsstrahlung, Comptonization 
andd synchrotron cooling). 

Ann optically thin ADAF is an ion supported (Rees et al. 1982) two-temperature 
diskk where the protons again have temperatures near their virial temperature and the 
electronss stay much cooler (Te « 100 keV). Due to the high proton temperature the 
opticallyy thin ADAFs are geometrically thick and their vertical extent is comparable 
too the radial distance from the hole (H < R). Such ADAF models can be made to 
fitfit  the observed spectra of BHCs and AGN in their hard states, in that they can 
reproducee the observed power laws (due to Comptonization) in the medium X-ray 
rangee at low luminosities. Due to its potential to explain the observed spectra and 
itss thermal stability the optically thin ADAF solution is a widely favored accretion 
modell  today. 

1.2.44 Stability of the solutions 

Forr the classification of the different forms of accretion it is useful to plot the so-
lutionss in a diagram where the surface density E (the vertically integrated amount 
off  material in the disk at a certain radius) is shown vs. the accretion rate M (the 
amountt of matter deposited on the central object per unit time). The curves in the 
£ -MM plane shown in Fig. 1.2 give equilibrium conditions, i.e they show the rela-
tionn between S and M for the situation where the liberated energy (Q* is) is exactly 
balancedd by the energy losses Q~~. For the classical Shakura-Sunyaev solution and 
thee Shapiro-Lightman-Eardley solution the energy losses are due to local radiation 
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Fig.. 1.2: Sequence of thermal equilibrium solutions of an a-disk. The right 
S-shapedd curve represents optically thick and left curve the optically thin ac-
cretionn disks. The upper branches of both curves show advection-dominated 
solutionss (ADAFs). The model parameters are M/M®=8, R/Rs=7, a = 0.1. 

off  energy, <2 îs = Q~ad- In the cases of advection dominated solutions, the viscously 
dissipatedd energy is stored in the accretion flow as entropy, Q+is = QZ, , and trans-
portedd inward. 

Withh the help of this figure the stability of a solution can easily be estimated. 
Solutionss where the Q+ < Q~ region lies above and Q+ > Q~ below the curve are 
stable,, vice versa a solution is unstable. For example consider the case where the 
solutionn lies on the "SS g" branch in Fig. 1.2. Any local rise in temperature (which 
resultss in a vertical shift upward in the diagram) will  bring this volume into a region, 
wheree cooling is higher than heating and the temperature decreases again. The same 
holdss for a decrease in temperature (a vertical shift downwards in the diagram). The 
volumee gets into the region where heating is dominant, the temperature decrease 
cannott be sustained and the temperature increases again. Therefore these solutions 
aree stable. The unstable equilibrium curves can be investigated with the same logic. 

Thee optically thick solutions form the S-shaped model sequence to the right in 
Fig.. 1.2. The classical solutions for the Shakura-Sunyaev disk are denoted by "SS 
g""  and "SS r", the gas pressure supported and the radiation pressure supported 
branch,, respectively. From our stability analysis above we can immediately see that 
thee radiation pressure supported branch of the standard Shakura-Sunyaev solution is 
nott stable whereas the gas pressure supported branch is. The optically thick ADAF 
solutionn is the continuation of the standard Shakura-Sunyaev model in the E-M 
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spacee and forms the upper branch of the S-shaped model sequence (denoted with 
"ADA FF r") . 

Thee optically thin solutions are found on the left side. They reside at accre-
tionn rates below the Eddington limi t and have low surface densities. The Shapiro-
Lightman-Eardleyy branch is denoted with "SLE" and can easily be identified to 
bee an unstable solution. The optically thin "ADA F g" solution is thermally and 
viscouslyy stable and connects to the unstable " SLE" branch. 

1.33 A global model... 

...whichh conclusively explains all observed phenomena from BHCs and AGN is not 
yett found. But the thermally stable disk solutions for accretion rates below the 
Eddingtonn limit , described in the previous sections, provide a promising starting 
pointt for a closer investigation of the accretion flow in such objects. 

BHCss (and AGN) often appear in different spectral states, as we have seen from 
thee example of Cyg X- l in Fig. 1.1. It is suggestive to link the high (soft) state with 
aa cool Shakura-Sunyaev disk (producing the soft disk blackbody component) and 
thee low (hard) state to an optically thin ADAF (producing the power law due to 
Comptonizationn of soft photons in the hot flow). 

Inn fact, such attempts yield promising results, as demonstrated by Esin et al. 
(1997).. In their model the accretion flow consists of two zones: an inner optically thin 
ADA FF extending from the black hole horizon to a transition radius, Rtr- Outside 
thee transition radius resides a thin, cool, standard disk. Above the cool disk is a 
hott corona, which is the continuation of the inner ADAF. The different spectral 
statess then depend on the mass accretion rate, which determines the position of the 
truncationn radius: for low accretion rates the truncation radius is far out (Rtr ~ 102-
104,Rs)-- With increasing accretion rate the truncation radius is assumed to move 
fartherr in and the ADAF shrinks in size and eventually the cool disk extends down 
too the last stable orbit. In this sequence the spectra change from the hard to the soft 
statee via an intermediate state, where both components contribute roughly equally. 

Besidess the distinct spectral properties of the low and the high state, which 
cann be attributed to the optically thin and the optically thick regime, respectively, 
increasingg evidence for a bimodal accretion flow recently came from the analysis of 
thee X-ray variability on short time-scales: the power density spectra, too, are very 
differentt during different spectral states. This suggests that the temporal and spectral 
propertiess are closely linked. Churazov et al. (2001) give a qualitative interpretation 
forr different power density spectra (PDS) in connection with a bimodal accretion 
flow.flow. They argue that in the soft state (where the cold disk with a corona above 
extendss down to the innermost region of the black hole) the variability completely 
originatess in the optically thin region (the corona) due to a common, but unspecified 
physicall  mechanism (the PDS has the same shape from 10- 4 Hz up to 10 Hz, see 
Fig.. 1.3). Instabilities occur at different radii and propagate inwards into the region 
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F ig.. 1.3: Left: sketch of the accretion geometry for the soft (top) and the hard 
(bottom)) state. The black slab shows the cool standard disk, which is sand-
wichedd by a hot corona (gray shaded regions). Oscillating curves schematically 
showw that the mass accretion rate in the corona is modulated on various time-
scaless at different radii. The modulated flow reaches the innermost regions, 
wheree most of the gravitational energy is released (represented by the box). 
Right:: typical power density spectra of Cyg X- l in the hard (black and light 
grey)) and the soft (grey) state [taken from Churazov et al. (2001) ]. 

wheree most of the energy is released. The observed modulated flux then spans a broad 
dynamicall  t imescale (~ 104 orders of magnitude) as it reflects modulat ions of the 
masss accretion rate imprinted on the flow over a large extent in the radial direction. 
I nn the hard s tate the cold disk is truncated at a large distance from the black hole. 
I nn the optically th in inner region the ampl i tudes and timescales of the modulat ions 
aree the same as in the corona, and the PDS should resemble the PDS of the soft 
s ta tee there (for frequencies above the "knee", see Fig. 1.3). Until the truncat ion 
radiuss most of the mass is accreted in the cold disk and only a small fraction of the 
accret ingg mat ter (which is in the corona) contr ibutes to the variability. Therefore 
att low frequencies the power density of the hard state has dropped by a constant 
factorr (the rat io of the coronal mass accretion rate to the total mass accretion rate 
squared).. In a transi t ion zone the authors claim that the PDS in the hard state 
iss flat, as the X- ray flux in this range of t ime-scales is not associated with locally 
inducedd fluctuations of the accretion flow. 



1.31.3 A global model.. 

1.3.11 Cold and hot matter in close vicinity 

AA bimodal accretion flow, with an optically thick accretion disk outside the transition 
radiuss and an optically thin flow inside, obviously accounts for several observed 
properties.. Such a model implies that cold and hot matter are in close vicinity. 
Theree is also observational support for this: a Ka iron fluorescence line at 6.4 keV 
andd a Compton reflection component between « 10-30 keV are evident in many 
off  the observed spectra from BHCs and AGNs. These features are interpreted as 
interactionn between photons from a hot medium and neighboring cold material (the 
describedd spectral features can also be seen in Fig. 1.1). 

Iff  we believe in the close vicinity of cold and hot matter in the accretion flow then 
wee can expect a coupling between the two different phases. This coupling could take 
placee via an exchange of radiation or an exchange of matter. The radiative coupling 
betweenn a hot corona above a cool disk was investigated by Haardt & Maraschi 
(1991,, 1993) in their so called "two-phase model": most of the accretion energy is 
dissipatedd in a corona above a cool disk. Comptonized photons from the hot corona 
illuminatee the cool disk. About half of the photons escape, while the other half is 
thermalizedd in the cool disk. The energy flux of the soft photons at the base of the 
heatedd layer must approximately be the same as from the escaping Comptonized 
photonss and the temperature of the heated sheet adjusts to match this balance. In 
termss of the Compton y-parameter, y = 4(fcTe/mec

2)Ts, this requires that y « 1. In 
thiss model the optical depth rs of the illuminated layer is a free parameter. 

Besidess a radiative coupling of the two different phases, another form of energy 
exchangee is inevitable: protons from the hot phase must also interact with the cool 
diskk below. Then instead of an illumination by photons, ions transport energy from 
thee hot phase to the cool disk. This idea is attractive because protons are the carrier 
off  the viscously liberated gravitational energy (their mass is much higher than the 
electronn mass). The protons in the hot region are expected to have temeratures near 
theirr virial temperature, because of the low rates at which they can exchange energy 
withh the electrons, i.e. their temperature in the innermost regions of the accretion 
flowflow is about a factor 104 higher then the expected temperatures of a cool standard 
diskk (if it exists there). A cool disk must therefore be a huge sink for both mass and 
energyy of a corona/ADAF above a cool disk. 

Suchh interaction of virialized protons with a cool disk has been proposed by 
Spruitt (1997) and Spruit & Haardt (2000). The coupling is based on a simple ar-
gument:: if hot protons enter a cold medium they loose their energy via Coulomb 
collisionss with the electrons inside their Debye sphere. The electrons gain energy 
andd increase their temperature. The impinging protons loose their energy until they 
havee reached a temperature equal to the electrons. This mechanism is here labelled 
proton/ionproton/ion illumination (we wil l encounter this mechanism throughout this thesis). 
Thiss model has similarities to the Haardt-Maraschi model. But proton illumination 
hass one great advantage in contrast to the two-phase model: the penetration of pro-
tonss into cold material is a well defined problem, i.e. there is a way to calculate the 
stoppingg depth of the protons self-consistently. Thus the optical depth of the heated 
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layerr can be determined, which has been a free parameter in Haardt & Maraschi 
(1991,, 1993). Computations of the energy balance of a proton illuminated cool disk 
withh a self-consistent treatment of the proton stopping is the topic of chapter 2. 
Againn by the energy balance of the heated layer, the contributions of the soft and 
thee hard photons adjust to become roughly equal. This is shown by computing a 
generalizedd Compton-y parameter through the Comptonization layer, which turns 
outt to be roughly the same at different proton energy fluxes and distances from the 
hole. . 

AA proton illuminated transition layer with electron temperatures Te as 80 keV 
iss therefore produced between a hot ADAF plasma and a much cooler disk. This 
naturallyy provides a region where Comptonization can take place. The emergent 
spectraa from this heated surface skin are reminiscent of the X-ray spectra from the 
intermediatee or hard state of BHCs. 

1.3.22 What happens at low surface densities? 

Noww we return to the model proposed by Esin et al. (1997) and speculate about its 
implicationss for the proton illumination of a cool accretion disk. If the disk partly 
overlapss with the optically thin ADAF we have a situation where the disk is illumi-
natedd by virialized protons. If the accretion flow consists of the two zones then there 
mustt also be a region where the thin disk disappears and the cold material becomes 
partt of the optically thin flow. This happens at the transition radius, RtT- Near RtT 

thee surface density, £Coid, of the cool disk must be low, as £Coid oc [1 — (RtT(R)l/2\. 
Heree we ask the following question: what is the response of a disk with low surface 
densityy if it is exposed to virialized protons ? The answer is given in chapter 3. We 
showw that below a certain Thomson optical depth (TT = KH, K denotes the electron 
scatteringg opacity) of the cold matter the energy deposited by the penetrating pro-
tonss can not be radiated by the electrons. Without an effective cooling mechanism 
available,, the thin disk is heated to a new equilibrium configuration within a dy-
namicall  time scale. Pair processes limit the maximum attainable temperatures. The 
equilibriumm temperatures reach several hundred keV. We label this state the warm 
state,state, as it has much higher temperatures than a standard disk, but is much cooler 
thann the local virial temperature. Therefore a warm disk is still geometrically thin. 

Forr the calculations presented in chapter 3 we have assumed that the surface 
densityy drops to a low value at the transition radius. This is of course only a conse-
quencee of the a priori postulated transition from a cool, optically thick to a optically 
thinn flow. But what is the driving mechanism for this transition (called the SSD-
ADA FF transition) to operate ? One promising model, the "coronal siphon flow" is 
proposedd by Meyer & Meyer-Hofmeister (1994) and revisited in the context of BHCs 
byy Meyer et al. (2000). Their mechanism explains evaporation by heat conduction 
duee to the electrons from a hot corona to the cold disk below. But this mechanism 
onlyy works at a large distance from the black hole. A SSD-ADAF transition within 
1000 Schwarzschild radii can not be explained with the coronal siphon flow. 
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Interestingly,, the warm disk state found in chapter 3 provides the starting point 
forr a thermal instability, which has the potential to transfer the material from the 
warmm state to material of an corona/ADAF in the innermost regions of the accretion 
system.. This instability is investigated in chapter 4. The physical reasons for the 
instabilityy are the high temperatures and the low densities of the warm state. The 
protonss can not get rid of their energy very efficiently at these temperatures and 
densities.. Friction in the warm disk (by viscous energy release) then heats the protons 
untill  they have reached their local virial temperature and become part of the ADAF 
(seee Fig. 4.6 for an illustration of the evaporation region). 

Thee evaporation mechanism proposed in this work is based on few basic and 
welll  known ingredients: proton-electron coupling according to the classical theory of 
Spitzerr (1962) and a combination of the Shakura-Sunyaev disk with the optically 
thinn ADAF solution. Spitzer's theory is good enough even at high temperatures (as 
wee show in chapter 5). We do not expect that relativistic corrections to Spitzers's 
formalismm have any influence on our conclusions. The only assumption is that a cool 
diskk truncates within an ADAF. Evaporation then is an inevitable consequence only 
basedd on classical processes which operate in two steps: (i) virial protons from the 
ADA FF heat a disk with low surface density to the warm state. The protons and 
electronss decouple because of the slow rates at which they can exchange their energy 
att high temperatures and low densities, (ii) Standard viscous heating further heats 
thee protons of a warm disk until they are part of the ADAF. 

1.3.33 ...and if there is a solid surface ? 

Wee now leave the investigation of proton illumination in combination with an ac-
cretionn disk and turn to a closely related topic. Though the physics of the accretion 
flowflow in BHCs and accreting neutron star (NS) binaries may be quite similar, there is 
onee big difference: whereas the accretion flow is swallowed by the central black hole, 
thee flow in a X-ray binary with a neutron star primary wil l eventually hit a solid 
surface. . 

Thee shapes of the observed spectra from accreting neutron stars are very differ-
ent,, which might be related to the strength of the magnetic field of the NS. In the 
casess of low-mass X-ray binaries (LMXBs), where a weakly-magnetized NS of mass 
M»» has a low mass companion, the X-rays are considered to be emitted from two pos-
siblee sites: a standard, cool accretion disk or the neutron star boundary layer. This 
boundaryy layer is then expected to be the dominant source of high-energy radiation. 
Inn a Keplerian disk half of the gravitational binding energy still is in the flow as ro-
tationall  energy, that means that the luminosity of the boundary layer must be about 
halff  of the accretion luminosity, |Lacc = GM*M/2i2* . Therefore the boundary layer 
iss expected to contribute considerably to the overall spectrum of a LMXB . 

Inn the boundary layer the accretion flow is decelerated from its high rotational 
velocityy to the much smaller surface angular velocity of the NS. This yields a scenario 
wheree proton illumination takes place: the stopping of the protons occurs in a thin 
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hydrogenn atmosphere of already accreted matter (it is inferred from type-I bursts 
thatt hydrogen accumulates on the NS surface). The protons enter this atmosphere 
almostt tangentially because of their high rotational velocity. 

Thee penetration of protons onto the NS surface has been modeled with a radial 
infalll  of matter by many authors (Zel'dovich Sz Shakura 1969; Alme & Wilson 1973; 
Turollaa et al. 1994; Zane et al. 1998). In chapter 5 we investigate the more realistic 
picturee where the protons enter the atmosphere with a tangential velocity compo-
nent.. Here we assume that the NS is embedded in an ADAF-lik e flow and proton 
illuminationn takes place in an extended equatorial belt as the vertical height of the 
ADAF-lik ee region spans a considerable fraction of the NS radius (see Fig. 5.2 for an 
illustration).. This assumption is based on a recent investigation of the NS boundary 
layerr by Popham k, Sunyaev (2001). Our results show that the NS surface does not 
actt like a simple blackbody thermalizer and the emergent spectra from the proton 
illuminatedd atmosphere are quite similar to observed ones from NSs in their hard 
states. . 

AdditionalAdditional note: chapter 5 was written before chapters 3 and 4. Some results of 
chapterr 5 are used in the earlier chapters. 
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