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Coverr photo top: Gas from a companion star is drawn by gravity onto the black hole in 
aa swirling pattern. Near the event horizon, a strong gravitational redshift makes it appear 
redderr and dimmer. When the gas finally crosses the event horizon, it disappears from view. 

Bottom:: Gas from the accretion disk flows down onto a neutron star. As the gas 
approachess the neutron star, a similar gravitational redshift again makes the gas ap-
pearr redder and dimmer. However, when the gas strikes the solid surface of the neu-
tronn star, it glows brightly. Figure taken from the Chandra X-ray Observatory website 
h t tp : / / chandra .ha rva rd .eduu and printed with permission from NASA/CXC/SAO. 
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11 Introductio n 

1.11 Prologu e 

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 Accretio n - th e powe r hous e of th e univers e 

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 

1 1 



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 classica l pictur e and its problem s 

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-Eardle y mode l 

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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11 Introduction 

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 Advectio n dominate d accretio n flow s (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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1.21.2 Accretion - the power house of the universe 

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 Stabilit y of th e solution s 

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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1.31.3 A global model... 

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 globa l 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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Fig .. 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 modulations of the 
masss accretion ra te imprinted on the flow over a large extent in the radial direction. 
Inn the hard s ta te the cold disk is truncated a t a large distance from the black hole. 
Inn the optically thin inner region the ampli tudes and timescales of the modulations 
aree the same as in the corona, and the PDS should resemble the PDS of the soft 
s t a t ee there (for frequencies above the "knee", see Fig. 1.3). Until the t runcat ion 
radiuss most of the mass is accreted in the cold disk and only a small fraction of the 
accret ingg mat te r (which is in the corona) contributes to the variability. Therefore 
a tt low frequencies the power density of the hard s tate has dropped by a constant 
factorr (the rat io of the coronal mass accretion ra te to the total mass accretion rate 
squared) .. In a t ransi t ion zone the authors claim tha t the PDS in the hard s tate 
iss flat, as the X- r ay 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 matte r in clos e vicinit y 

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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11 Introduction 

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 Wha t happen s at low surfac e 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. 

10 0 



1.31.3 A global model... 

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 ther e is a soli d surfac e ? 

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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11 Introduction 

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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22 Comptonizatio n in an accretio n disk 
illuminate dd by proton s 

B.B. Deufel and H.C. Spruit * 

Abstract.. We compute the X-ray spectrum from a cool, optically thick, 
geometricallyy thin accretion disk embedded in a hot ion-supported torus 
(orr ADAF). Most of the gravitational power is assumed to be dissipated in 
thee torus, where the protons are near their local virial temperature. The 
protonss are slowed down in the accretion disk via Coulomb interactions, 
producingg a hot surface layer with an optical thickness rr- « 1 - 2. The 
heatingg of this layer is balanced by cooling through Comptonization of 
softt photons. The soft photons are produced by the reprocessing (treated 
inn an approximate way) of hard photons penetrating into the cool disk. 
Solvingg the energy balance problem of the heated layer together with the 
Comptonizationn by a Monte-Carlo simulation, we find X-ray spectra with 
aa hard power law tail and a high energy cut-off at « 100 keV, reminiscent 
off  observed hard tails of spectra from BHCs or AGNs. 

2.11 Introductio n 

AA variety of models have been invoked to explain the hard X-ray spectra of galactic 
Blackk Hole Candidates and AGN. The similarity between the spectra of these classes 
off  sources suggests a common mechanism in spite of a large difference in length and 
timee scales. Inverse Compton scattering of soft photons off energetic electrons is the 
mostt likely radiation process, and can explain the spectra for a variety of geometries 
forr the assumed soft photon source and a hot electron plasma. The source of soft 
photonss could plausibly be a cool disk, extending outward from an assumed distance 
R\R\ around the central mass. The hot Comptonizing plasma could either form a 
cloudd around the central mass, or a corona above the cool disk. The simultaneous 
presencee of a cool disk and a hot Comptonizing plasma is clearly indicated in some 
observationss of black hole transients. These components are identifiable in the spectra 
off  such sources in their very high, high and intermediate states (Rutledge et al. 1999). 
AA central hot cloud could be provided physically by an optically thin, radiatively 
inefficientt accretion flow or ADAF (Rees et al. 1982; Narayan & Yi 1994; Narayan 

'appearedd in A&A , 362,1-8 (2000) 
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22 ComptonizatioD in an accretion disk illuminated by protons 

ett al. 1996). A corona could be magnetically heated (Galeev & Vaiana 1979; di 
Matteoo et al. 1999), with the magnetic field being provided by the cool disk, and 
thee energy input being due to the Keplerian shear in the disk. By adjusting the 
softt photon flux, the temperature and the optical depth of the hot plasma, photon 
spectraa can be produced that closely resemble the observations. 

Thee interaction between the hot plasma and the cool disk, either in the ADAF 
orr in the coronal model, is traditionally seen in terms of an exchange of photons. 
Softt photons from the disk illuminate the hot plasma and gain energy by inverse 
Comptonn scattering on the hot electrons. A part of the resulting energetic photons 
inn turn illuminates the cool disk, is absorbed there and reprocessed into a larger 
numberr of photons of lower energy. Haardt and Maraschi (1991,1993) have shown 
thatt the energy balance between the hot and cool plasma illuminating each other 
inn this way determines a combination of temperature and optical depth of the hot 
plasmaa (the Compton y-parameter), in such a way that spectra with approximately 
thee right slope are produced. 

Iff  the hot plasma is due to an ADAF flow it is in a two-temperature state 
(Shapiroo et al. 1976) with the ions near their local virial temperature, and the elec-
tronss at a much lower temperature near 100 keV. If such a hot two-temperature 
cloudd exists near a cool disk, as observations indicate, it is conceivable that inter-
actionn with this cool disk takes place not only by photons, but also by the some 
fractionn of the ions losing their energy by penetrating into the cool disk and slowing 
downn there ('ion illumination'). 

Heatingg of a neutron star surface by impinging ions has been proposed very early 
inn the history of X-ray astronomy. It was suggested as the cause of X-ray emission 
byy Zel'dovich & Shakura (1969) and Alme k. Wilson (1973) but was subsequently 
eclipsedd by the development of accretion through a cool disk. 

Thee possible importance of the process for disks embedded in a hot corona 
hass been proposed by Spruit (1997) and Spruit & Haardt (2000). In these models, 
thee hot Comptonizing plasma is identified with the thin surface layer on top of 
thee cool disk that is produced by the incident flux of ions. The penetration of ions 
intoo the disk, and the propagation of photons through such a layered structure is a 
welll  defined problem. The temperature as a function of depth in the layer and the 
outputt spectrum depend only on the temperature and energy flux of the incident 
ionss (and weakly on the local acceleration of gravity). The resulting spectra obtained 
withh an approximate treatment of the radiative transfer (Spruit &; Haardt 2000) are 
promising.. The optical depth and temperature of the heated layer are in the right 
rangee and produce the right spectral slope and high-energy cutoff, depending only 
weaklyy on parameters such as the distance from the central mass and energy flux. 

Here,, we present more detailed calculations of the process, with a more accurate 
treatmentt of the Comptonization process. The interaction between the ion torus and 
thee disk is computed time dependently in a one-dimensional, plane-parallel approxi-
mation.. For each time step we calculate the energy gain of the electrons slowing down 
thee penetrating hot protons, and their energy loss through Compton cooling of soft 
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2.22.2 A cool disk inside an ion supported accretion flow 

blackbodyy photons, until an equilibrium state is obtained. The density distribution 
throughh the region is found from hydrostatic equilibrium. The Comptonization is 
donee by a Monte-Carlo calculation. The result is the Comptonized spectrum at the 
topp of the accretion disk. The production of soft photons by the thermalization of 
hardd photons is not included explicitly but represented by a reprocessing surface at 
ann appropriate depth in the model (see Sect. 2.3.2 for details). 

Inn Sect. 2 we specify the cool disk model into which the protons penetrate. In 
Sect.. 3 we describe the heating of the electrons at the surface of this disk by Coulomb 
interactionss with the incident protons as well as their cooling by Comptonization in 
thee stratified layer. Sect. 4 presents results and conclusions from these calculations 
andd Sect. 5 gives a discussion and summary. 

2.22 A coo l dis k insid e an ion supporte d accretio n flo w 

Thee geometry for the accretion flow we consider here consists of an ion supported 
advectionn torus or ADAF (Rees et al. 1982; Narayan & Yi 1994, 1995a). This flow 
iss assumed to coexist with an optically thick accretion disk, such that the cool disk 
extendss partly into the hot flow. Here, we do not address the question how much 
off  an overlap between the two is physically realistic. Since the incident ions loose 
essentiallyy all their energy once they have entered the cool disk, the overlap region is 
aa significant sink of energy and mass from the ADAF. If it is too wide, these losses 
mightt be too high for an ADAF to be sustainable. The distance of the overlap region 
fromfrom the hole is treated as a free parameter of the problem. 

Thee properties of the cool disk depend on its accretion rate. We assume here that 
aa fixed fraction ƒ of the energy release is transported to the accretion disk corona 
(ADC)) above the cold disk. Al l the angular momentum transport and the accretion 
takee place in the cool disk. This allows us to use a standard thin disk model for the 
cooll  disk. In the calculations reported, 95% of the accretion energy is released in the 
ADC. . 

2.2.11 The radia l structur e of th e col d dis k 

Wee set up our cool disk model according to Svensson & Zdziarski (1994) (henceforce 
SZ94).. They have shown that if a sufficiently large fraction of the accretion power 
iss dissipated in the accretion disk corona (ADC) a cold, optically thick and pressure 
supportedd disk can exist down to small radii very close to the black hole horizon. 
Withh increasing ƒ the transition between the gas pressure supported solutions and 
thee radiation pressure supported solutions (corresponding to the break in the curves 
inn Fig. 2.2) moves to higher m. The case ƒ = 0 represents the standard a disk. 

Ourr solutions of the equations of SZ94 are slightly different for the gas pressure 
supportedd case, because of minor algebraic inaccuracies we detected in SZ94. We 
presentt our version of the solutions in Eqs. 2.1-2.5. In Fig.2.2 we plot the numerical 
solutionn for Eq. 28 of SZ94 substituting our result for r^gas-
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22 Comptonization in an accretion disk illuminated by protons 

Fig.. 2 .1: Possible accretion geometries where proton illumination might be 
important.. In the first case a cool disk partly extends into a hot advection 
toruss (ADAF). The second possibility shows a hot accretion disk corona (ADC) 
sandwichingg a cold disk. In both models ion illumination could be important, 
ass hot ions interact with the cold disk. 

§§ = 2 C r- ( * , = * ) " *  ( f ) " *  " - * r - *  [rnJ(r)]i  (1 - ƒ )*  (2.1) 

33 1 

T d = 2 - i C ff  ( « / ^ ) *  (JT) a r - « r - « [ A J ( r ) ] l ( l - / r» (2.2) 

«-- 5TJ c-* ( « ' 5 ) * ( ? ) * "-* r"s ^ w ' ( ' - '>'ft<2-3> 

^-^«J'fè)'^)" '-"^"^,,!,!-/, .. ,2.5) 

Heree H,T,p,P,T are the pressure scale height, scattering optical depth, mass 
density,, pressure and temperature of the cold disk (subscript d), respectively. We have 

16 6 



2.22.2 A cool disk inside an ion supported accretion How 

Fig.. 2.2: Disk solutions at a fixed radius R = 7Rs from the compact object 
forr various values ƒ = 0.0,0.5,0.9,0.95,0.99, M = 8M©. The accretion rate is 
super-Eddingtonn (m > 17.5 for an accretion efficiency r\ = 0.057) above the 
horizontall  line. 

usedd the following dimensionless quantities: radius r = R/Rs, where i?s = 2GM/c2 is 
thee Schwarzschild radius of a black hole of mass M, accretion rate m = r/Mc2/LEÓÓ, 
wheree Z/Edd = 47rGMmpc/aT is the Eddington luminosity and 77 = 0.057 denotes 
thee accretion efficiency, a is the standard viscosity parameter according to Shakura 
&&  Sunyaev (1973). We have abbreviated J{r) = 1 — (3/r)1/2 for the inner boundary 
conditionn at the inner edge of the disk, a/ is the fine-structure constant, re is the 
classicall  electron radius, fee is the Boltzmann constant, mp and me are the masses 
off  the proton and the electron, respectively. The numerical value of the coefficient 
C\C\ is given by 

Ci i 
1024TT3 3 

4055 v^ 
55.4 4 (2.6) ) 

2.2.22 Hydrostati c balanc e of coo l dis k and Comptonizin g layer 

Forr our calculations we consider the simple idealized case of an accretion disk in a 
plan-parallell  geometry. We assume that the disk and the corona are in hydrostatic 
equilibrium.. The pressure profile as function of optical depth, P(T), is consistently 
updatedd throughout our calculation according to the temperature profile T(T). 

Inn hydrostatic equilibrium the coronal pressure, Pc, at the coronal base is in 
equilibriumm with the disk pressure at disk surface, with Pc <C Pd, the pressure in 
thee midplane of the disk. Above this slab we locate the hot protons. A fraction ƒ 
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22 ComptonizatioD in an accretion disk illuminated by protons 

off  the gravitational power Q(R) is assumed to be directly dissipated to the protons. 
Too calculate the pressure that the corona exerts on the top of the disk we have to 
figurefigure out some numbers first. 

Thee energy exchange between the corona and the disk in our model is mediated 
byy protons only [a model which accounts for the interactions by radiation only was 
obtainedd by Haardt & Maraschi (1991, 1993)]. We equal the energy flux by the 
protons,, qp, into the cool disk with the viscous energy dissipation in the corona. 
Thatt is, we neglect both the radiation loss from the corona and energy loss by 
advectionn in the corona. These assumptions are for definiteness of the model only, 
andd can easily be generalized, 

, ^ , „ .. r 3GMM T/n, qqpp = fQ(R) = ƒ • ^ - ^ 3 - • J(R) . (2.7) 

Wee assume that the protons above the cool disk have a Maxwellian velocity distri
bution.. This is probably not the case but as the velocity distribution in the corona 
iss not known we consider this assumption to be adequate for our calculations. 

Thee number of protons which impact on the surface of the cold medium from a 
classicall Maxwellian distribution, with velocity between v and v + dv per unit area 
andd unit time is expressed by 

*(£0d^^ = n p ( ^ ) \ = e x p 'P^ p p 

2k2kBBT T 
vvpp cos 9 sin 8d9dcj)dvp . (2.8) 

Thee energy flux from a Maxwellian proton distribution is therefore given by 

wheree n p denotes the number density of the protons. For the temperature of the 
protonss in our model we take the local virial temperature (Rees et al. 1982), 

Att the distance dominating the energy release (the innermost regions, r « 7) the 
protonss have temperatures around 20 MeV. 

Knowingg the proton temperature Tp = Tvir and the energy flux qp at a certain 
radiuss we can calculate the number density n p and, with the equation of state, the 
coronall pressure Pc of the proton gas at the coronal base, i.e. the surface of the disk: 

Pcc = 2npfcBrp. (2.11) 
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2.22.2 A cool disk inside an ion supported accretion öow 

Ass we have assumed a two temperature plasma in the corona with the electron 
temperaturee Te <C Tp, the contribution to the pressure by the coronal electron gas 
cann be neglected. 

Pcc provides a boundary condition for the pressure at the top of our Comptonizing 
layer.. The height ZQ of this upper boundary above the midplane of the disk is not 
knownn in advance, but must be found by matching of the Comptonizing layer to the 
underlyingg cool disk. The transition between the Comptonizing layer and the cool 
diskk is gradual, and determined by the processes which reprocess the downward flux 
off  hard photons into soft photons. In our calculations this reprocessing is not treated 
inn detail but replaced by reprocessing into a blackbody spectrum at an assumed base 
off  the Comptonizing layer, at Thomson depth Tb- The choice of Tb is discussed in 
Sect.. 2.3.2. 

Iff  Zb is the geometric height at Tb, pressure balance between the Comptonizing 
layerr and the underlying cool disk requires that P(Tb)=Pd(2b)- If the Comptonizing 
layerr is thin compared with its height above the midplane, the acceleration of grav-
ityy would be constant and the pressure the layer exerts on the cool disk would be 
proportionall  to Tb- In most of our results, the Comptonizing layer is indeed thin, but 
too be sure we have allowed for arbitrary thickness. The pressure exerted on the cool 
diskk then depends on this thickness since the acceleration of gravity increases with 
height.. The layer thickness in turn depends on its temperature distribution, which 
variess with time as the cooling and heating processes settle towards equilibrium. 

Thuss we solve the pressure profile by starting with an initial guess for the height 
off  the disk surface above the midplane, zo, and iterating until we get the right value 
forr which the pressure condition at z\> is fulfilled. The underlying part of the disk is 
givenn by the solutions presented in Sect. 2.2.1, i.e. it is isothermal with temperature 
7d,, the pressure at midplane is given by Pa and the scale height is

Thee vertical hydrostatic equilibrium calculated from the top of the disk to the 
midplanee yields 

(2.12) ) dP P 
dz dz 

where e 

VK-VK-

=P&KZ=P&KZ  , 

(GM\(GM\l/2 l/2 

(2.13) ) 

iss the local Kepler angular velocity. 
Togetherr with the equation for the scattering optical depth 

^ = P « e 88 (2.14) 
dz dz 

onee obtains a differential equation describing the pressure profile as a function of 
opticall  depth for any temperature profile, 
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dd22P(r) P(r) 
- a - L i p ( r )) = e r ( r) . (2.15) 

Eq.. 2.15 is solved via a fourth order Runge-Kutta method. We have abbreviated 

KKeses W P 
(2.16) ) 

wheree /tes denotes the electron scattering opacity, which for ionized hydrogen is 
Kess ^ 0.40 cm2g- 1. This calculation is done for each time step to account for the 
neww temperature profile after each cooling/heating step. 

2.33 Heatin g and coolin g processe s of th e mode l 

2.3.11 Proto n illuminatio n of th e accretio n dis k 

Ass mentioned in Sect. 2.2.2 we equal the energy flux qp of the protons into the disk 
withh the viscously liberated energy at the radius r (Eq. 2.7). 

Noww consider a fast proton from the corona with temperature TvlT entering the 
diskk and moving through it on a straight trajectory. This is a valid approximation 
ass the protons do not change their path considerably until the very last scattering, 
wheree they have already lost almost all of their energy in excess to the electrons. 
Wee need to know how such a high-velocity proton is stopped by a distribution of 
comparativelyy cold 'background' electrons of density ne and temperature Te. The 
stoppingg of the ions of mass mp flying with velocity vp can generally be characterized 
byy a slowing-down time scale, 

Thee change of velocity for an incoming test particle has been derived by Spitzer 
(1962),, in his Eq. (5-15). If protons are identified with the penetrating particles which 
aree stopped by cold field electrons one obtains 

dvdv00 47re4ne mr> + me , , r , . . ,.. ., , 
-777 = 2~T — I n A ^ i - a ^ x . 2.18 

Heree ne is the electron density, In A = ln[(3/2e3)(fcBTe
3/7rne)

1/2] is the Coulomb 
logarithm,, ip(x) and i>'(x)  are the usual error function and its derivative, 

ip{x)ip{x) = -= e~yidy. (2.19) 
V71""  Jo 

xx22 = (mev
2/2kBTe) is the ratio of the incident proton velocity to the thermal 

velocityy of the field electrons. It is convenient to plot e.g. the stopping power of a 
plasmaa (see below) in terms of the quantity x. Fig. 2.3 therefore helps to depict the 
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2.32.3 Heating and cooling processes of the model 

Fig.. 2.3: Representation of the value of x corresponding to a given value of 
thee proton energy (ordinate on the left) for several mean electron energies 
(parameterr of the solid lines). The dotted dashed line shows the function ip(x) — 
xip'(x)xip'(x) corresponding to the ordinate on the right. 

valuee of x corresponding to a given value of the proton energy for several values 
off  the electron temperature (parameter of the curves). The figure also shows the 
functionn ip(x) - xip'(x). For x > 2 this function is unity. 

I nn a t ime dt, such a proton with energy E wil l lose through electronic collisions 
ann amount of energy dE, 

dEdE tt?\ 
—— = ei(E)nevp . 
dt dt 

(2.20) ) 

Thee stopping power £i{E) of a plasma at temperature Te is taken from the results 
discussedd by Spitzer (1962) and Ryter et al. (1970), 

SlSl(E)(E) =  5 In A [V>(x) - x^'(x) 
mmeev£ v£ 

(2.21) ) 

Thiss formula holds for non relativistic electron and proton temperatures. The energy 
depositionn of a proton moving at an angle 8 with respect to the vertical, per unit of 
verticall  Thomson depth, can now be expressed by 

dE dE 11 dE Aire Aire 

d rrr ne<JTUp cos Ö di CTT wef p cos 0 
Inn A [tp(x) — xtp'(x)]. (2.22) ) 

Heree CTT is the Thomson cross-section and 9 is the angle between the disk plane 

andd the proton velocity. 
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22 Comptonization in an accretion disk illuminated by protons 

0.00 0.5 1 0 1.5 
protonss relative velocity x 

Fig.. 2.4: Stopping power EI(E) VS. proton relative velocity x for different 
electronelectron temperatures. The electron density is ne = 10~19cm-3. For higher 
electronn temperatures the stopping power as a function of x is reduced. 

Thee stopping power of a plasma is plotted in Fig. 2.4. The stopping power 
£i(E)£i(E) decreases with increasing electron temperatures. Once a cold layer is heated 
byy the protons the stopping power of this layer decreases and the protons deposit 
theirr kinetic energy in greater optical depths, i.e. they penetrate deeper into the 
accretionn disk. This limits the increase of the electron temperature and is one of the 
factorss which regulates it to a fairly narrow range (the other being the temperature 
dependencee of the Comptonization process). In a steady state the heating by the 
incidentt protons is balanced at each depth by the cooling through inverse Compton 
scatteringg of soft photons. We calculate the approach to equilibrium of the model in a 
timee dependent way. At each time step the penetration of a Maxwellian distribution 
off  protons of temperature TV-,T incident on the top of the layer is computed from 
thee temperature T{T) and electron density ne( r ) . This yields the heating rate /+ ( r) 
withinn the layer. 

2.3.22 Comptonizatio n in a plan e paralle l dis k 

Thee only radiation process explicitly included in our calculations is electron scatter-
ing.. This is a good approximation in the proton-heated layer, but in the cooler layers 
beloww the production of soft photons by bremsstrahlung and atomic processes would 
havee to be considered. Instead, we replace the gradual soft photon production by a 
completee thermalization at the nominal base T\, of the Comptonizing layer. Thus, 
att this depth, the downward flux F~ (i\,) of (Comptonized) photons is assumed to 

IkeV V 

: : 

lOkeV V 

- lOkeV V 

1OOkeV V 

: : 
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2.32.3 Heating and cooling processes of the model 

z=0 0 
diskk midplane 

Fig.. 2.5: Model geometry 
andd energy channels. The 
heatedd layer lies above a 
coldd disk so that the pres-

X=00 s u re a*  2B m atches the disk 
pressuree at that height. 
Theree is an energy equi-

TT librium between the pro-
tonn flux qp and the outcom-
ingg flux Fc

+. The downward 
fluxflux F<T determines the soft 
blackbodyy input F£B. 

bee converted into a blackbody flux FBB of upward soft photons (see Fig. 2.5 for an 
i l lustration). . 

Sincee the results depend somewhat on this thermalizing boundary (see Fig. 2.6), 
wee need a recipe to get a sensible value for its depth . We do this by computing the 
integratedd free-free emission q  ̂ after each t ime step over the depth i\, of the model. 
Sincee the thermalizing lower boundary is assumed to represent this gradual photon 
production,, we choose T\, such that 

<7fff  = Fc (7b) FF+ + (2.23) ) 

soo that the free-free emission, ignored in the Comptonizat ion calculations, matches 
thee soft photon input FBB assumed at the base. The free-free luminosity qfr (in erg 
s_ 11 c m- 2 ) of the layer T\, (physically extending from ZQ to Zb) is calculated from the 
bremsstrahlungg emissivity as given by Rybicki & Lightman (1979), 

Iff Iff // 1.4 x 10~27 T*/2nl<JBdz. 
JJ ZQ 

(2.24) ) 

<?BB is the frequency average of the velocity averaged Gaunt factor, which we set to 
1.1.. We have thus simplified the gradual thermalizat ion with depth through free-free 
emissionn by a step at rt,. 

Thee electron cooling rates through Comptonizat ion in the heated layer are com-
putedd with the Monte Carlo method. This also yields the spectrum emit ted at the 
topp of the model and the downward flux F~{T\>) of hard photons incident on the 
thermalizingg boundary, which determines the soft photon input (see Eq. 2.23). 

Thee method of the Monte Carlo simulation is described in great detail in Pozd-
nyakovv et al. (1983). The algorithms presented there are valid for arbi t rary geome-
tries,, but rather slow. For speed we have specialized them for use in an inhomoge-
neouss plane parallel medium, i.e. with a one-dimensional stratification of electron 
densitiess and temperatures. The density stratification is determined by hydrostat ic 
balancee (see Sect. 2.2.2). 
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22 Comptonization in an accretion disk illuminated by protons 

Thee input photons are created at the lower boundary Tb with frequency UQ. The 
initiall  photon energy hi/Q is selected from a blackbody distribution with a tempera-
turee obtained from Eq. 2.23. To each photon we assign a statistical weight w. The 
photonss are emitted isotropically into the upper half space starting with the weight 
WQWQ = 1 (Pozdnyakov et al. 1983). The optical depth TV along the trajectory of the 
photonn of frequency u to the upper/lower boundary of the slab is 

Jo Jo 
nnee(r){a„(T(r){a„(T ee,r))dr,r))dr (2.25) 

wheree 1  ̂ is the physical distance to the corresponding boundary, ne(f) is the local 
electronn density and {ov(Te,r)) the mean scattering cross section averaged over the 
electronn velocity distribution of temperature T€ at the position f. To compute the 
meann cross section we use the Compton cross section given by the Klein-Nishina 
formula a 

a(xa(x)) = 2-Kri-
X X 

\\ 4 8 , ,1 M 1 8 1 

11 - - - 77 ln(l + x) + - + - -
(2.26) ) 

where e 

xx hv 

22 mec
2 

xx x2'"s' ' ' ' 2 " x 2(1 + x2)2 

j(l-(v-Ü)/c).j(l-(v-Ü)/c). (2.27) 

Heree Q, denotes the direction of the photon, v the velocity of the electron, 7 is the 
Lorenzz factor and re is the classical electron radius. 

Noww we follow the photon trajectory from the moment of emission until the 
photonn leaves the slab at the upper/lower boundary. The probability that the photon 
leavess unscattered is 

PiPi = exp(-T„), (2.28) 

wheree the index i — 0,1,2,... denotes succeeding scatterings. The quantity WiPi of the 
i-thh scattering represents the transmitted fraction of the photon and is recorded to 
calculatee the escape spectra. The portion u>i+i = Wi(l — Pi) of the photon remains 
inn the slab and undergoes the ï+1-th scattering. The location where the photon 
scatterss is determined by a random number. The velocity of the scattering electron 
iss modeled by a relativistic Maxwell distribution corresponding to the temperature at 
thee scattering position. We follow the photons until w becomes smaller than a certain 
minimumm value iymin- For the calculations reported here we use 60000 photons and 
Wminn = 10~7. 

Thee process of scattering is also calculated by the Monte Carlo method described 
inn Pozdnyakov et al. (1983). The photon energy hu' after a scattering is given by 

hiJhiJ__ Mi-(g-ü)/c) 
i_(^rï')/ c+-£,(i-tf-n' ) ) 

(2.29) ) 

ymymeec* c* 
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2.42.4 Results from the model computations 

Thuss we obtain the change of energy of an electron in its reference frame through 
scatteringg with a photon of weight Wi by 

dEdEee = Wi{hv' -hv) (2.30) 

att a position r*, where the scattering takes place. By recording the positions and 
energyy differences of all scatterings of every photon we can calculate the electron 
coolingg rates f~ (r) within the slab. 

2.44 Result s fro m th e mode l computation s 

Forr our model computations we use fixed values for the the accretion luminosity, the 
viscosityy parameter of the cool disk and the fraction of energy released in the corona, 
LL = O.lLEdd, a = 0-1 and ƒ = 0.95, respectively. We choose a galactic BH case with 
MB HH = SMQ and an AGN case with MAGN = 8 X 1 06 M Q . The thermalization depth 
iss calculated according to Sect. 2.3.2. 

Fig.. 2.6 shows the spectra resulting when a fixed value of the thermalization 
depthh is assumed. For T\, « 1 the spectrum shows a prominent signature of soft 
photons,, which cross the heated layer without scattering. Increasing the thermaliza-
tionn depth reduces the probability for the soft photons to leave the slab unscattered, 
andd the spectra become harder. Thus the general shape of the emergent spectra is 
influencedd by the depth of the thermalization layer. 

If,, instead of fixing the depth of the thermalizing boundary, its depth is adjusted 
suchh that the free-free emission of the layer matches the downward flux of hard 
photonss to be thermalized (see Sect. 2.3.2), the spectra only depend on the energy 
inputt rate and the distance from the central mass. The temperature profiles through 
thee proton heated layers are shown in Figs. 2.8 and 2.9. The thermalization depth T\> 
turnss out to be located just below the largest depth to which the protons penetrate 
(seenn as the slight kink above T\>). This is because the free-free emissivity increases 
rapidlyy towards the base of the layer, where the density increases as 1/T. The shape 
off  the temperature profile is different from that in Spruit (1997) and Spruit & Haardt 
(2000),, where the proton heating was treated more crudely as constant with depth. 

Fig.. 2.7 shows the dependence of the depth of the thermalization layer with 
increasingg distance from the compact object for the galactic BH and the AGN cases. 
Withh increasing distance the thermalization depth moves closer to the disk surface, 
i.e.. the Thomson depth of the Comptonizing layer is reduced. This is a consequence 
off  the energy dependence of the proton penetration depth. With distance, the proton 
temperature,, the penetration depth, and thereby the thermalization depth decrease. 
Thee effect of this distance dependence on the spectra is seen in Figs. 2.8 and 2.9. At 
largerr radii the spectra become slightly softer and the contribution of the unscattered 
softt photons becomes stronger. The AGN spectra are softer than the galactic BH 
spectra,, and the cutoff energy increases slightly with distance from the central mass. 
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Fig.. 2.6: Spectra for a black hole candidate as a function of the assumed input 
depthh Tfe of the soft photons. At high Tb the signature from the blackbody pho-
tonss completely disappears, whereas at an input depth of Tb = 1 the spectrum 
iss dominated by the soft blackbody bump of unscattered photons. 
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Fig .. 2.7: Depth of the thermalization layer Tb as a function of distance from 
thee central object for galactic BH case (diamonds) and AGN case (triangles). 
Thee thermalization depth is larger for the galactic black hole. 
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2.42.4 Results from the model computations 
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Fig.. 2.8: Spectra and temperature profiles for a BH with M = 8A/Q at differ-
entt radii r = 7,15, 25,40, 75. The spectra become slightly softer with increasing 
radiuss as the optical depth of the heated scattering layers get smaller as the 
penetrationn depth of the protons decreases. Temperatures of the top layers 
increasee slightly with radius. 
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Fig.. 2.9: Spectra and temperature profiles for an AGN with M = 8 x W6MQ 
att different radii r = 7,15,25,40,75. The spectra of the AGN cases have a 
moree pronounced blackbody bump and are generally softer compared to the 
galacticc BHC spectra as the optical depth of the scattering layer is smaller. 
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22 Comptonization in an accretion disk illuminated by protons 

2.55 Discussio n and Conclusion s 

Wee have considered a model for the X-ray emission from an accretion disk illuminated 
byy virialized protons from an ion supported torus or an ADAF. This situation may 
arisee in the transition region between a cool disk and an ADAF, or in cases where 
aa cool disk survives to some distance inside an ADAF. Another possibility might be 
aa magnetic flare-heated disk corona (e.g. di Matteo et al. 1999), if ions are heated 
theree to values near the virial temperature. 

Forr definiteness of the model, we have assumed that the dissipation of gravita-
tionall  energy mainly takes place in the ADAF or corona which supplies the hot ions, 
andd only a small fraction of the gravitational energy is released in the cool disk that 
actss as a target. 

Thee heating of the cool disk by the protons produces X-ray spectra that are 
veryy reminiscent of the hard tails in the spectra of accreting galactic black holes and 
AGN.. The spectra have a power law slope in EF(E) with spectral index s % 0.2 in 
thee galactic BH case and s « 0.3 in the AGN case. There are only small deviations 
betweenn the spectra depending on the distance from the hole and the mass of the 
hole. . 

Thee constancy of the spectral slope can be traced to two factors. One is the 
Haardt-Maraschii  regulating mechanism. By the energy balance of the Comptonizing 
layer,, the contributions of the soft and hard photons to the luminosity adjust to 
becomee roughly equal. The spectra still depend on the assumed thermalization depth, 
however,, as seen in Fig. 2.6. To get an approximate fix for this depth, we have 
adjustedd it such that the free-free emission from the layer matches the downward 
fluxflux of photons at the base of the layer. 

Withh this approximation, the thermalization depth closely tracks the maximum 
penetrationn depth of the ions, so that the Comptonization conditions are quite similar 
inn all cases. This further increases the similarity of the spectra. This similarity can be 
checkedd also by computing a generalized Compton-i/ parameter, as an approximate 
indicatorr of the degree of Comptonization. Since the temperature varies through the 
Comptonizingg layer, we measure this by the quantity 

y=y= / (40 + 1602)dr, (2.31) 
Jo Jo 

wheree 6 is the local disk temperature in units of the electron rest mass, 6 — 

R/Rs R/Rs 

y y 

7 7 
2.50 0 
0.43 3 

15 5 
1.70 0 
0.43 3 

25 5 
1.30 0 
0.43 3 

40 0 
1.10 0 
0.41 1 

60 0 
0.95 5 
0.41 1 

75 5 
0.90 0 
0.42 2 

Tab.. 2.1: Compton y-parameter of the proton heated layer in the galactic BH 
case.. Tb is the Thomson depth of the layer as a function of distance. 
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2.52.5 Discussion and Conclusions 

feB^frJ/meCfeB^frJ/meC22.. Some values are shown in Table 2.1. This Compton j/-parameter is 
off  the order 0.4 and does not change significantly with distance r from the central 
object.. In the model of Haardt &: Maraschi (1993) y was of order 0.6. 

Thee main difference between the spectra are the soft photon energy (the shoul-
derr at the left side of the spectra in Fig. 2.8, which increases with luminosity, and 
thee high-energy cutoff. The cutoff is seen to increase slightly with distance from 
thee central mass. This can be traced to the fact that with increasing distance the 
temperaturess at the top of the Comptonizing layer increase somewhat (though the 
averagee temperature, proportional to y, is nearly constant). This somewhat increases 
thee flux of photons at the highest energies. 

AA question unanswered by the present results is of course whether a significant 
regionn of interaction between a hot ion plasma and a cool disk can exist. Since the 
cooll  disk absorbs all incident ions, the cool disk is a strong sink of both mass and 
energyy for the hot ion plasma. A second question relates to the thermalization of 
thee downward flux of energetic photons in the cool disk. As our results show, the 
slopee of the resulting X-ray spectrum depends somewhat on the effective depth of 
thermalizationn of these photons. A correct treatment of the thermalization requires 
detailedd consideration of contributing atomic processes (Matt et al. 1993). 
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33 X-ray spectr a fro m accretio n disk s 
illuminate dd by proton s 

B.B. Deufel, C.P. Dullemond, H.C. Spruit 

Abstract.. The X-ray spectrum from a cool accretion disk heated by viri -
alizedd protons is computed. The cool disk is either embedded in a mag-
neticallyy heated accretion disk corona or partly extends into an ion sup-
portedd torus (or ADAF). We calculate the stationary equilibrium between 
protonn heating, electron thermal conduction and the radiative losses by 
bremsstrahlungg and Compton scattering. A heated surface layer on top 
off  the accretion disk is produced with temperatures between 60-90 keV 
abovee a cool layer with temperatures of 0.01 keV (AGN) and IkeV (galac-
ticc BHC). The optical depth of this heated surface skin is of order unity 
forr galactic BHs and about a factor two smaller for disks around active 
galacticc nuclei. This model produces X-ray spectra with a hard power 
laww tail and a high energy cut-off at « 100 keV. Near the inner edge 
off  the disk, where the optical depth of the disk r < 1, we find that the 
cooll  component of the disk disappears. Instead the hot protons from the 
corona/ADAFF heat the disk to temperatures of several 100 keV within a 
dynamicall  time-scale. The production of electron-positron pairs in such 
diskss is important and limits the maximum attainable temperatures. We 
calll  these regions warm disks. They could be important for feeding ma-
teriall  into an ADAF. 

3.11 Introductio n 

Thee X-ray spectra of galactic black hole candidates (BH) and active galactic nuclei 
(AGN)) are remarkably similar, in spite of their large differences in mass and length 
scales.. The similarities of the observed spectra are evident in their power low shape 
off  energy index s « 1 in the medium X-ray range, and their high energy cut-off at 
EEcc « 200 keV. It is widely accepted that the power law spectra are produced by 
inversee Compton scattering of soft photons on hot thermal electrons (Shapiro et al. 
1976;; Sunyaev & Titarchuk 1980; Pozdnyakov et al. 1983). Such spectra depend on 
thee optical depth and the temperature of the Comptonizing region. In view of the 
similaritiess in the observed power laws these two parameters apparently vary only 
withinn narrow ranges for different sources. 
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33 X-ray spectra from accretion disks illuminated by protons 

Anotherr common feature evident in many of the observed spectra is the signa-
turee of a fluorescent Fe emission line and a Compton-reflection component. These 
twoo components provide a strong indication that the X-ray production region is very 
closee to cold matter in the central regions of BHs or AGNs (e.g. Ross & Fabian 
1993). . 

Thee classical accretion disk model (Shakura & Sunyaev 1973) can not explain the 
simultaneouss presence of cold and hot matter near a compact object. Another mode 
off  accretion was subsequently proposed by Shapiro et al. (1976). They showed that 
theree is an optically thin hot disk solution where the plasma is in a two-temperature 
state,, with the ions near their virial temperature in the inner region of the accretion 
disk.. This model could in principle account for the observed Comptonized spectra, 
butt the solution turned out to be thermally unstable. 

AA stable accretion branch, the so called advection dominated accretion disk 
(ADAF) ,, was found by Narayan & Yi (1994, 1995a,b). Such accretion flows were 
previouslyy called ion supported tori by Rees et al. (1982). In this model the accre-
tionn flow is optically thin and radiatively inefficient. Most of the viscously dissipated 
energyy is advected radially with the flow. The protons are near their virial tempera-
ture,, whereas the electrons are much cooler due to their strong interaction with the 
radiationn field and the low rate at which they can exchange energy with the protons 
viaa Coulomb interactions. The flow may in principle coexist with an optically thick, 
coldd accretion disk such that the cold disk partly extends into the hot torus. 

Anotherr possibility for the simultaneous presence of cold and hot matter are 
accretionn disk corona (ADC) models (e.g. Nakamura & Osaki 1993; Svensson & 
Zdziarskii  1994; Dove et al. 1997). In these models the cold accretion disk is em-
beddedd in a hot corona in a plane-parallel slab configuration. A large fraction of 
thee gravitational energy is assumed to be released in the corona by magnetic fields, 
althoughh the details of the coronal heating process are still unclear. The protons in 
thee corona are hot, whereas the the disk beneath is cool (kT ~ 1 keV), optically 
thick,, geometrically thin and gas pressure supported. 

Inn both the ADAF and the ADC models there must be an energy coupling 
betweenn the cold disk material and the hot tenuous plasma above. Traditionally this 
interactionn was seen in terms of an exchange of radiation (Haardt &; Maraschi 1991, 
1993).. Here we are interested in the energetic coupling via the exchange of matter. 
Wee investigate the penetration of hot protons from the ADC/ADA F into the cool 
disk,, i.e. "proton/ion illumination". The hot protons are stopped very efficiently in 
thee cold disk due to Coulomb interactions with the ambient electrons. 

Protonn illumination is not only restricted to accretion disks. It was applied very 
earlyy in X-ray astronomy in the context of heating a neutron star surface by radially 
infallingg ions (Zel'dovich & Shakura 1969; Alme & Wilson 1973; Turolla et al. 1994). 
Recentlyy Deufel et al. (2001b)*  revisited proton illumination of a neutron star. 

Thee importance of proton illumination for accretion disks was suggested by 
Spruitt (1997) and Spruit &c Haardt (2000). A more detailed approach using a Monte 

*Thee bibliographic reference corresponds to chapter 5 of this thesis. 
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3.23.2 A cool disk extending inside an ion supported Bow 

Carloo method for the Comptonization followed by Deufel & Spruit (2000)+ [hence-
forcee paper I] . For the present work we improved the treatment of the radiative 
processess by solving the radiative transfer equation including thermal emission due 
too bremsstrahlung. Pair production is also taken into account. We further allow for 
energyy redistribution due to thermal conduction within the disk. The interaction be-
tweenn the impinging protons and the accretion disk is computed time dependently in 
aa one-dimensional, plane-parallel approximation. The density distribution is found 
fromfrom hydrostatic equilibrium including the force exerted by the decelerating protons. 

Thee cool disk acts as an effective thermalizer for energetic (Comptonized) pho-
tonss as long as its optical depth is large enough. At lower optical depth, such as 
occurss near the inner edge of the disk, photon production is less efficient. Therefore 
wee expect different solutions for disks of low optical depth. This is borne out by the 
resultss reported in Section 3.5. 

3.22 A coo l dis k extendin g insid e an ion supporte d flo w 

3.2.11 Opticall y thic k case 

Mostt of the physics of the interaction between the hot supported flow and the un-
derlyingg cool disk is rather independent of the structure of the cool disk, since it 
actss mainly as a thermalizing surface. Its thickness, however, is important as this 
determiness the acceleration of gravity on which the electron density depends. Pro-
cessess such as photon production by bremsstrahlung depend on the electron density 
explicitly.. To obtain an estimate for the thickness of the cool disk, the amount of 
energyy released in the cool disk must be specified. For a reference, we adopt an 
a-diskk prescription as described in Svensson and Zdziarski (1994). In this model, a 
fixedd fraction ƒ of the gravitational energy release takes place above the disk, and a 
fractionfraction 1 — ƒ in the cool disk. For details we refer also to paper I. 

Inn order to simplify our treatment we assume that the vertical disk structure can 
bee approximated at a given radius by a plane-parallel, one-dimensional geometry, 
soo that the vertical z-coordinate is the only dimension relevant to our problem. We 
findfind the vertical density distribution from the equation of hydrostatic equilibrium, 

f-Sfcc + gM. 
wheree QK = (TJJT) is t n e local Kepler angular velocity and Kes = 0.40 cm2g- 1 

iss the electron scattering opacity. The first term on the right represents the usual 
weightt of the disk; the second term takes into account the momentum exerted by the 
decelerationn of the incident protons as a function of optical depth. We can evaluate 
thee force dPp/dr by recording the change of velocity Avp of the incoming protons 

^Thee bibliographic reference corresponds to chapter 2 of this thesis. 
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ass a function of optical depth (see Sect. 3.3.1). The contribution of the radiative 
pressuree is neglected as we study cases well below the Eddington luminosity. 

Togetherr with the equation for the vertical coordinate z, 

dz_dz_ _ -k T[T) 

drdr ft mp K P(T) ' ^ ' ' 

wee integrate Eq. (3.1) via a fourth order Runge-Kutta method. We set /i = \ for the 
idealizedd case of an ionized hydrogen atmosphere. 

Thee initial value for the pressure at the top of the layer is set to a small fraction 
off  the coronal pressure, PtoP{r  = 0) = 10"2np kTvir. The geometrical height ztop of 
thiss upper boundary layer is not known in advance. We solve the pressure profile by 
startingg with an initial guess for the height of the disk above the mid-plane, ztop- We 
integratee Eq. (3.1) to the maximum optical depth of our model atmosphere Tbot at 
thee vertical height z\>ot. Usually we set r ^ t = 3. At this Thomson optical depth the 
protonss have already lost more than 0.99 of their energy. At Tbot pressure balance 
betweenn the simulated layer and the underlying cool disk requires P(rbot) = ^^bot)-
Wee iterate until we find the right value for which the pressure condition at Zbot is 
fulfilled.. Thus we have matched the simulated layer to the underlying cool disk. The 
temperaturee of the cool disk and the pressure at the mid-plane are determined as in 
paperr I. 

3.2.22 Moderat e optica l dept h 

Nearr the inner edge of a cool Shakura-Sunyaev disk at the radial distance R\ from 
thee compact object, the surface density drops to low values. In the limi t H/R <C 1, 
thee surface density varies as [1 - (Ri/R)1/2]. Therefore close to the inner edge of 
ann accretion disk, the assumption of a large optical depth is not valid any more. 
AA certain minimum optical depth is necessary, however, for efficient cooling of the 
diskk by soft photons to be possible. Thus, we also investigate cases where the optical 
depthh of the cold material is not very high. 

Thee procedure to calculate the hydrostatic balance of thin disks is almost the 
samee as in the cases of thick disks plus surface layer. But instead of matching the 
simulatedd layer to an underlying cool disk, we demand that the vertical coordinate at 
thee bottom of the simulated layer is at z(Tbot) = 0, the mid-plane of the disk. We are 
interestedd in simulating the complete disk, i.e. from the upper surface to the lower 
surface.. We do this by introducing an artificial "mirror" placed at the mid-plane. 
Al ll  relevant physical quantities of the model are reflected at this mirror. Thus we 
havee to compute one half space only instead of simulating the whole vertical disk 
structure. . 
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3.33.3 Heating and cooling processes of the model 

3.33 Heatin g and coolin g processe s of the mode l 

3.3.11 Proto n illuminatio n of th e accretio n dis k 

Thee method to calculate the electron heating rates due to proton illumination of the 
accretionn disk is described in detail in paper I, here we give a short overview. We 
followw Maxwellian protons, which we place above the cool accretion disk, through 
thee disk atmosphere. For the temperature of the protons in our model we take the 
locall  virial temperature 

mm „ , GMrrir,  156 , . _r ,_ „ . 
Tpp = Tvi r = p « MeV, (3.3) 

wheree G is the gravitational constant, M the mass of the black hole, mp the proton 
mass,, R the radius from the central object and fcs is the Boltzmann constant, r 
iss the dimensionless radius, r = R/Rs, where Rs = 2GM/c2 is the Schwarzschild 
radius. . 

Wee compute the energy loss of the protons moving at an angle 6 with respect 
too the vertical, per unit of vertical Thomson depth. According to the theory derived 
byy Spitzer (1962), 

É2-É2- = - — ***  In A [#r ) - *V>'(x)] . (3.4) 
dT>rr <?T mev£ cos 0 

Heree In A = ln[(3/2e3)(fc|re
3/7rne)

1/2] is the Coulomb logarithm, CTT is the 
Thomsonn cross-section, ip(x) and ^'{x) are the error function and its derivative, 
andd x = (meVp/2kBTe)

1  ̂ is the ratio of the incident proton velocity to the thermal 
velocityy of the electrons. 

Thee energy flux of the incident flux qp is proportional to the density in the 
ADAF,, which depends on its accretion rate and viscosity. Instead of using detailed 
modelss we parameterize these dependences by scaling the energy flux of the incident 
protonss with the local energy dissipation rate in the ADAF. Using the thin-disk 
expressionn for this dissipation rate, we set 

qpqp = fQ(R)=f.¥  ̂ .J(R), (3.5) 

wheree ƒ is a numerical factor of order unity which is not further specified. This 
scalingg of the proton flux is also useful if one has a coronal model in mind instead 
off  an ADAF. The factor ƒ then is interpreted as the fraction of the viscous energy 
releasee that is dissipated in the corona. We have abbreviated J(R) = 1 - {R\fR)lf2. 

Wee follow the protons from the corona numerically through the disk atmosphere 
andd record the energy loss as a function of optical depth TT according to Eq. (3.4). 
Thiss yields the local time dependent heating rate Ap(r). 
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Comparedd to a relativistic expression for the energy transfer between popula-
tionss of relativistic Maxwellian protons and electrons (cf. Stepney & Guilbert 1983) 
thee classical treatment according to Spitzer's theory is accurate to better than 5% 
forr proton temperatures < 100 MeV (Deufel et al. 2001b). Therefore we are confident 
thatt a classical approach wil l yield correct results for virialized protons illuminating 
ann accretion disk. 

Wee have not included the effects of Coulomb scattering of coronal protons with 
diskk protons. These heating rates are almost three orders of magnitude smaller com-
paredd to heating rates from pure proton^electron interactions. 

3.3.22 Radiativ e transfe r 

Wee treat the radiative transfer by solving the radiative transfer equation 

^ ~~ = jff + 3l,v - (a? + <)ƒ„,„  (3.6) 

wheree /M(„  is the intensity as a function of frequency v and photon angle /z = cos(0), 
a&a&  is the bremsstrahlung absorption coefficient, a£ the Compton extinction co-
efficient,, j&  the bremsstrahlung emissivity and j c the Compton emissivity. The 
methodd for solving the radiative transfer equation is described in Deufel et al. 
(2001b).. From the solution of the radiative transfer equation we obtain the radiative 
coolingg rates A racj(r) . 

3.3.33 Pair processe s 

Ass discussed below, the cases of moderate optical depth can become rather hot so 
thatt pair processes have to be included. We consider photon-photon pair production 
(777 —• e+e~) as well as pair production due to ee collisions (ee —• eee+e~) in a 
steadyy state, i.e. the pair production rate equals the pair annihilation rate. 

Thee photon-photon pair production rate can be expressed as a quadruple in
tegrall over the dimensionless photon energies x\ = hui/mec

2, X2 = hv2/mec
2 and 

photonn angles / / i , //2, respectively (cf. Zane et al. 1995): 

RR-r-r-r-r  = TT / dxldx2d l̂d^2 " " ^ y ^ F f r + . g - ) , (3.7) 

wheree F(x+,x^) is defined as 

F{x+,x-)F{x+,x-) =  v ' — , (3.8) 
JxJx-- ^(x2

+-x2){x2-x2_) 

withh x\ = xia:2[l -cos(#i 2)] /2 (Stepney & Guilbert 1983). The pair cross-section 
<J{X)<J{X)  is (Jauch & Rohrlich 1976) 

o{x)o{x) = \{l-f) m m (3- /? 4 ) logg - ^ )-2P(2-p2) (3.9) ) 
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withh P = y/x2 — 1/x. 
Inn our models we have simplified the above integral by replacing the intensities 

byy their corresponding mean-intensities: 7Ml,i/, —+ JVx and I^2fV2 -* <7„2- For any given 
valuee of y = X\X2 we can now evaluate the function G(y) = ƒ F(x+,x-)diiidn2, 
whichh is independent of the radiation field, and which can be tabulated and stored 
beforehand.. The pair production rate now reduces to 

HyyHyy « / G(xiX2)JVlJi>2dxidx2 . (3.10) 

Thuss the quadruple integral is reduced to a double integral, which is much faster to 
evaluate.. An accurate evaluation of this integral can be made by writing dx\dx2 = 
xiX2d\og(y/xïx~2~)d\og(xi/x2),xiX2d\og(y/xïx~2~)d\og(xi/x2), since the function G{x\X2) is independent of xi/#2-

Thee pair production rate due to electron-electron collisions is e.g. given in Svens-
sonn (1982) as 

n jj  = (n+ + n-fcrl Pee{0) (3.11) 

wheree we have introduced 0 = kTc/rrieC2 and 

11 oa 
PPeeee = 2

f^(2\n20f (3.12) 

Heree a f is the fine structure constant. This production rate is only included for 
00 > 0.6. 

Thee pair annihilation rate is also given by Svensson (1982) as 

n™n™ = n+n-cr2eA(e), (3.13) 

where e 

^^ = l + 2 * V l n W + 1.3)' ( 3 M ) 

TJTJ ~ 0.56146. Now we can set up the pair balance equation in the stationary case, 

üy77 + n2crj [{2z + \)2P{9) - z{\ + z)A{0)] = 0. (3.15) 

Wee have used the charge neutrality condition n_ = n+ + n and z = n+/n is the 
ratioo of the pair number density to the proton number density n. Eq. (3.15) is a 
quadraticc equation for the pair fraction z. The positive root of this equation is 

*MM = \ 
_ 1 ++ y M ( g ) c n » r ; + 4 i tr 

nrnreyey/E^A(0)-4P(0) /E^A(0)-4P(0) 
(3.16) ) 

Thee additional electrons from pair production serve as further scattering part-
nerss for the Coulomb collisions and the Compton scattering. Effects due to electron-
positronn bremsstrahlung are not included nor is a treatment of the annihilation line. 

37 7 



33 X-ray spectra trom accretion disks illuminated by protons 

3.3.44 Energ y balanc e fro m heatin g and coolin g 

Wee begin our computation with an isothermal temperature profile in hydrostatic 
equilibriumm according to Sect. 3.2. The initial temperature throughout the layer is 
7aa (see paper I) for the thick disks and we set Te = 1 keV for disks with moder-
atee optical depths. The solutions do not depend on the initial temperature profile. 
Firstt we calculate the heating rates A+(r) from the Coulomb interactions and the 
coolingg rates A^ j ( r ) due to the radiative processes bremsstrahlung and multiple 
Comptonn scattering. Additionally the energy redistribution due to electron thermal 
conductivityy is included as in Deufel et al. (2001b). The gives a rate A cond(r). 

Thee equilibrium is computed following the time evolution of the layer until a 
balancee between the heating and cooling processes is obtained. In the optically thick 
models,, the time scales for approaching equilibrium turn out to be a sharp function 
off  depth in the model. To deal with this, an adaptive time stepping process is used in 
whichh the time step depends on both time and depth in the model. Stability of this 
processs was obtained by scaling this step with the shortest of the energy exchange 
timee scales associated with the contributing heating and cooling processes. With this 
proceduree the time evolution of the model is not realistic, but the final equilibrium 
obtainedd is. For the cases with moderate optical depth we use a depth-independent 
timee step. In these cases, the time evolution of the model is also realistic. 

Thee total change of enthalpy per time step as function of optical depth can then 
bee expressed by 

AW(T)AW(T) AT(T) 

AtAt = pCpAt = A P ( T ) + A r _ a d ( r) + Xcond{T) ' ( 3 ' 1 7) 

wheree cp is the specific heat at constant pressure. 
Noww the change of temperature as a function of optical depth can be calculated. 

Withh the new temperature profile the hydrostatic structure is updated according to 
Sect.. 3.2. We follow the simulation until the Coulomb heating is balanced by the 
radiativee cooling and energy redistribution due to electron conductivity. The energy 
balancee of all our computations is better than 10%. 

3.44 Result s of th e mode l computation s 

3.4.11 Proto n illuminatio n of coo l disk s in BH and AGN 

Forr the thick disks we use the same model parameters as in paper I, i.e. the accretion 
luminosityy L = O.lLEdd, the viscosity parameter a = 0.1 and the fraction of the 
energyy released in the virialized atmosphere ƒ = 0.95. The mass of the galactic BH 
iss M B H = 8MQ and the mass of the AGN is MAGN = 8 X 1O6M 0. 

Fig.. 3.1 shows the solution at r = 10 for a proton energy flux of Fp = 8.1 x 1021 

ergg c m- 2 s- 1 , Tp = 15.6 MeV. The cool disk is separated by a sharp temperature 
frontt from a hot part with an optical depth of order unity. This step like temperature 
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3.43.4 Results of the model computations 

profilee is much more pronounced compared to the results of paper I. The temperature 
off  the hot part is Te w 60 keV. The hot layer acts as an effective Comptonizing region 
andd a hard spectrum is emitted. The power law index of the BH spectra in EF(E) 
iss s « 0.2. At the soft end of the spectrum there is an excess of soft photos with 
respectt to a blackbody with equivalent energy flux. This excess is due to a "reverse 
photospheree effect", as explained in Deufel et al. (2001b). 

0.011 0.10 1.00 001 0.10 1.00 
opticall depth T optical depth r 

Fig.. 3.1: Overview over a typical solution in the galactic BHC case (from 
topp to bottom and left to right): model spectrum (solid) and blackbody input 
spectrumm (dotted-dashed), heating (solid line) and cooling rates (squares) -
thee dashed line shows the contribution from conductivity alone; temperature 
Te;; pressure P; density ne and geometrical depth z. 

Thee upper right panel of Fig. 3.1 shows the heating and cooling rates. In the 
narroww transition zone (A T « 0 , 1) between the hot top and the cool bottom electron 
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Fig.. 3.2: Dependence of the emergent model spectra and the temperature 
profiless on the distance from a galactic BH with M = 8MQ. The surface tem-
peraturee of the disk increases slightly with distance, whereas the optical depth 
off  the hot part decreases. 

conductivityy is not negligible. Elsewhere conductivity plays no role for the energy 
balance. . 

Thee geometrical depth of the heated layer is ztot ~ 6 x 105 cm. This is small 
comparedd to the distance from the compact object (R = 2.3 x 107 cm). Thus a cool 
diskk with a proton heated skin on top of it can still be considered a "thin" disk. 

Fig.. 3.2 shows the dependence of the emergent spectrum and the temperature 
profilee on the distance from the compact object in the galactic BH case. We obtain a 
resultt comparable to paper I, i.e. with increasing distance the temperature of the hot 
partt increases somewhat, whereas the optical depth of the heated layer decreases. A 
discussionn of these effects can be found in paper I. 

Forr distances R > 50R$ from the galactic BH we could not find heated solutions. 
Withh increasing distance from the central object the proton temperature (oc R'1) 
ass well as the proton energy flux (oc R~3) decrease. In these conditions we find 
solutionss in which the energy supplied by the incident protons is thermalized directly 
byy bremsstrahlung. It is likely that a very thin (r -c 0.01) hot layer still forms in 
thesee conditions, but we are unable to resolve it with the present method. This is 
indicatedd by the existence of thin hot atmosphere solutions at low incident energy 
fluxflux in the case of protons heating a neutron star surface (Zampieri et al. 1995; Deufel 
ett al. 2001b). It probably also occurs in the present case, but since these thin layers 
att large distances from the hole do not contribute much to the overall spectrum, we 
havee not pursued this further. 

Fig.. 3.3 shows the dependence of the emergent spectrum and the temperature 
profilee on the distance from the compact object in the AGN case. We obtain slightly 
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3.53.5 Proton illumination of disks with moderate optical depth 
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Fig.. 3.3: Dependence of the emergent model spectra and the temperature 
profiless on the distance from the hole in the AGN case with M = 8 x 106MQ. 
Thee optical depth of the hot part is much smaller than in the galactic BH cases. 

differentt solutions compared to our results in paper I. The optical depth of the heated 
layerr is smaller (T < 0.5), the temperature of the hot part is Te ss 70-90 keV. Again a 
steepp temperature jump separates it from the cool disk underneath. Due to the small 
opticall  depth of the heated layer Comptonization is not as efficient. The index of the 
AGNN spectra in EF(E) is s « 0.6. Our model does not produce heated solutions 
att distances R > 20R$ from the compact object, though heated atmospheres might 
existt at very small optical depths (see note above). 

3.55 Proton il lumination of disks with moderate 
opticall depth 

Thee temporal evolution of an initially cool (Te = 1 keV), thin disk with an optical 
depthh Ti/2 = 1.5 (measured from the surface to the mid-plane) at r = 10 is shown in 
Fig.. 3.5. The energy flux from the virialized protons is Fp = 8.1 x 1021 erg cm- 2 s_ 1. 
Inn the beginning the temperature of the top layers increases due to the impinging 
hott protons, whereas the mid-plane region cools due to bremsstrahlung [stage 0-2, 
Fig.3.5].. As the top layers are heated, the stopping power of the plasma decreases and 
thee protons penetrate deeper into the disk. Eventually hot protons reach the mid-
planee region and proton heating overcomes bremsstrahlung cooling even there [3]. At 
thiss stage no effective cooling mechanism is present and the temperature continues 
too rise everywhere in the disk [4-5]. At temperatures kT > 200 keV pair production 
becomess more and more important. The extra electrons serve as additional scattering 
partnerss for the Coulomb collisions with the protons and the photons of the radiation 
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Fig.. 3.4: Upper left panel: emergent model spectrum; upper right panel: heat-
ingg rates from proton heating (solid line) and combined radiative cooling rates 
fromm Comptonization, bremsstrahlung and pair processes (squares); lower left 
panel:: electron temperature Te; lower right panel: proton number density (solid 
line)) of the layer and pair number density (dotted-dashed line). 

field.field. Thus pair product ion limit s the maximum attainable temperatures, and the 
diskk adjusts to a new equil ibrium state [6] at a temperatures Te ~ 400 keV. The 
dashedd line in Fig. 3.5 shows the temperature profile after one dynamical time-scale 
att t h at radius, t<\ = 1 / ^K — 3.5 x 10~3s. 

Fig.. 3.4 shows an overview of that solution. The pair number density z at the top 
off  s lab reaches z ss 50% of the proton number density and drops off at the mid-plane 
too 2 w 1%. The spectrum of such a th in proton heated disk peaks at i=s 1000 keV. 
Wee refer to those disks as warm disks . They are still considerably cooler than the 
locall  virial temperature. 

Fig.. 3.6 shows the dependence of the equilibrium temperature profile on the 
init iall  optical depth of the layer and the distance from the central object. Wi t h 
increasingg distance the proton energy flux as well as the proton penetrat ion depth 
decreases.. A cool disk can therefore be transferred into the warm state only within 
aa certain distance from the BH. If the hot protons do not reach the mid-plane 
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Fig.. 3.5: Evolution of the temperature profile of a thin, cold disk layer with 
TTee = IkeV exposed to virialized protons at r = 10. The numbers at the lines 
denotee the sequential stages, referred to in the text. The final stage [6] shows 
ann equilibrium at Te « 400 keV. The dashed line shows the temperature profile 
afterr one dynamical time-scale. 
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Fig.. 3.6: Dependence of the equilibrium temperature profile for slim disks 
exposedd to virialized protons at r = 10 (solid line) and r = 15 (dashed line) 
withh different initial optical depths T I / 2 = 2,1.5,1. for r = 10 and TX/2 = 1.5,1 
forr r = 15. 
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anymore,, a cool interior can be maintained which looses its energy very efficiently via 
bremsstrahlung,, as the hot layers above are optically thin. Our model computations 
showw that at r = 15 a thin disk can maintain a cool interior for Ti/2 — 1.5 whereas 
att r = 10 a disk with Ti/2 = 1.5 switches into the warm state. 

Thee temperature of the warm state also depends on both the distance and the 
overalll  optical depth of the layer. For T1/2 = 1 and r = 10 our model predicts a 
temperaturee of « 1 MeV. At such temperatures our classical proton heating formal-
ismm starts deviating from the correct relativistic expression. The classical treatment 
underestimatess the proton-electron heating rates at high temperatures (Deufel et al. 
2001b).. This could even cause higher temperatures in the warm disks. 

3.66 Discussio n and Conclusio n 

Wee have investigated a model for the production of a hard spectral component 
(hu(hu » IkeV) from a cool disk around a compact object. The model assumes that a 
standardd cool accretion disk is surrounded by a hot atmosphere. This atmosphere can 
eitherr be due to an ion supported accretion flow (ADAF) which partially overlaps in 
radiall  extent with the cool disk or to a hot corona which is e.g. magnetically heated 
(e.g.. di Matteo et al. 1999). For the actual calculations presented here, we have used 
parameterss representative for ADAFs. Fast protons from this atmosphere interact 
withh the cool disk material and produce a warm (~ 80 keV) surface layer, where 
softt photons from the cool disk are Comptonized. We have considered two cases in 
detail:: a disk around an 8M© black hole (galactic BHC case), and an AGN case with 
ann 8 • 1O6M0 black hole. 

Wee find that the response of the cool disk to proton illumination depends on 
itss optical thickness. At sufficient thickness (r > 1.5) the cool disk is able to effec
tivelyy reprocess incoming energy flux into soft photons. Here, a two-layer structure 
develops,, consisting of a warm surface layer of depth r ~ 1 on top of a cool disk. At 
lowerr total optical depth, the soft photon emissivity is insufficient to cool the disk 
andd the disk heats up, by the proton energy flux, to an approximately isothermal 
layerr of intermediate (a few 100 keV) temperatures. We call these cases warm disks: 
theirr temperature is higher than an accretion disk radiating as a black-body, but 
stilll much lower than the virial temperature. 

Inn the optically thick case, the energy balance between the warm surface layer 
andd the cool disk is like that in the Haardt-Maraschi (1991, 1993) model of a corona 
overr a cool disk. For geometrical reasons about half of the Comptonized photons is 
reprocessedd by the cool disk, the other escapes. The Compton y—parameter adjusts 
suchh that the amplification factor matches this requirement. This balance regulates 
thee temperature of the layer, while its optical depth is determined by the penetration 
depthh of the protons. The balance is strongly self-regulating: the temperature and 
opticall depth of the warm layer depend little (within limits) on temperature and 
energyy flux of the incident protons, so that also the shape of the emergent X-ray 
spectrumm varies little (see Haardt and Maraschi 1993, and paper I for a more detailed 
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discussion). . 
Wee find that the existence of these proton-heated surface layers is limited to the 

innermostt regions r < 50 of the disk. At larger distances from the hole, the optical 
depthh of the warm layer drops rapidly, and its contribution to the spectrum becomes 
small. . 

Forr our BHC case the temperature and optical depth of the warm layer are in 
thee right range to produce spectra with the main features of black hole binaries in 
theirr hard states. In the AGN case, the Comptonization is less strong, and the hard 
spectrall  component somewhat steeper (photon index around 2.6) than in the BHC 
casee (index around 2.2). In both the BHC and AGN cases the spectra cut off around 
1000 keV. The maximum distance from the hole where a significant warm layer is 
formedd is somewhat smaller in the AGN case {Rmax/Rs » 20) than in the BHC case 
(Rmax/Rs(Rmax/Rs & 50)- This is due to the lower energy flux per unit of surface area, and 
thee reduced penetration depths in the cooler AGN disks (see also Deufel et al. 2001). 

Nearr the inner edge of a cool accretion disk (at the distance Ri from the hole), its 
opticall  depth becomes small (in the thin disk limit , it varies by the well known factor 
ƒƒ = [1 — (R\/R)lf2\). Though the optical depth of a cool accretion disk is generally 
substantiall  at the accretion rates inferred for BHC and AGN, there is always a 
regionn of low optical depth near the inner edge. This is also where the disk would be 
exposedd to the largest proton energy flux from an ADAF or corona. At optical depths 
Ti/22 ;$ 1-5 we find that an initially cool disk heats up to a new equilibriumm with nearly 
uniformm temperatures of a few 100 keV (Fig. 5). The transition takes place in a time 
off  the order of the dynamical time scale 1/H. Initially , the protons are stopped in 
thee cool layers before reaching the midplane. Due to the thermal expansion of the 
plasmaa the electron densities drop, and as a consequence the proton heating finally 
overcomess the cooling by bremsstrahlung (~ rig). A new equilibrium is found when 
pairr production sets in. The pairs add to the optical depth of the layer and increase 
thee radiative loss of the plasma (by Comptonization) until it matches the input by 
protonn heating. 

Ourr solutions are local equilibria for conditions at a given distance from the 
hole.. In disks in which the optical depth is low (< 1) near the inner edge but at least 
aa few at larger distance, proton heating would produce our warm disk structure of 
approximatelyy uniform temperature in a (possibly narrow) zone near the inner edge. 
Furtherr out it would instead produce a warm surface layer overlying the cool disk. 
Bothh regions would contribute to the overall X-ray spectrum. 

Sincee the energy flux by proton heating is highest near the inner edge, the 
warmm disk component at that location could contribute significantly to the overall 
spectrumm even if its radial extent is limited. In our solutions, it would add a very 
flatflat component (photon index around 1, up to about lMeV, Fig. 4), so the overall 
spectrall  index could be significantly less than 2, as observed in some of the hardest 
spectra.. The warm surface layers over the cool disk do not have such flat spectra 
(Fig.. 2), and alone can not explain the hardest observed spectra (with indices around 
1.5).. The combination has the potential to explain the entire range of observed hard 
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spectra,, but for a quantitative result the radial structure of a proton-illuminated 
diskk needs to be treated in more detail. 

Inn this context we note that our warm disk solutions ignore a potentially im-
portantt cooling mechanism, namely Compton cooling by soft photons from a cool 
disk.. Though there are no cool regions internally in the warm disk, the nearby cool 
diskk at larger radii produces a soft photon flux. A fraction of this flux could travel 
radially,, illuminating the warm disk region. The flux of such soft photons is probably 
small,, since the disk is thin at all radii and the radial optical depths therefore large. 
Forr quantitative assessment a two-dimensional radiative transfer model has to be 
developed,, which is outside the scope of the present treatment. 

Thee warm disk solution has a combination of temperature and optical depth 
justt in the region where a normal, internally heated disk cannot exist. In such disks, 
thee (T, r) combination characterizing our warm disks would lie on the SLE (Shapiro-
Lightman-Eardley)) branch of accretion flows, which is thermal/viscously unstable. 
Thee combination is quite stable in our warm disk solution precisely because it is 
nott heated internally but externally by the incident protons. In this context it is 
interestingg that model fits of low/hard states in terms of stationary ADAF models 
sometimess yield parameter combinations on the unstable SLE branch (for example 
inn XTE 1118 +480 as analyzed by Frontera et al. 2001, in preparation). We interpret 
thiss as a strong indication for the existence of our warm disk solutions. 

Thee physics of the warm disk solutions presented here has further interesting 
consequences.. In anticipation of results to be given in more detail in a future paper, 
wee note here that at the temperatures and densities in our warm disks, the time 
scalee for establishing thermal equilibrium between the electrons and the protons in 
thee disk (not the illuminating protons) is not short compared to the dynamical time 
scalee any more. Any mechanism which now provides energy to the disk protons faster 
thann they can exchange energy with the disk electrons would give rise to a heating 
off  the disk protons and, depending on the temperature and density dependence of 
suchh a process, might lead to runaway heating of the protons. Two energy channels 
immediatelyy come to mind: proton-proton interactions, i.e. heating of the disk pro-
tonss by the penetrating external protons, and internal viscous heating according to 
standardd disk theory. We have neglected these here, as their energetic contribution 
iss negligible in our model (the main energy channel is from the incident protons 
too the radiation field, via the disk electrons). If such an instability exists, it might 
heatt the disk protons sufficiently for the disk to expand and feed its mass into the 
surroundingg ADAF. 
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44 A two step mode l for th e transitio n fro m a 
coo ll  dis k to an ADA F 

B.B. Deufel and H. C. Spruit 

Abstract.. We show that a transition from a cool disk to an advective, 
ionn supported accretion flow takes place naturally, through events in-
volvingg only the known properties of the Coulomb interaction in a two-
temperaturee plasma and standard radiation processes. Near the inner 
edgee of the cool disk there is a partial overlap with the hot ADAF. Heat-
ingg of the disk by ADAF ions creates a 'warm' (T ~ 100 keV) layer of 
opticall  depth ~ 1 over the cool (T ~ 1 keV) disk of optical depth > 1. 
Nearr the disk edge, where the total optical depth is < 1, thermaliza-
tionn is inefficient and the cool component disappears. We show that in 
thee resulting 'warm' disk, the resident ions are thermally unstable due 
too viscous heating, and heat up to their virial temperature. The inner-
mostt disk regions thus evaporate and feed the ADAF. These processes 
aree demonstrated with time dependent calculations of a two-temperature 
plasmaa in vertical hydrostatic equilibrium, including heating by external 
ions,, internal proton-electron energy exchange and viscous heating. 

4.11 Introductio n 

Accretingg galactic black holes (BHC) and active galactic nuclei (AGN) are often 
observedd with two different spectral components: a soft component which is probably 
duee to a multi-color blackbody from an optically thick, geometrically thin standard 
diskk (Shakura & Sunyaev 1973, SSD), and a hard component which is linked to an 
opticallyy thin and geometrically thick flow. The hard component (an approximate 
powerr law with high energy cut off at Ec « 100 keV) is most likely produced by 
inversee Compton scattering of soft photons on a hot thermal plasma (Sunyaev &; 
Titarchukk 1980). One solution of accretion with an optically thin, hot flow where 
Comptonizationn can take place, was first discovered by Shapiro et al. (1976). This 
solutionn was later found to be thermally unstable. Stable, optically thin, hot flows 
weree successively suggested by Ichimaru (1977) and in the context of a hot ion 
supportedd advection torus by Rees et al. (1982). Extensive theoretical work on these 
accretionn flows, now called advection dominated accretion flows (ADAFs), was done 
byy Narayan k Yi (1994, 1995a,b). 
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44 A two step model for the transition from a cool disk to an ADAF 

Opticallyy thin accretion flows have attracted much attention since then because 
off  their application to explain e.g. the spectra of X-ray transients (Esin et al. 1997). 
Thee observations are consistent with an accretion flow that consists of two zones: 
ann interior ADAF that extends from the black hole horizon to a transition radius 
RRtTtT,, followed by an optically thick, geometrically thin and cool standard disk outside 
RRtTtT-- A partial overlap between the two regions is probable and observations show 
evidencee for the close vicinity of hot and cold matter in the central regions of BHCs 
andd AGNs. This is indicated through a KQ iron fluorescence line at 6.4 keV and a 
Comptonn reflection component between PS 10-30 keV. An essential feature of such an 
accretionn geometry is the change from the geometrically thin SSD to the hot ADAF 
flowflow at the transition radius. 

Signaturess of the disk transition radius have recently been associated with the 
breakk in the power density spectra of Cyg X- l (Churazov et al. 2001). From an 
analysiss of the reflection component Di Salvo et al. (2001) showed that in Cyg X- l 
thee transition radius resides in the inner regions between lOi^s < Rtr < 70i?s if the 
observedd reflected spectrum is due to a smeared component, or 6Rs < Ru < 20i?s 
iff  the reflection is unsmeared, e.g. from the companion star or the outer disk. 

Butt how the SSD-ADAF transition works is still under debate. Meyer et al. 
(2000)) propose that the transition from the cold disk to the optically thin flow is 
duee to a heat flow by electron conduction from a hot, friction-heated corona to 
thee cold disk below (see also Meyer k Meyer-Hofmeister 1994). This model predicts 
thee maximum evaporation efficiency at a large distance from the hole (a few 100 
Schwarzschildd radii). If, due to a high accretion rate in the cool disk, not all material 
iss evaporated until that distance, the cool disk will survive until the last stable orbit. 
AA transition radius farther in than 100 Schwarzschild radii is inconsistent with their 
picture.. Rózanska & Czerny (2000) investigate conductive and radiative coupling of 
ann accretion powered corona with an underlying cool disk. For low accretion rates 
theyy find that the disk completely evaporates whereas high accretion rates prevent 
thee SSD-ADAF transition as in Meyer et al. (2000). From a mathematical point of 
vieww Abramowicz et al. (1998) show that, if the transition region is not too wide, 
thee region must rotate with super Keplerian orbital speed. Based on this property 
Katoo & Manmoto (2000) demonstrate that trapped low-frequency oscillations are 
possiblee in the transition region. 

Heree we present a model for the SSD-ADAF transition based on few, well-known 
ingredients:: proton-electron coupling in a fully ionized plasma and viscous heating. 
Ourr only assumption is that the transition radius resides within the hot flow, i.e. 
theree is a partial overlap between the cold disk and the ADAF. 

Inn Fig. 4.1 we have sketched the main energy channels for an accretion disk 
coexistingg with a hot ADAF-lik e environment. The dominant source of energy is the 
releasee of gravitational binding energy. We assume here that a significant fraction 
(att least a few tens of per cent) of this energy goes into the protons (on account 
off  their much higher mass compared to the electrons). This viscous energy release 
predominantlyy takes place in the hot region. The protons and electrons in the ADAF 
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4.14.1 Introduction 

Fig.. 4 .1: Energy channels in a cool accretion disk embedded in a hot region. 
Thee energy dissipation in the cool disk is assumed small compared the atmo-
spheree (corona or ADAF). Squared boxes show physical processes, round boxes 
thee particles involved. Heavy arrows and boxes show the main energy channel: 
viscouss dissipation in the ADAF heats the protons there, which illuminate the 
cooll  disk below. By Coulomb interactions the ADA F protons loose their energy 
mainlyy to electrons, producing a warm (~ 80 keV) layer which radiates this 
energyy by Compton-upscattering of soft photons from the cool disk below. The 
protonss in the warm surface layer are largely outside this main energy channel. 
Nearr the transition radius the cool part disappears and the warm part heats 
upp to several hundred keV. Then the energy exchange of disk protons with the 
electronss is slow (shown by the saw tooth line) and viscous heating of protons 
becomess important. 

formm a two-temperature plasma, where the protons have temperatures near their 
viriall  temperature. The electrons are much cooler due to their strong interaction 
withh the radiation field and the slow rate at which they exchange energy with the 
ADA FF protons. 

Betweenn the ADAF and the cold standard disk resides a warm surface skin. 
Thee viscous energy release there is small. This heated surface layer is produced by 
ann energetic coupling of the ADAF to the cool disk. The coupling can take place by an 
exchangee of photons or particles (protons). The radiative coupling was investigated 
byy Haardt & Maraschi (1991, 1993) in context of their "two-phase model". 

Thee coupling between an ADAF and the cool disk via hot protons was suggested 
byy Spruit (1997) and Spruit & Haardt (2000) and studied in greater detail by Deufel 
&&  Spruit (2000)*  [hencefore paper I] and Deufel et al. (2001a)*  [henceforce paper 
III  ]. They showed that by Coulomb interactions the ADAF protons loose their energy 
mainlyy to the electrons. This produces a moderately warm (~ 80 keV) surface layer 

*Thee bibliographic reference corresponds to chapter 2 of this thesis, 
t fhee bibliographic reference corresponds to chapter 3 of this thesis. 
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44 A two step model for the transition from a cool disk to an ADAF 

whichh radiates its energy by Compton-upscattering of soft photons. The protons in 
thee warm surface layer are largely outside the main energy channel. 

Finallyy there is the cold disk (~ 1 keV) below the warm layer. This region 
iss outside of the reach of the impinging hot protons. The cold disk serves as a 
thermalizerr for the downwards directed radiation of the warm layer. It is the source of 
thee soft photons which are Comptonized in the warm region and keep it at moderate 
temperatures.. The viscous energy release in the cold disk is assumed to be negligible. 

Inn paper II we have shown that close to the inner edge of an accretion disk, where 
thee surface density (and the optical depth) of the disk gets small, the penetration of 
virializedd protons heats the complete disk to temperatures of several 100 keV (which 
iss equivalent to a disappearance of the cold part in Fig. 4.1). This corresponds 
too the first step of our model and is at the same time the starting point of the 
presentt investigation. At high temperatures the time scale for establishing thermal 
equilibriumm between the disk protons and electrons is not short compared to the 
dynamicall  time scale any more. The viscous energy channel (due to internal heating 
off  protons by friction) gets important now because coupling to the electrons is weak. 

4.22 Evaporatio n mechanis m and energ y channel s 

Anyy proton heating mechanism, even if only small, could give rise to a thermal in-
stabilityy as the energy of the protons can not be transfered to the disk electrons fast 
enoughh in a sufficiently hot environment. The most basic proton heating mechanisms 
aree internal viscous energy release (due to friction), and proton-proton interactions 
betweenn internal disk protons and external protons from the hot region. In the fol-
lowingg we investigate these heating mechanisms. 

4.2.11 The viscou s energ y channe l 

Firstt we compare the timescale over which the temperature in the disk changes (i.e. 
thermall  timescale) to the proton-electron energy exchange timescale. 

Thee energy exchange timescale between protons and electrons is given by Spitzer 
(1962), , 

3mpA; 3/2(ree + ^ r p ) 3 / 2
 TP

3/2 

e p ""  8(27rme) i /2e4nelnA " ^ ^ ^ h T A 8 ' ( 4 ' 1 } 

wheree rap, me are the mass of the proton and electron, respectively, k is the Boltz-
mannn constant, e the charge of the electron, ne the electron density and In A « 20 
thee Coulomb logarithm. The approximate equality is used since we consider cases 
wheree initially the electron temperature is of the order of the proton temperature and 
thereforee the contribtion of ^-Tp can safely be neglected. We do not expect that 
relativisticc corrections to this formalism, as given by Stepney & Guilbert (1983), 
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4.24.2 Evaporation mechanism and energy channels 

changee much. In Deufel et al. (2001a)*  we have shown that Spitzer's formalism is ac-
curatee to better than 5% compared to Stepney &; Guilbert (1983) for proton energies 
beloww 100 MeV and electron temperatures kTe < 50 keV. 

Thee thermal timescale in an accretion disk is given by 

** = 3i ' (42) 

wheree fi = (GM/R3)1/2 is the Kepler angular velocity and a is the viscosity param-
eterr (Shakura & Sunyaev 1973). 

Noww we compare Eqs. (4.1,4.2). This yields a critical electron density 

n;n;  = 0 J>" P*T 1 A ï?/a a fl . (4.3) 
ee 8V27rmee

4 InA 

Forr electron densities ne < n*  viscous heating in an accretion disk works faster 
thann proton-electron coupling, i.e. in those regions the protons can not loose their 
energyy fast enough, and heat up. This increases n*. At the same time, the higher 
protonn temperature causes the layer to expand, by hydrostatic equilibrium. On both 
accounts,, the Coulomb coupling between protons and electrons decreases, and the 
heatingg of the protons accelerates. Viscous heating of the protons is thus thermally 
unstablee wherever the density is less than given by Eq. (4.3). Since the density 
decreasess steeply with height in the atmosphere, there is always a level above which 
itt is unstable. A new equilibrium is reached only when the protons reach the virial 
temperature.. The unstable part of the atmosphere has then expanded to H/R ~ 1, 
andd it is then, effectively, part of the ADAF in which the disk is embedded. The 
unstablee part of the atmosphere has evaporated, feeding the ADAF. Whether such 
ann instability has an effect on the global accretion properties depends on the mass 
inn the unstable region. 

Thee amount of mass involved in the instability is the mass in the atmosphere 
abovee the level where the density has dropped to n*. Let this be M* (per unit surface 
areaa of the disk). The time scale on which the protons heat up in the unstable region 
iss just the viscous heating time scale tth- The rate at which the atmosphere evaporates 
iss thus approximately 

MM « aO.M* . (4.4) 

Thee unstable mass Al *  is found by integrating the density in the atmosphere 
upwardd from the level z* where n = n*: 

O O 

M*M*  = I mpne(z)dz = mp n*  Hy/2f(u*) , 
JJ z* 

(4.5) ) 

*Thee bibliographic reference corresponds to chapter 5 of this thesis. 
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o.o o 
:: : : 3000 400 z::• 

Temperaturee [keV] 
: : 

Fig.. 4 .2: u* (left ordinate and solid lines) and /(u*) (right ordinate and dashed 
lines)) as a function of the isothermal temperature for different values of a 
(denotedd by the numbers at the lines) in a layer with optical depth T Ï / 2 = 1.5 
(measuredd from the midplane to the surface). 

wheree H is the scale height of the disk atmosphere (assumed isothermal). Here we 
usee t he equation of hydrostat ic equilibrium n e = noexp[—u2]  with v? = z2/2H2. 
T h ee function f(u*) is 

ƒ(«*) ) i: i: 
JJ u' 

exp[u u i 2 l d u == ^ e " * ( l -erf [u*]) ) (4.6) ) 

Too evaluate Eq. (4.6) we need to know the dimensionless critical height above 
thee midplane, u*. The level at which ne = n* depends on the surface density of the 
disk,, being higher at large surface density. We measure the surface density by the 
Thomsonn scat ter ing optical depth Ti/2, measured from the midplane to the surface 
off t h e disk. In te rms of the density at t he midplane no, this is for an isothermal disk: 

TI / 22 = no &TH \/-K/2 . 

Thiss yields 

,1/2 2 

In n 
kk22 aT2 

V 2 m e / 2 c 44 l n A T i / 2 

1/2 2 

(4.7) ) 

(4.8) ) 

Thee dimensionless height u* and f(u*) as a function of tempera ture and the 
viscosityy parameter are shown in Fig. 4.2 for a given 7 i / 2 = 1.5. Above a certain 
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temperaturee (for a given a) u* is not denned as the value within the square brackets 
inn Eq. (4.8) drops below zero. The physical meaning is that the whole atmosphere is 
subjectedd to the instability and we can set u* = 0. In this cases f(u*) = ^/ïr/2 (the 
maximumm value for ƒ). 

Thee evaporation rate is then, with Eqs. (4.4, 4.5, 4.3) 

MM = * % * a2 Q T e
2 / K ) • (4.9) 

4V2n4V2n rne'
 2

e
4 In A 

Wee use H — cs/Q and c3 = y/2kT/mp is the isothermal sound speed. 
Ann evaporating part exists in every disk atmosphere, but in cool standard disks 

onlyy the highest layers evaporate. The mass loss is unimportant in such a case and can 
nott change the global properties of the disk. Eq. (4.9) shows that the evaporation rate 
iss oc R~z/2 o? T2. Therefore mass evaporation due to a viscous heating instability will 
mainlyy depend on the viscosity parameter and the temperature of the medium with 
aa weak dependence on the radius. Whether situations exist where this evaporation 
ratee gets important is investigated in Sect. 4.3. 

4.2.22 The energ y channe l due to proton-proto n interaction s 

Thee main energy channel is from the hot protons to the electrons in the warm surface 
layerr (see paper II). The properties of the Coulomb interactions at the temperature of 
thee incoming protons are such that only a small fraction of their energy is transfered 
too the protons in the layer (which we will call 'field protons' here following the 
terminologyy in Spitzer 1962). The energy budget of the field protons is small, however 
(cf.. Fig. 4.1), so the effect of this channel on the field proton temperature in the warm 
layerr has to be considered. 

Thee mean kinetic energy decrease of a fast proton moving through much cooler 
backgroundd (i.e. field) protons is given by Spitzer (1962) as 

Ë 5 LL = - J u l „p In A ty{x) - ar^(x)] , (4.10) 
atat rripVp' 

wheree n p is the density of the (cool) field protons. The subscript p' indicates the 
hott penetrating protons and p the field protons. Here tp(x) and ip'(x) are the error 
functionn and its derivative and x2 = mpv

2/2kTp is the ratio of the velocity of the 
incomingg protons to the thermal velocity of the field protons. In the following we set 
ip—xip'ip—xip' — 1. This approximation is valid if the velocity of the incoming protons much 
exceedss the velocity of the field protons. In our case we consider virialized protons 
penetratingg into the considerably cooler disk plasma, so the approximation is valid. 

Thee heating rate Wp»p per unit volume due to the interaction of hot protons 
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withh the cooler protons is 

dEdEpp>>  Sne4 , . , 
WP'PP = nV  —n~ = — - r l n A n p r i p 'v • ( 4 1 1 ) 

fJZfJZ TTlpV t 

Thee rate of energy transfer from the field protons to the electrons in the warm 
layerr is given by Eq. (5-30) from Spitzer (1962), 

u // i.T- ~ T P 8(27rm e)
1 /2e4n2lnAfcr e-A:rp 

w -- = - » . * - ; — ^ l ^ F ^ ' (412> 
wheree we have used Eq. (4.1) to replace tep- We use the approximate equality as 
thee contribution from ^Tp can again be neglected. Using vp> = y/2kTp>/mp, we 
comparee Eqs. (4.11, 4.12) and obtain an estimate for the equilibrium temperature 
off the disk protons exposed to penetrating hot protons: 

J pp — ii  + 5 ^ \mj\mj \neJ\TpJ 

**  T*  + lu{t){t>) Te'  {413) 

Wee set ne = np. Obviously the most sensitive part in this equation is the density 
ratioo of the penetrating protons to the field electrons. Therefore we need an estimate 
forr the ratio nP' /ne. 

Forr this, we have to make assumptions about the ADAF providing the protons. 
Eventually,, this would involve some more realistic model, but for the present purpose 
wee simply assume that the energy input rate by hot protons $p>  scales as some 
fractionfraction of the energy flux from the system. Thus, 

$ yy ~ TV v kTP' ~ 4 ^ 2 ' (4-14) 

wheree L is the luminosity of the system. We solve Eq. (4.14) for the proton density 
nnpp>>  and divide through the midplane density of the underlying cool disk, no ~ 
TT1/21/2/(aH)./(aH). This yields 

!vv = JL l_zJL = &/2 JL-(JL\* *L JL. (4.i5) 
n00 4nR2 mpv r̂ Ti/2 LEdd \ # s / R n /2 

Heree Ti/2 again donotes the Thomson optical depth of the disk measured from 
thee surface to the midplane, a is the Thomson cross-section, H the disk scale 
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height.. Z-Edd = 4ircGMmp/a is the Eddington luminosity and Rs = IGMjc2 the 
Schwarzschildd radius. Further we assume that the protons have a velocity according 
too the local virial temperature TV{ r = GMmp/(3fci2), 

wheree c is the speed of light. From paper II we know that a warm disk with optical 
depthh Tx/2 « 1.5 is still geometrically thin {H/R « 0.02). For e.g. L/LEÓÓ = 0 . 1, 
R/RsR/Rs = 10 we obtain for the density ration nP' /no « 0.02. 

Returningg to Eq. (4.13), we note that for the temperatures that occur in the 
warmm layer (paper II) , not more than a few 100 keV, Te/Tp>  -C 1. Thus the ratios 
np/ /nee and Te/Tp>  are small numbers and it follows from Eq. (4.13) that the hot 
penetratingg protons can not heat the disk protons considerably above the ambient 
electronn temperature. Only where the density ratio np>/ne gets of order unity (i.e. in 
thee highest atmospheric layers), a more efficient proton-proton heating is possible. 
Wee conclude that internal proton heating by external hot protons does not have an 
importantt effect on the energy balance of the field protons. 

4.2.33 Numerica l simulatio n of th e evaporatio n channe l 

Wee test the inferred heating instability with a numerical approach, i.e. we consider 
aa warm disk with moderate optical depth and investigate its temporal evolution due 
too internal viscous heating, p'p interactions and p-e energy exchange. 

Wee use a plane-parallel, one-dimensional model geometry. The vertical density 
distributionn through the atmosphere is found from the equation of hydrostatic equi-
libriumm as in paper II , except here we do not account for the momentum exerted by 
thee decelerating protons. 

Thee temporal evolution of the temperature profile is computed by using a fourth 
orderr Runge-Kutta method. The timestep At of each integration is set to the shortest 
timescalee of the involved heating and cooling processes. The change of temperature 
perr timestep within a certain volume is due to the rate of change of the enthalpy 
there,, Atw = pcpAtT. 

Thee temperature increase per timestep as a function of optical depth due to 
viscouss heating of the protons is then given by 

^ W = ? a n e M * T p W n K . ^ ,, (4.17) 

wheree Cp is the specific heat at constant pressure and p the density. 
Thee temperature change of the field protons due to the impinging hot protons 

iss computed similar to the proton illumination method described in detail in paper I 
andd II , i.e. we follow protons from a Maxwellian distribution with virial temperature 
throughh the atmosphere and record the energy losses of the fast protons. The energy 
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Fig.. 4 .3: Temperature profiles in a model layer with optical depth T\/i = 1.5 
andd initial temperature Tb,p = To,e = 500 keV (dashed line) after t = 10 tth 
(dashed-dottedd lines) and t = 20ith (solid lines) due to the viscous instability 
off  the protons for various vales of a (numbers at the lines). For comparison the 
temperaturee profile after t = 20tth due to p'p interactions alone is also shown 
(dottedd line). 

fluxflux from the protons is calculated with the help of the mass condensation rate [see 
Eq.. (4.22) and Sect. 4.3 for details]. The kinetic energy decrease of the fast protons 
duee to their interactions with the field protons [p'p] as a function of optical depth 
cann be derived from Eq. (4.10). This gives the heating rate Ap/p and the temperature 
changee per time step can be expressed by 

AT P-P(r)) _ AF 

At At p(r)p(r) cp 
(4.18) ) 

Finallyy the rate of change of the temperature due to electron-proton [ep] cou-
plingg is [according to Spitzer (1962)] 

AT ep(r)) _ Te(r) - TP(T ) 

At At tep(r) tep(r) 
(4.19) ) 

Iff  in our simulation the disk protons have reached their local virial temperature 
wee do not allow for a further temperature increase. The electron temperatures are 
keptt constant throughout the slab during the calculation. Thus we account for the 
radiativee cooling of the atmosphere which is not treated explicitly here. The approx-
imatee constancy of the electron temperatures can be inferred from our warm disk 
solutionn in paper II . There the energy channel via the electrons is considered. 
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Forr the present simulation we consider a warm disk with an optical depth (from 
thee surface to the midplane) T1/2 = 1-5, an initially isothermal temperature profile 
Tee = Tp = 500 keV and MA /M Edd = 0.1. 

Fig.. 4.3 shows the temperature profiles for various values of the viscosity param-
eterr a after t = 10tth (dashed-dotted lines) and t = 20tth (solid lines). For ot = 0.5 
alll  disk protons can be heated to their virial temperatures whereas for a = 0.3 and 
aa = 0.1 only a part of the disk is subjected to the instability. The size of the unstable 
partt is in excellent agreement with our results from Sect. 4.2.1. If we only consider p'p 
heatingg and ep energy coupling alone the temperature increase of the disk protons is 
considerablyy smaller than with the viscous heating included. This again verifies our 
conclusionn from Sect. 4.2.2: p'p interactions can not heat the bulk of the internal 
protonss considerably above the ambient electron temperature [cf. Eq. (4.13)]. 

Summarizingg our investigation of the energy channels in a warm disk of small 
opticall  depth we conclude that viscous energy release in a hot plasma causes a 
runawayy temperature increase within the unstable part of the disk atmosphere until 
thee protons have reached their local virial temperature. 

4.33 Evaporatio n vs . proto n condensatio n rates 

Inn Sect. 4.2 we have shown, that due to the internal viscous heating of protons we 
cann expect a mass evaporation rate according to Eq. (4.9). 

Att this point we do not yet know whether the mass loss M. from a warm disk 
regionn is high enough to completely evaporate the disk. At the same time as evap-
orationn takes place the hot protons condense into the warm region and add to the 
overalll  surface density there. For an effective evaporation of the disk the mass loss 
ratee must therefore be higher than the condensation rate. 

Inn our previous numerical simulations of warm disks (paper II ) we used a pa-
rameterizedd proton mass flux which we derived by scaling the energy flux of the 
incidentt protons with the local energy dissipation rate in the ADAF. Here we adopt 
aa more realistic mass flux rate in an ADAF. 

Thee ADAF accretion rate is given as 

M AA = ^ - EA [ 1 - (SRs/R)1'2}'1 • (4.20) 

Heree EA = 2Hp\ denotes the surface density of the ADAF and PA is the density 
inn the ADAF. We assume that the protons have a Maxwellian velocity distribution 
accordingg to their local virial temperature. The mass flux rate [in g e m - 2 sec -1] from 
aa Maxwellian through a surface is generally given by 

* .. = /Vl/^5f- - («I) 27rmp p 
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Fig.. 4.4: Local evaporation and condensation rates from a warm (100-500keV) 
layerr of optical depth Ti/2 = 1.5, formed by proton illumination of an initiall y 
cooll  disk. Solid line shows the maximum condensation rate onto the layer from 
ann ADAF accreting at O . I M E, as a function of distance from the hole. Dashed 
liness show the evaporation rates from the layer, for three values of its tempera-
ture.. In the innermost region, the net effect is evaporation, feeding the ADAF, 
furtherr out the ADA F condenses onto the layer. At lower ADAF accretion rates 
(dotted)) the evaporating region becomes wider (see text for details). 

Wi t hh the help of Eq. (4.20) we can calculate the proton density in the ADA F 
andd use this result in Eq. (4.21). This yields the local mass flux rate onto the cool 
diskk for protons at their virial temperature, i.e. the condensation rate: 

11 MA 

aa 87r3/2i?2 1 -- (3 i?s/ i i )
1 / 2] (4.22) ) 

Noww we can compare the mass condensation rate with the evaporation rate 
accordingg to Eq. (4.9). The evaporation rate is oc (aT)2. Therefore high disk tem-
peraturess and high a 's favor mass evaporation. From paper I I we know that at the 
innerr edge of a cool accretion disk the temperatures reach several 100 keV ("warm 
s ta te")) and the optical depth r i / 2 is of order unity. We assume here that at a cer-
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opticall depth r 

Fig.. 4.5: Relative decrease of the proton mass flux in a thin, hydrostatic, 
isothermall  disk with total optical depth rtot = 2-T!/2 = 3, at different temper-
aturess for a mass flux rate given by Eq. (4.22), using MA = O.lMEdd, R = 8Rs 
andd a = 0.1. 

tainn radius the warm disk state exists without further specifying the real radial disk 
structuree and compare the evaporation rates there with the condensation rates. 

Fig.. 4.4 shows this comparison for different values for the viscosity parame-
terr a, different temperatures and luminosities. For values of the viscosity parame-
terr a > 0.3 a net evaporation at temperatures of the warm state for an accretion 
ratee M = O.lMEdd is clearly possible (the Eddington accretion rate is given by 
MEddd = 47rci?*mp/cr). For higher a's disk temperatures T w 300 keV suffice for a 
nett evaporation. If the ADAF density (i.e. the accretion rate) decreases, the con-
densationn rate of the protons into the the disk decreases and evaporation dominates 
overr the condensation rates over a wider range. 

Thee condensation rate given by Eq. (4.22) is actually an overestimate, since it 
assumess that all incident protons are stopped in the disk. While this is correct for cool 
disks,, for a high temperature plasma the rate of the electron-proton energy exchange 
iss small and a disk with low surface density gets optically thin for the penetrating 
hott protons. This is demonstrated by Fig. 4.5 where we show the ratio of the mass 
fluxflux to the initial condensation rate as a function of Thomson optical depth for a 
thinn disk (rtot = 2 • T\ji = 3) at different temperatures. At the temperatures of a 
cooll standard disk almost all protons are absorbed in this layer. But at the high 
temperaturess of the warm state the disk is optically thin and practically all ADAF 
protonss fly through the disk without being absorbed. The penetrating protons do not 
addd to the surface density there, and evaporation should therefore be possible even 
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att lower values of a. 

Wee conclude that the relative importance of evaporation and condensation re-
versee just after the point where the cool component disappears. As long as a cool 
diskk is present, the thermal instability in its warm surface layer is relatively weak, 
whilee it effectively absorbs all incoming protons. Once the cool component is gone, 
thee evaporation rate goes up and mass condensation by stopping of protons becomes 
ineffective. . 

Figs.. 4.4,4.5 show that net evaporation takes place close to the hole preferentially 
att low accretion rates in the ADAF. This last conclusion may sound counterintuitive. 
I tt is a consequence of the fact that the evaporation rate does not depend on the flux 
off  incident protons (cf. Eq. 4.9). This again is a result of the fact that the field 
protonss in the warm disk lie 'outside the main energy channel': the incident proton 
energyy flux sets the electron temperature (through the Comptonization balance). The 
temperaturee of the field protons, on the other hand, is determined by the secondary 
balancee between viscous heating of the field protons and their energy loss to the 
electrons. . 

Att low accretion rates, however, the hot proton flux eventually becomes insuf-
ficientficient to keep the layer 'warm': it will cool down to low (~ 1 keV) temperatures by 
bremsstrahlungg losses. We have studied this transition (paper II) , where we found 
thatt a layer of optical depth Ti/2 = 1.5 can just be kept in the warm state for an 
accretionn rate in the ADAF of about 0.1 ME- At lower accretion rates, the same is 
possiblee only when the bremsstrahlung losses are lower, at lower electron densities. 
Sincee the electron density is proportional to the optical depth, and the brems losses 
proportionall  to n2, the minimum ADAF accretion rate needed to maintain a warm 
diskk state by proton illumination scales as r2. The optical depth of the warm disk 
vanishess towards its inner edge, so we expect that there wil l be a region close to 
thee inner edge of the disk where evaporation takes place, even at very low accretion 
rates.. Summarizing this argument, the maximum total optical depth (measured from 
thee lower surface to the upper surface) of a warm disk is of the order 

( \\ 1/2 

^ JJ  <423> 
4.44 An evaporatin g coo l dis k 

4.4.11 Thi n disk s wit h evaporation/condensatio n 

Inn the above we have started with the assumption that an ADAF and a cool disk 
coexist,, and found the conditions under which the disk can feed mass into the ADAF. 
Wee have done this by considering the conditions at each distance from the hole 
separately.. To turn the ingredients into a consistent picture, we have to consider the 
masss flux through the system, so that conditions as a function of distances from the 
holee are connected, in the way sketched in Fig. 4.6. At large distance, we have a 
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4.44.4 An evaporating cool disk 

evaporationn / 
// hot protons fa fa 

Fig.. 4.6: Evaporation from the warm disk: a cool disk (black, ~ 1 keV) partly 
extendss into an ADAF and is exposed to the hot virialized protons from the 
hott torus (open arrows, light grey). Above and below the cool disk a heated 
surfacee layer is produced (~ 80 keV, dark grey) due to proton illumination. 
Att the inner edge at Ro the surface density of the cool disk gets small and a 
warmm disk develops (~ 300 - 500 keV, grey). Net mass loss into the ADA F 
evaporatess the warm region between Ri < R < Ro (filled arrows). Due to the 
highh temperatures in the warm disk this region is a source for hard X-rays. 

standardd cool disk. Closer in, i t is enveloped by an ADAF, which condenses onto 
it ,, producing what we have called here the warm, proton-i l luminated layer. Even 
furtherr in, the vertical optical depth of the disk becomes too low to sustain cooling 
byy brems losses, and the whole disk transforms to a 'warm disk' s tate (paper II ) of 
nearlyy uniform temperature. The upper layers of this warm disk evaporate to feed 
thee ADA F assumed at the outset, and at some radius Ri, the inner edge of the 
disk,, the entire mass flux through the disk has evaporated into the ADAF . We now 
investigatee what the conditions are for such a radial structure to be possible in a 
steadyy state. 

Thee disk, whether in a cool (< 1 keV) or warm (> 300 keV) state, is still 
veryy cold compared to the local virial temperature, so that the standard thin disk 
approximationn is valid. The difference with a standard steady disk is now that the 
masss flux is a function of distance, due to the condensation and evaporation f rom/to 
thee ADAF. We first consider the modifications to the a-disk diffusion equation that 
thiss causes. 

Thee surface mass density of the disk material, which is not evaporated, is given 

by y 

ƒ ƒ 
J—J— ( ( 

pp dz fts 2po H, (4.24) ) 

wheree po, H denote the density at the midplane and the scale height of the cool disk, 
respectively. . 

Thee change of the mass accretion rate with radius through the cool disk due to 

61 1 



44 A two step model for the transition erom a cool disk to an ADAF 

evaporationn can be expressed by 

—— = 4TTRM, (4.25) 

wheree we include an additional factor 2 to account for the mass loss on both sides of 
thee disk. Integrating this equation yields the mass loss [in g sec-1] due to evaporation 
inn a ring between R\ and R, 

M evv = 4TT / RMdR . (4.26) 
JRi JRi 

Thee conservation of mass in a cool disk including the evaporation term [Eq. 
(4.25)]]  can be expressed by 

—— (RE) + — (RHvn) + RM = 0 (4.27) 

wheree VR is the radial drift velocity of the disk material. 
Ass in the standard derivation, the thin disk diffusion equation follows from the 

angularr momentum equation, which now includes a term for the angular momentum 
carriedd with the evaporating/condensing material. For the present purpose, it is 
sufficientt to assume that condensing and evaporating material just has the same 
specificc angular momentum, Q K ^ 2 = as the disk. 

Thee equation for the angular momentum balance in an evaporating disk then is 

^(RXSIR^(RXSIR22)) + -^(RZvnüR2) + RM QR2 = ^(SR3~) (4.28) 

wheree we abbreviate 

/

oo o 

pvdz^Ev.pvdz^Ev. (4.29) 

-oo o 
Wee use the usual a prescription for the viscosity (Shakura & Sunyaev 1973), 

c2 2 

""  = " j f - (4-30) 

Thee approximate equality in Eq. (4.29) holds if v can be considered independent of 
thee geometrical height z. 

4.4.22 Steady stat e 

Multiplyin gg the continuity equation [Eq. (4.27)] with r2Q yields after subtraction 
fromfrom Eq. (4.28) an expression for the mass flux M in the cool disk in the stationary 
casee (d/dt = 0), 

MM = 6TTR1/2^(VY;R1/2). (4.31) 
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Thee thin disk equations, Eqs. (4.27,4.28) can be used in their time dependent 
form.. For example, the evaporating inner regions could expand inward towards the 
lastt stable orbit, or outwards. As a first application, however, we are interested in 
steady-statee conditions. In the stationary case we can use Eq. (4.31) to replace M 
inn Eq. (4.25). Integrating this expression yields 

RR1/21/24B^4B^R1/2R1/2)) = \ f RMdR + Cx . (4.32) 
00RR & JRi 

Wee integrate one more time and obtain a general expression for the surface 
densityy distribution: 

vZvZ = J^£^J*RMdR  + 2C1 + -%:;, (4.33) 
3ÏJÏ722 L. HU*  /„ , """ "  T ~> T W*

wheree C\, Ci are integration constants. Let the total mass loss due to evaporation 
fromm R\ to infinity be MeVi00. With the help of Eq .(4.31,4.32) we find the integration 
constantt C\, 

Cii  =  - Mev,oo) . (4.34) 

Ass in the standard treatment, the second integration constant is fixed by con-
sideringg the conditions at the inner edge of the disk. This could be the last stable 
orbitt if the disk extends all the way down to the hole, but more interesting is the 
casee when the entire mass flux has evaporated into an ADAF before reaching the 
hole.. Thus we now assume that a steady state exists with the inner edge at some 
ass yet unspecified distance R[. The requirement of a steady state wil l then impose 
aa condition on the parameters of the system that has to be satisfied. This wil l turn 
outt to be a condition on the accretion rate. At the end of the calculation, we thus 
expectt to obtain a relation between the mass accretion rate and the position of the 
innerr edge. 

Thuss we set i/T,i = 0 at the inner edge of the disk, as in standard accretion 
theory.. We use Eq. (4.26,4.33,4.34) and set R = R[ to get an expression for the 
secondd integration constant C2, 

pl / 2 2 
CC22 = — ^ r ( A f - Mev.oc) • (4.35) 

Withh the previous results the surface density distribution as a function of radius 
inn an accretion disk with evaporation losses can now be expressed by 

11 f  ̂ dR 1 
VT>VT> = frrW j R 5Ï72 ^ " ( J l ) + 3 ^ 1 ^ - ^v,oo] [ 1 - (Ri/R)1/2\ (4.36) 
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Fromm this expression the classical formula for the surface density in a cool disk 
cann be recovered if one sets Mev = 0, i.e. when no evaporation takes place. 

Thiss expression for the surface density, though strictly derived for steady condi-
tions,, is still approximately valid if the position of the inner edge changes slowly. We 
aree interested in a true stationary case, however. In this case the accretion rate in 
thee disk wil l be exactly equal to the total mass loss due to evaporation in the disk, 
MM = Mev,oo> or in other words all matter accreted in the cool disk is evaporated 
untill  R\ and Eq. (4.36) simplifies to 

"EE = dbï£^ï*- w (437) 

4.4.33 Radia l exten t of th e warm dis k 

Wee can now estimate the distance over which the process of evaporation into the 
ADA FF takes place. Let R® be the innermost radius where the cool disk component 
exists.. Inside this, there is only a warm disk (see Fig. 4.6). Evaporation takes place 
bothh from the warm layer on top of the cool disk at R > RQ and from the warm 
diskk region Ri < R < i?o, but the warm disk region is expected to contribute 
most,, since its temperature is significantly higher. Thus, we equate for the present 
approximatee purpose, the evaporating region with the warm disk region. Assume 
thatt the relative extent So = RQ/R\ - 1 of the warm is small. The evaporation rate 
Eq.. 4.9, with Q « H;, depends only on temperature. The temperature of the warm 
diskk is relatively fixed (paper II) , so we can set M constant as well. Eq.(4.37) for 
thee surface density as a function of distance from the inner edge is then 

== §/*<*ƒ" 
66 JRi JRi 

vY,vY, = J / dR J MdRttl-M(R- R{)2 (4.38) 

or r 

££ = i . 4 < g, (4.39) 

where e 

A=A= —2 M Rf (4-4°) 
etc etc 

Inn the warm state, no net condensation takes place (as we have seen in Sect. 4.3) 
andd M. is completely dominated by the viscous evaporation losses. We use Eq. (4.9) 
forr Ai and find 

AA = «0f " ^(^) £ (4.41) 
16\/2^1nAA  rl  \me) Ri v } 
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wheree r*o is the classical electron radius and 6 = kTe/rrieC2. This depends on the 
temperaturee of the warm disk, the viscosity parameter and the distance from the 
hole.. We can now make an estimate of the relative extent 5o of the warm disk. The 
radiuss RQ is the maximum radius where the warm disk can exist (at larger surface 
density,, it develops a cool disk component). The total optical depth at Ro is thus 
givenn by Eq. (4.23). With Eq. (4.39) and K S0 = rm we have 

Too = « 
QMR QMR 
3a a 

4Rf4Rf  2 / to MAMA \ 
1/2 2 

^ E d d/ / 
(4.42) ) 

whichh is a function of the warm disk temperature, the viscosity and the relative 
distancee from the hole and the accretion rate in units of Eddington. Then 6Q is 

SoSo » 
s/2s/2 In A f Ri\ fme\ 18V55 InA 

" A A 
M AA \ 

0.0133 x 
11 Ri ( M A \ 

(*6f(*6f  Rs \MEdd) 

0.11 • MEÓÓJ 

i ll  5 

(4.43) ) 

wheree we set In A = 20. With typical values, 9 ~ ~ 0(1), Ri/Rs ~ 8, MA/MEÓÓ = 0.1, 
ƒƒ — 0.88 and a = 0.3 this yields <$o « 0.3. We conclude that the extent of the warm 
diskk is in an 'interesting' range. It is smaller than the distance to the hole, but still 
largee enough that the width of the warm disk is large compared to its thickness, so 
ourr thin-disk treatment of the evaporation region is justified. 

4.4.44 Condition s for a stead y mass flu x to exis t 

Noww we estimate the radial distance of the transition radius from the hole as a 
functionn of the mass accretion rate M in the system. At the distance R\ all mass 
accretedd in the cold disk is evaporated, Mev = M. The accretion rate M of the 
systemm is now also equal to the accretion rate M A in the ADAF and we can write 

Mevv « 2 • 2TT RI AR, M = lit  R? S0M = MA (4.44) 

Wee use Eqs. (4.9,4.43) and find for R\ (in units of the Schwarzschild radius) 

3L 3L 
Rs Rs 

7x x 
ii  (MAV 

a3/22 03/2 ƒi/2 [MEddJ 
(4.45) ) 

wheree we set In A = 20. Again with the same values as above, 9 ~ 0(1), MA/MEÓÓ = 
0.1,, ƒ = 0.88 and a = 0.3 this yields Ri/Rs « 8. We conclude that, using plausible 
values,, the estimated transition radius is in the region where we expect our model 
too work. 
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4.55 Discussio n and conclusion s 

Ourr model describes a situation which naturally develops if a cold standard Shakura-
Sunyaevv disk is truncated within a hot, optically thin flow (ADAF) in the inner 
regionss of the accreting system. We propose a SSD-ADAF transition based on few, 
well-knownn physical processes: Spitzer's theory of the proton-electron energy ex-
changee in a fully ionized plasma, and standard viscous heating due to friction in the 
accretionn disk. We show that the transition of the cold disk material into material 
fromm am ADAF is the logical and inevitable consequence of these basic interactions. 
Ourr model operates in two steps: 

(i)) At the inner transition radius the surface density of the cool disk gets low. 
Viriall  protons penetrating from the ADAF heat the cool disk electrons. The elec-
tronss stay moderately hot (Te ~ 80 keV) as long as they can radiate this energy 
viaa bremsstrahlung and Comptonization. Once the disk is too thin, proton heating 
overcomess the radiative losses everywhere in the disk. The disk heats up, expands 
andd radiative losses become even more inefficient. With increasing temperature pair 
productionn sets in, but also the proton heating gets less efficient at higher temper-
ature.. Finally a new equilibrium for the thin disk is found at several 100 keV. We 
labell  this the "warm state". An important aspect in this process is that protons 
inn the disk are outside of the main energy channel. The main energy is transferred 
fromm the external ADAF protons to the disk electrons, which loose this energy via 
radiation.. For the first step the internal viscous heating of the protons is completely 
unimportant,, but not so in the second step: 

(ii )) At the temperatures of the warm state the disk protons and electrons are not 
coupledd very tightly any more, as the timescale for establishing thermal equilibrium 
iss not short compared to the thermal timescale. Now the small energy channel due to 
viscouss heating in the warm disk gets dominant for the energy budget of the protons, 
becausee the viscously released energy can not be exchanged very efficiently with the 
ambientt electrons. The upper part of the warm disk is subject to a thermal instability. 
Thee size of the unstable region mainly depends on the viscosity parameter and the 
temperaturee of the warm disk. The higher the temperatures and a's, the deeper is 
thee unstable region. The protons there are heated to their local virial temperature, 
andd become part of the ADAF: the warm state evaporates. In the warm state no 
effectivee mass condensation takes place, as such a disk at the same time becomes 
opticallyy thin for penetrating hot protons. The mass evaporation due to the viscous 
instabilityy of the warm state is therefore the main process which determines the mass 
budgett in this region. 

Onn the basis of this picture, we have also looked at the radial structure of an 
accretionn disk in which mass exchange with an ADAF takes place. Using the evap-
orationn and condensation rates derived, we have investigated the conditions under 
whichh accretion is possible in such a way that the entire accretion flow eventually 
evaporates.. In this case a steady state is possible with an inner edge to the disk at 
somee finite radius R\ outside that last stable orbit. We find that such a steady state 
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4.54.5 Discussion and conclusions 

iss indeed possible for plausible values for the accretion rate and viscosity parameter. 
Thee steady state condition determines a relation between the accretion rate and the 
valuee of R{. Also, it determines the width 6 = AR/R\ of the warm, evaporating disk 
region;; we find S « 0.3 for a of order 0.3 and accretion at a tenth of Eddington. 

AA potentially important factor which we have not been able to include in our 
picturee of the warm disk region is the cooling effect of soft photons from the cool 
diskk extending just outside the warm disk. Since both the cool and warm disk are 
quitee thin (H/R < 1 ) , the radial optical depth of the warm disk is large, and the 
anglee subtended by the cool disk as seen from the interior of the warm disk is small 
(too visualize this, see Fig. 4.6). It thus seems likely that the effect of such cooling on 
thee energy balance in the warm disk is small, but this point requires closer scrutiny. 

Thee extent of the region (in distance from the hole) where the physical conditions 
assumedd here apply, is limited. At large radii the proton temperature in the optically 
thin,, hot region decreases (ex R~l). At lower proton temperatures also the proton 
penetrationn depth into the cool disk gets smaller. This limits the region where a 
warmm state can be produced. Without the warm state our mechanism wil l probably 
nott work efficiently enough to transfer all material from a cool SSD into material 
fromfrom an ADAF. Therefore we do not expect our mechanism to work at large radii 
fromfrom the black hole. But a combination of the coronal evaporation flow model as 
suggestedd by Meyer et al. (2000) and the here proposed two stage model could in 
principlee cover a large range in the radial direction for the SSD-ADAF transition to 
occur. . 
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55 X-Ray spectr a fro m proton s illuminatin g a 
neutro nn star 

B.B. Deufel, C.P. Dullemond , B.C. Spruit 

Abstract.. We consider the interaction of a slowly rotating unmagnetized 
neutronn star with a hot (ion supported, ADAF) accretion flow. The viri -
alizedd protons of the ADAF penetrate into the neutron star atmosphere, 
heatingg a surface layer. Detailed calculations are presented of the equi-
libriumm between heating by the protons, electron thermal conduction, 
bremsstrahlungg and multiple Compton scattering in this layer. Its tem-
peraturee is of the order 40-70 keV. Its optical depth increases with the 
incidentt proton energy flux, and is of the order unity for accretion at 
10_ 2-10_11 of the Eddington rate. At these rates, the X-ray spectrum 
producedd by the layer has a hard tail extending to 100 keV, and is simi-
larr to the observed spectra of accreting neutron stars in their hard states. 
Thee steep gradient at the base of the heated layer gives rise to an excess 
off  photons at the soft end of the spectrum (compared to a blackbody) 
throughh an 'inverse photosphere effect'. The differences with respect to 
previouss studies of similar problems are discussed, they are due mostly 
too a more accurate treatment of the proton penetration process and the 
verticall  structure of the heated layer. 

5.11 Introductio n 

Thee spherical accretion of matter onto the surface of an unmagnetized neutron star 
(NS)) has attracted much attention since Zel'dovich & Shakura (1969) [henceforce 
ZS69]]  first addressed this problem more than thirty years ago. As a model for the 
thenn newly discovered X-ray stars, these authors considered a neutron star whose 
surfacee was heated by radially infalling gas, and modeled this gas as consisting of 
freelyy falling ions. A hot X-ray emitting layer is formed, the temperature of which 
dependss on the penetration depth of the protons into the atmosphere of the star. 
Thee model could reproduce the observed hard X-rays, but was eclipsed by accretion 
diskk models once it was realized that accretion is not radial because of the angular 
momentumm constraint. The disk model, however, only explains the sub-keV part 
off  NS spectra, somewhat in contradiction with observed spectra. In addition to the 
opticallyy thick disk, an additional source of hot gas thus had to be found to produce 
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thee hard X-rays. This was proposed in the form of the so-called two-temperature 
accretionn flows (Shapiro et al. 1976; Ichimaru 1977; Rees et al. 1982; Narayan & Yi 
1994,, 1995a). In this form of accretion, now called ADAF, the flow is geometrically 
thick,, supported by virialized protons, while the electrons stay at a lower temperature 
aroundd 100 keV due to their high radiative energy losses and the low rate at which 
Coulombb interactions transfer accretion energy from the ions to the electrons. 

Whilee it is not entirely clear at the moment how such a flow would originate 
fromm the cool disk present at larger distances from the star's surface, the observed 
hardd X-ray component is often taken as an indication of its existence. If accretion 
nearr the star takes indeed place in the form of such a two-temperature plasma, the 
star'ss surface is exposed to protons with energies around 50 MeV, and the physics is 
veryy much like the model proposed by ZS69. It is therefore interesting to pick up this 
linee of theory and revisit proton-injection models in context of NS-ADAF accretion. 

Inn ZS69 the importance of the penetration depth of the accreted protons for 
thee outcoming spectrum was recognized. The penetration length in terms of the 
amountt of material required to stop the protons was estimated and used as a model 
parameter.. The injected energy of the infalling protons per unit time and mass in 
thee neutron star atmosphere was then uniformly distributed in this stopping layer. 
AA second parameter of their model was the accretion rate (or luminosity). Their 
computedd spectra essentially show a blackbody spectrum with a high-energy tail 
duee to Comptonization in the heated atmosphere. 

AA more detailed numerical approach was presented by Alme & Wilson (1973). 
Theyy introduced more physics into their model and also realized that the proton 
decelerationn depends on the atmospheric temperature. They solved the atmospheric 
structuree and the beam deceleration simultaneously in a time dependent evolution of 
thee model. But they did not account for the strong dependence of proton deceleration 
onn the local proton velocity and used an estimate only for the amount of material 
neededd to stop the infalling protons. Their resulting spectra again show a blackbody 
pluss an additional high energy tail. 

Bildstenn et al. (1992) were interested in the fate of the accreted CNO elements in 
thee neutron star atmosphere. They assumed an isothermal atmosphere at a temper-
aturee defined by the accretion rate and the proton stopping depth. Again a similar 
estimatee for the penetration depth of the ions was used. 

Thee model of spherical accretion onto a neutron star was revisited by Turolla 
ett al. (1994). They confirmed the existence of the formerly known "cold" solutions 
(ass in Alme &; Wilson 1973). In addition to this, they also found "hot" solutions for 
thee same luminosities. But their work was limited by the fact that the spectrum was 
justt described in terms of a mean photon energy. 

Zanee et al. (1998) confirmed the existence of the hot solutions with a much more 
accuratee treatment of the radiative processes including pair processes. The emergent 
spectraa of the hot solution should be characterized by hard spectra peaking at « 100 
keV.. Both models use the stopping depth as a free input parameter. The effect of 
thermall  conduction was not included in these calculations. 
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5.25.2 The Neutron star Mumination model 

Inn continuation of this series of papers Zampieri et al. (1995) presented solu-
tionss for neutron stars accreting at low rates, i.e. with luminosities LNS = 10~7 -
10-3Z<Edd-- They showed that the deviations from a blackbody spectrum with the 
effectivee temperature of the neutron star increase with decreasing accretion lumi-
nosities. . 

Protonn illumination is not only restricted to the accretion of matter onto the 
surfacee of a neutron star. Spruit (1997), Spruit & Haardt (2000) and Deufel & Spruit 
(2000)**  have shown that this process might also be of importance for accretion disks 
embeddedd in a hot corona. With an improved version of the code used in Deufel 
&&  Spruit (2000) we reconsider the accretion of matter onto the surface of a neu-
tronn star (i.e. ion illumination of a neutron star surface). The code now includes 
aa better treatment of the radiative processes by including thermal emission due to 
bremsstrahlung.. We also allow for energy redistribution due to electron thermal con-
ductionn within the atmosphere. The interaction between the accreted protons and 
thee neutron star atmosphere and the radiative processes are computed time depen-
dencyy in a one-dimensional, plane-parallel approximation. The density distribution 
throughh the atmosphere is found from hydrostatic equilibrium including the pressure 
fromfrom the penetrating ions. 

Inn the following we give a complete description of our model. First the heating 
off  the electrons via Coulomb interactions is presented. We show that the use of 
aa stopping depth treated as a free parameter is not sufficiently accurate for the 
calculationn of the proton stopping. The radiative processes are treated by solving 
thee radiative transfer equation instead of the Monte Carlo method used before. This 
hass advantages in terms of computation speed and the ability to treat layers of 
arbitraryy absorption optical depth. 

5.22 The Neutro n star illuminatio n mode l 

5.2.11 Proto n stoppin g by Coulom b collision s 

Wee consider protons in the vicinity of a neutron star of mass M* and radius R*. In 
ADA FF accretion the typical energy of such protons at the surface of a neutron star 
iss the virial temperature, 

pp 3i2* proton \MQJ \ R* J y ' 

wheree G is the gravitational constant, mp the proton mass and k the Boltzmann 
constant. . 

Iff  protons with such energies encounter a much a cooler and dense medium, 
theyy wil l be stopped very efficiently by Coulomb interactions with the cold electrons 
insidee their Debye sphere. The stopping of a fast particle in an ionized plasma was 

•Thiss bibliographic reference corresponds to chapter 2 of this thesis. 
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quantitativelyy discussed by Spitzer (1962). In a time dt, such a proton with energy 
EEpp wil l loose an amount of energy dE, 

dE dE 
—— = -£{Ep)nevp, (5.2) 

wheree ne is the electron density of the neutron star atmosphere and v% ss 3kT/mp 

iss the proton velocity. e(Ep) is called the stopping power of a plasma. Ryter et al. 
(1970)) show that it is given through Spitzers's formalism by 

e(E)e(E) = ^ ]nA[t/>(x)-xil/(x)].  (5.3) 

Heree In A = ln[(3/2e3)(fc3re
3/7rne)

1/2] is the Coulomb logarithm, oT is the 
Thomsonn cross-section, ip(x) and ip'(x) are the error function and its derivative, 
andd x = (meUp/2fcTe)

1/2 is the ratio of the incident proton velocity to the thermal 
velocityy of the electrons. This formula holds for non relativistic electron and proton 
temperatures. . 

Noww we can express the energy loss of a proton moving at an angle 6 with respect 
too the vertical coordinate z, per unit of vertical Thomson depth, dr — n^ardz by 

dEdE 1 47re4 . . , , / *  ,// M , 
—— = 2 l n A ^ x - x^'(x)]. 5.4 
CLTICLTI <JT rrie^p cos 6 v ' 

Inn a time-dependent evolution of the model we follow the protons numerically 
throughh the neutron star atmosphere with temperature T(T) and density ne(r). We 
recordd the loss of kinetic energy of the protons as a function of optical depth. This 
yieldss the local time dependent heating rate A p(r). In this way the stopping depth 
off  the protons is obtained self-consistently. 

Ass mentioned in Sect. 5.1 the penetration depth significantly influences the 
outcomingg spectrum of the proton illumination model. Usually a global estimate is 
usedd to calculate the stopping depth of the protons in an atmosphere. The estimate 
forr the stopping length As is obtained following Spitzer (1962), 

Ass = vp ts , (5.5) 

wheree ts is the slowing down time scale given by Spitzer (1962), Eq. (5-28). If we 
expressess the stopping length in terms of Thomson optical depth, we get 

ss me3lnArP-xil>'' ^ ° ' 

wheree vx is the vertical component of the proton thermal velocity and c is the speed 
off  light. This expression is inaccurate because of several factors. Most importantly 
thee proton velocity enters this formula as the fourth power. As the proton velocity 
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Tpp [MeV] 

23 3 
46 6 
92 2 

Temperaturee Te [keV] 
11 10 100 

numm est num est num est 
0.22 0.8 0.4 0.8 6.8 7.8 
0.88 3.1 0.9 2.4 10.2 12.4 
3.11 12.4 2.6 8.9 15.9 21.6 

Tab.. 5.1: Estimated stopping depth (est) and calculated stopping depth (num) 
[accordingg to Eq. (5.4)] in units of Thomson optical depth for a isothermal 
atmospheree with temperature Te and uniform electron density ne = 1022 cm- 3 

forr various proton energies. 

decreases,, this factor drops rather fast and shortens the penetration depth consid-
erably.. Counteracting is the function tp — xrp'. For x > 2 this function is unity (see 
alsoo Fig. 2.3). But for 0 < x < 2 it is small, increasing the stopping length but also 
reducingg the energy loss [cf. Eq. (5.4)]. Even the Coulomb logarithm should not be 
takenn as constant (as it is often done). In the wide range of electron temperatures 
andd densities of interest (as solutions from e.g. Turolla et al. (1994) suggest) the 
Coulombb logarithm can easily vary by a factor of two. 

Tablee 5.1 gives some values for the estimated stopping depth [from Eq. (5.6)] 
andd the calculated stopping depth [according to Eq. (5.4)] by following a penetrating 
protonn through an isothermal electron layer until it has lost all of its energy in excess 
withh respect to the ambient electrons. The estimated stopping depth is generally 
higherr than the numerical result due to the reasons mentioned above. For low electron 
temperaturess these discrepancies are quite conspicuous. 

Eq.. (5.4) is only valid for non-relativistic conditions, whose validity needs to 
bee checked for the high proton temperatures in an ADAF. Analytic expressions for 
relativisticc temperatures exist only in special cases. Stepney (1983) has derived such 
ann expression for the rate of transfer of energy between populations with relativistic 
Maxwelliann distributions in terms of an integral over the scattering cross-section. 
Inn the case of hot protons heating cooler electrons the Rutherford cross-section is 
thee relevant cross-section. An expression in closed form for the heating rate (in ergs 
c m- 33 sec- 1) is given by Stepney & Guilbert (1983), 

3mee (A;r e-feTp) 
* **  = -^n* n>aTCXK2(i/ee)K2(i/ep)

lnA 

xx r2(fle + 0p)
2 + i Ki ree + ep\ + 2KQ /fl« + gp\ i ^ (5 7) 

&& ee + dp \ 8e9p J \ 6e8p ) J 

wheree 9e = kTe/mec
i,8p = kTp/mpc*, and KQ, ATI, AT2 are Bessel functions. 
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00 100 200 300 
protonn temperature [MeV] 

Fig.. 5 .1: Energy loss rates of a hot thermal distribution of protons in a 
coolerr ionized hydrogen plasma (with temperature indicated along the curves). 
Solidd line: fully relativistic expression of Stepney and Guilbert (1983), dash-
dottedd line: the non relativistic expression from Spitzer's (1962) theory. Dashed 
line:: Spitzer's formula, but averaged over a relativistic instead of a classical 
Maxwellian.. Spitzer's treatment is accurate to better than 5% for proton tem-
peraturess Tp < 100 MeV. 

Thee proton-electron heating rate according to the stopping formula derived 
fromm Spitzer's theory is given by 

q(vq(vpp)) = ne np vp e(Ep) . (5.8) 

Byy averaging Eq. (5.8) over a thermal velocity distribution we obtain a rate that 
cann be compared directly with Eq. (15) from Stepney & Guilbert (1983). We do this 
averagingg both with a classical Maxwell distribution and a relativistic Maxwell dis-
tribution.. The results of this comparison are shown in Fig. 5.1. The heating rates are 
almostt indistinguishable up to proton temperatures of roughly 100 MeV. At higher 
protonn temperatures the deviations increase steadily. But for the proton tempera-
turess used in our simulation (kTp < 100 MeV) Spitzer's formalism is accurate to 
betterr than 5% compared to Stepney's result. Therefore we are confident that the 
usagee of the classical stopping formula following Spitzer (1962) together with a clas-
sicall  Maxwell distribution for the protons wil l yield the correct results for to energy 
transferr from virialized protons to electrons near a neutron star surface. 
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5.2.22 The mode l atmospher e 

Wee compute the density distribution through our plane-parallel one dimensional 
modell  atmosphere from the equation of hydrostatic equilibrium, 

Heree g = ^^- is the gravitational acceleration, which we treat as constant as 

thee atmosphere is thin compared to the neutron star radius, and Kes = 0.40 cm2g_1 is 
thee electron scattering opacity.  (r) denotes the force exerted by the deceleration 
off  the protons as a function of optical depth. The change of momentum (exerted on 
thee atmosphere) of an incoming proton with respect to the vertical can be expressed 
by y 

Apj__ = - m p Av cos 6. (5.10) 

Thee force dPp/dr is evaluated by recording the change of velocity Av of the incoming 
protonss as a function of optical depth. Since we only study cases with luminosities 
beloww the Eddington limi t we neglect the contribution of the radiative pressure. 

Wee solve the pressure profile by starting with To=0 at the top of the atmosphere 
andd integrate Eq. (5.10) to the maximum optical depth of the model atmosphere 
rmax.. We usually set rm ax = 10. At this optical depth the energy flux of the protons 
iss already negligible. 

5.2.33 Accretio n fro m th e ADA F 

Thee protons from the ADAF have a temperature of the order of the virial temper-
aturee [Eq. (5.1)]. As mentioned above we use a Maxwell distribution for the proton 
velocities.. Additionally, the ADAF has a rotation rate, which is somewhat smaller 
thann the Keplerian rate fix (e.g. Narayan & Yi 1995a). When computing the pen-
etrationn of the protons we take the Maxwellian velocity component of the protons. 

Neutron n 
Star r 

X-rays s 

accretionn disk 

Fig.. 5.2: The neutron star is embedded in an ADAF like hot plasma which 
rotatess at a rate £QK- The protons hit the NS surface at shallow angles. The 
protonn illuminated atmosphere brightly shines in X-rays. 
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Furtherr we take into account the component of velocity tangential to the neutron 
starr surface due to the ADAF rotation. Instead of using a detailed model of an ADAF 
inn which these velocity components can in principle be determined quantitatively, 
wee model it with a temperature T = £Tvi r and tangential velocity v = TJRSIK, i-e. we 
usee the parameters £ and TJ to scale these quantities. Both the tangential and vertical 
velocityy components add to the energy deposited, but are not equivalent since the 
thicknesss of the heated layer is smaller the more the protons enter tangentially. 

5.2.44 The radiativ e transfe r 

Thee radiative transfer equation appropriate for our model is 

wheree 7Mil , is the intensity as a function of frequency v and photon angle fi — cos(0). 
Thee coordinate z is measured from the top of the atmosphere where the density is 
virtuallyy zero (z = 0) downwards into the neutron star atmosphere until z = zmAX 

(correspondingg to rm a x) . 
Thee bremsstrahlung absorption coefficient of is given by 

11 _ e-hv/kT 
off  = 3.7 x 108 nen,  ̂ gs (5.12) 

inn units of cm- 1 . The symbol gff represents the velocity averaged Gaunt factor 
forr bremsstrahlung (see e.g. Rybicki &z Lightman (1979)). The Compton extinction 
coefficientt otcv is simply 

OL%OL% = neo
c
v , (5.13) 

wheree o% is the electron cross section with Klein-Nishina corrections. For the non-
relativisticc limi t this equals the Thompson cross section o r. 

Thee bremsstrahlung emission jj f is given by 

ee-hu/kT -hu/kT 
jffjff  = 5.4 x KT 39 nem —j=~ gff (5.14) 

inn units of erg c m- 3 sec- 1 s ter- 1. The Compton 'emissivity' (i.e. radiation scattered 
too fi, v from some other / / , u') is 

j * t VV =ne (—J ly,y <JC ( / i > ' -• / / , v) diidv' . (5.15) 

Heree <rc(//> v' —>/x, v) is the Compton Scattering Kernel (CSK). An efficient algo
rithmm for run-time computation of the CSK is described by Kershaw et al. (1986) and 
Kershaww (1987). Both erf, and ac(^',u'—yfi, v) depend on the electron temperature. 
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Wheneverr the temperatures of our solutions are low enough, kT <C m^c*, we 
cann simplify the Compton emissivity Eq. (5.15) without compromising accuracy. We 
introducee the angle-averaged Compton cross section oc{v' —*v) defined as 

Uciy'^v)Uciy'^v) = - ƒ crc(n',v'-+n,v)dii,dii . (5.16) 

AA semi-analytic expression for <j c{y' —> v) is given by Poutanen & Svensson 
(1996).. The angle-averaged intensity Jv is defined as 

J»J» = \Jl»,vdn. (5.17) 

Byy replacing <j c(ii',i/  —> n,v) with its average uc{v' —• u) in Eq. (5.15) one 
obtainss an approximative expression for the Compton emissivity 

ffvv = ne J ( £ ) Jv,uc{v'^v)du' , (5.18) 

whichh is independent of /i, and which involves only a single integral instead of the 
doublee integral of Eq. (5.15). 

Eqs.. (5.11, 5.12, 5.13, 5.14, 5.15/5.18) constitute the complete set of equations 
forr the radiative transfer. Since Eq. (5.11) and Eq. (5.15/5.18) are mutually depen
dent,, the solution cannot be found by direct evaluation. To solve the system, we use 
aa standard Lambda Iteration scheme (see e.g. Rutten (1999) and references therein; 
seee also Zane et al. (1996), Poutanen & Svensson (1996)). 

Wee discretize frequency v with equal spacing in log*', and photon angle /x = 
cos(0)) according to the roots of the Legendre polynomials of order n. At the start 
off the procedure we choose Jc = 0, or any other initial guess that might be appro
priate.. For each Ui and /ij we now integrate the transfer equation (Eq. 5.11) from 
zz = 0 to z = zmax for fij  > 0, or from z = zmax to z = 0 for \ij  < 0. At z = 0 
wee impose zero inward flux as boundary condition, while at z = zmax we choose a 
Planckk function at temperature TBC as the starting value for the integration. The 
temperaturee TBC of this Planck function is chosen such that: 

== 2-K I fid/j, I 
JoJo Jo 

(JT&Q(JT&Q =2-R ƒ / id/i / du Ip,v{z = 2max) (5.19) 
JoJo  Jo 

soo that at the bottom of the atmosphere the net flux is zero. 
Afterr performing this operation for every Vi and / i j , we can evaluate the new 

j £„„ by employing Eq. (5.15/5.18). This new j ^ v is inserted into Eq. (5.11) and 
thee integration of Eq. (5.11) is repeated along the lines sketched above. After each 
iterationn the relative difference of the solution with the previous iteration step is 
computed.. If this relative difference drops below 10"3 , we assume that the solution 
hass converged. Since in our solutions the scattering optical depths remains always of 
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thee order of a few, we need not worry about the well-known convergence problems 
off  the lambda iteration procedure sketched above. 

Oncee the radiative transfer solution is obtained, the radiative heating and cool-
ingg rates can be evaluated by flux differences. The flux at each position x is defined 
as s 

//

++ 1 POO 

HdfiHdfi dvl^ix) . (5.20) 
Thee net cooling rate is then 

A__ . . dF(z) 
rad(* °° = dT~  (5'21) 

Thee radiative transfer is solved on a grid set up in terms of Thomson optical 
depthh when solving the pressure profile (Sect. 5.2.2). This grid is then transferred to 
thee vertical z coordinates for the radiative transfer code by the usual 

z(r)z(r) = f 
Jo Jo 

Tmm ax 

{n{nee{T)a{T)aTT)~)~lldT.dT. (5.22) 

Thuss we immediately obtain the net cooling rates A rad(r) as a function of Thom-
sonn optical depth. 

Wee also checked our solution for the importance of pair processes, calculating 
thee pair number densities according to Zane et al. (1998). We find that in our model 
thee electron temperatures are too low and the electron densities too high for pair 
productionn to become important. 

5.2.55 Energ y balanc e fro m heatin g and coolin g 

Wee start our calculations with an isothermal atmosphere in hydrostatic equilibrium 
accordingg to Sect. 5.2.2. For the initial electron temperature we set Te = 1 keV 
throughoutt the layer. After each time step we obtain the heating rates A+(r) from 
thee Coulomb interactions and the cooling rates A^f-r ) due to the radiative processes 
bremsstrahlungg and multiple Compton scattering as a function of optical depth. The 
timee step of every cycle in our simulation is adjusted to the shortest energy exchange 
timee scale occurring in the calculation. 

Additionallyy we include the energy redistribution due to electron thermal con-
ductivity.. Generally the flow of heat per unit area, Q, in the presence of a temperature 
gradient,, is given by (see e.g. Spitzer 1962) 

QK-KVT.QK-KVT. (5.23) 

Thee heat conductivity « for a fully ionized gas is given by 

-T-5/2 2 

KK « 1.85 x 1(T5 —— erg s e c ^ R ^ c m- 1 . (5.24) 
Inn A 
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Thuss the change of enthalpy dw/dt due to electron conductivity can be ex-
pressedd by the divergence of the heat flux Q, 

^^ = pep | £ = V • (K VT) =: Acond(r) (5.25) 

wheree Cp is the specific heat at constant pressure. 
Noww we can calculate the total change of enthalpy per time step, 

^ r = ^ ^ = A > ( T ) + A ^ ( T ) + A c ° " d ( T ) -- (5-26) 

Withh Eq. (5.26) we are able to calculate the change of temperature and thus 
thee new temperature profile after each time-step. With the new temperature profile 
wee can update the hydrostatic structure according to Sect. 5.2.2. We follow the 
simulationn until the Coulomb heating is balanced by the radiative cooling and energy 
redistributionn by conductivity and the temperature and density structure as well as 
thee spectra have reached a stationary state. 

5.33 Result s of the mode l computation s 

Forr our model calculations we use fixed values for the mass M* = IMQ and the 
radiuss i?* = 106 cm for the neutron star. For the rotational angular velocity of the 
accretingg material we use r\ = 0.5. The results depend on the proton energy flux 
perr unit area of the neutron star surface. In order to make the results interpretable 
inn terms of a total luminosity, we assume that 60% of the neutron star surface is 
involvedd in the accretion process. This takes into account the approximate vertical 
extentt of an ADAF (Popham & Sunyaev 2001). 

5.3.11 Dependenc e on proto n energ y flu x and temperatur e 

Fig.. 5.3 shows an equilibrium solution for a proton energy flux Fp = 1.6 x 1024 

ergg c m - 2 sec - 1 ,£ = 77 =0.5, yielding a luminosity of L* = O.ILEÓÓ- The neutron 
starr atmosphere is clearly devided into two parts. A hot surface layer is separated 
byy a sharp temperature front from the much cooler bottom part. The maximum 
temperaturee in the hot part of the atmosphere is Te « 50 keV. This is considerably 
hotterr than previous calcucations showed (e.g. Alme & Wilson 1973; Turolla et al. 
1994)) but also significantly cooler than the "hot" solutions from Turolla et al. (1994) 
andd Zane et al. (1998). We did not find any comparable hot solutions. 

Fig.. 5.3 also shows that energy redistribution through electron conductivity gets 
importantt at the transition zone from the hot to the cool part. The emergent model 
spectrumm in Fig. 5.3 illustrates that the hot part acts as an effective Comptonization 
layerr with an optical thickness of order unity. The downward directed photons are 
almostt completely thermalized in the cold part. This justifies our assumption of 
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Sect.. 5.2.4 that the downward flux of photons is converted into a blackbody flux of 
upwardd soft photons of temperature T B C at the base of our model since almost all 
thee thermal izat ion has already taken place. 

>pii J depth r 
0.11 1.0 

0.11 1.0 
opticall depth r 

1.0 0 
opticall depth 

Fig.. 5.3: Overview over typical equilibrium solution (from top to bottom 
andd left to right:) emergent model spectrum (solid line), downwards directed 
(dashed)) and blackbody input spectrum (dotted-dashed); heating (solid line) 
andd cooling rates (squares) - the dashed line shows the contribution from con-
ductivityy alone; temperature Te; pressure P; density ne; geometrical depth z. 

Fig.. 5.4 shows the emergent spectra and temperature profiles through the at-
mospheree at a fixed proton energy flux level Fp — 1.6 x 1024 erg c m- 2 for various 
protonn temperatures, £,TV[T. The higher the initial proton temperature the lower is 
thee electron tempera ture in the hot part of the atmosphere and vice versa for the 
coldd par t. The optical depth of the hot part is of order unity in every case. As a con-
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Fig.. 5.4: Emergent model spectra and temperature profiles at a fixed proton 
energyy flux Fp = 1.6 x 1024 erg c m- 2 sec- 1 for various initial proton temper-
atures,, £Tvir , with £=0.25,0.5,0.75, and 77=0.5. Higher proton temperatures 
producee lower electron temperatures in the hot part of the atmosphere and 
softerr emergent spectra. The dotted dashed line shows the corresponding black-
bodyy spectrum with the effective temperature of the layer, Teg = (Fp/a)1^4. 

^ ^ 
J ^ ^ 

V_K5e2£____ _ 

0.01 1 0.10 0 .00 0 

! ! 

10"' ' 

0.00 0 

Fig.. 5.5: Emergent spectra and temperature profiles for various values of the 
protonn energy flux (in erg c m- 2 sec- 1, denoted by the numbers at the lines) at 
constantt proton temperature, £ = 0.5. With decreasing energy flux the optical 
depthh of the heated layer shrinks. 
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10"'' 10  10' 102 10~4 10~3 10"2 10"' 10  10' 

Fig.. 5.6: Emergent spectra and temperature profiles at low proton energy flux 
(inn erg cm" sec-1, denoted by the numbers of the lines) and constant proton 
temperature,, £ = 0.5. The hot part is extremely thin in terms of Thomson 
opticall  depths. The dotted dashed lines show the corresponding blackbody 
spectraa with the effective temperature of the layer. 

sequencee harder spectra are produced with lower initial proton temperatures. This 
cann be explained with the decreasing penetration depth of the protons at smaller 
velocities:: the heating rates in the upper part of the atmosphere are increased and 
thuss the temperature is higher there. 

Fig.. 5.5 and Fig. 5.6 show the dependence of the solution on the proton energy 
fluxx at constant proton temperature, £ = 0.5. At low proton energy flux (Fig. 5.6) 
thee optical depth of the hot part is small (rhot < 10~2). The solutions for these cases 
aree comparable to those found by Zampieri et al. (1995). But the temperature of 
thee hot part in our solutions turns out to be much higher than in their solutions. 
Thiss hot part causes an (energetically unimportant) bump in the emergent spectra 
att high frequencies due to optically thin bremsstrahlung emission in this layer. As 
inn Zampieri et al. (1995) the emergent spectra are significantly harder than the 
blackbodyy at the layer effective temperature, Teff = (Fp/er)1/4. We also see a harder 
spectrumm with respect to the blackbody of the layer effective temperature at the 
lowestt luminosity. 

Byy further increasing the proton energy flux the temperature jump moves inward 
too greater optical depth reaching order unity at the highest flux levels. Thereby the 
temperaturee in the hot part is roughly kept at a constant value in contrast to the 
temperaturee of the cold part, which increases continously. At Fp = 1.6 x 1024 erg 
c m- 22 sec"1 the hot part acts as an effective Comptonization layer for the cool thermal 
photonss from the interior. In addition the electron thermal conduction smoothes the 
tempaturee profile and the shock is not as sharp as in the low energy flux cases. 

82 2 



5.35.3 Results of the model computations 

0.0011 0.010 0 100 1.000 10.000 100.000 
photonn energy [keV] 

Fig.. 5.7: Absorption optical depth as a function of photon energy and atmo-
sphericc temperature for an equilibrium solution with £ = 0.5 and r) = 0.5. The 
linee depicting ra = 1 is emphasized. 

5.3.22 A reverse photosphere effect 

Evidentt in our model spectra is an excess of soft photons (see e.g. Figs. 5.3,5.4) with 
respectt to a blackbody with the effective temperature of the corresponding energy 
flux.. Though energetically unimportant it is an interesting feature of our model 
spectra.. This soft photon excess is caused by the reverse temperature profile of the 
atmosphere,, i.e. the high temperatures are above the cooler parts (in contrast to e.g. 
thee solar photosphere). Fig. 5.7 shows the absorption optical depth as a function of 
thee photon energy and electron temperature for an equilibrium solution with £ = 0.5 
andd rj  = 0.5. The line for ra = 1 is emphasized. For low photon energies ra = 1 
iss found high in the neutron star atmosphere, where the temperature is high. For 
highh frequency photons the atmoshere gets more and more transparent and Ta = 1 
occurss at lower temperatures. Thus the high frequency photons decouple at lower 
temperaturess and propagate outwards. As a result there is an excess of low energy 
photons,, which decouple from the atmosphere at higher temperatures. 

Thee same arguments explain the harder spectra at low proton energy fluxes. 
Heree the temperature profile in the atmosphere is dominated by the increase of 
temperaturee with optical depth, as has already been explained by Zampieri et al. 
(1995).. Thereby the high energy photons decouple in the deeper, hotter layers and 
propagatee out freely. This contribution to the high energy part of the spectrum causes 
thee harder spectra compared to the blackbody of the layer effective temperature. 
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Fig.. 5.8: Comparison of an emergent model spectrum with £ = 0.25 and 
t)t) = 0.5 with observed neutron star spectra from 4U1705-44, GX354-0 and 
4U1608-5222 in their hard states. The spectra are arbitrarily shifted in the 
verticall  direction for clarity. 

5.44 Discussion and conclusions 

Thee main conclusion from our work is that a neutron star surface embedded in a hot 
ADAF-typee accretion flow does not act like a simple blackbody thermalizer. Instead 
thee interaction with the hot ions produces spectra with pronounced high energy, 
Comptonizedd tails. 

Wee have considered the accretion of protons onto the surface of a neutron star for 
aa wide range of proton energy fluxes. In our model the stopping depth of the protons 
iss obtained self-consistently. We allow for the scaling of the proton temperature 
Tpp = £Tvi r, which in our model controls the vertical velocity component of the 
protons.. Further we consider accretion from an ADAF, where the protons have a 
tangentiall  velocity component v = T]QK. By variation of the proton temperature 
andd the proton energy flux a range of X-ray spectra can be produced. Our model 
computationss show that the local proton energy flux determines the optical depth of 
thee hot part whereas the temperatures through the atmosphere are determined by 
thee initial proton temperatures. 

Previouss models considered spherical accretion onto the neutron star. The free 
infalll  velocity of the protons was used in such models. If accretion takes place from an 
accretionn disk or an ADAF, the vertical velocity component is considerably smaller 
thann than the free infall velocity. This has important consequences on the emergent 
spectraa as our solutions suggest: at the same local energy flux a decrease in the 
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verticall  proton velocity increases the temperature of the hot part of the atmosphere, 
andd X-ray spectra similar to those of neutron stars in their hard states can be 
produced.. Fig. 5.8 shows a comparison of a model spectrum with observed spectra 
off  X-ray bursters in their low/hard states (taken from Gilfanov et al. 1998). 

AA question left unanswered by our studies is how the spectrum from the surface 
iss modified by the overlying accretion flow. E.g. an overlying optically thick boundary 
layerr might significantly thermalize hard photons from the neutron star surface again. 
Butt we can conclude that the input spectrum at the bottom of a boundary layer is 
nott Planckian at high proton energy fluxes. If the boundary layer is optically thin the 
contributionn to the observed hard spectral component at high proton energy fluxes 
mightt be quite important. A discussion whether there is an optically thin boundary 
layerr can be found in e.g. Barret et al. (2000). For low accretion rates the boundary 
layerr is indeed optically thin (e.g. King & Lasota 1987). 

Detailedd studies about the accretion disk boundary layer around a NS have been 
performedd by Popham & Sunyaev (2001). They show that the accretion disk near 
thee NS is radially and vertically extended and that the angular velocity Q is reduced 
withh respect to the Keplerian value. Such a boundary layer naturally produces a 
protonn illumination scenario as described in our model. Their boundary layer is 
opticallyy thin to absorption. For high luminosities this region has a radial extent 
largerr than one stellar radius, i.e. the hard radiation from the NS surface, produced 
byy proton illumination, can easily propagate outwards without being thermalized. 
Thee boundary layer even further enhances Comptonization as the gas there is hot 
(>> 108 K). 

Ourr results emphasize the importance of the neutron star surface for the con-
tributionn to the hard spectral component in low mass X-ray binaries (LMXBs). A 
prerequisitee for the occurrence of a hard spectral component is a high local pro-
tonn energy flux. The local proton energy flux onto the neutron star surface depends 
onn both the mass accretion rate and the size of the accretion belt on the neutron 
star.. Our model computations have local validity, i.e. if the involved accretion belt 
iss small, high proton energy fluxes on the neutron star surface can even occur at 
accretionn rates well beneath the Eddington limit . Therefore our model does not ex-
cludee the possibility of hard spectral components from the neutron star surface at 
loww luminosities, as is observed. 
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66 Samenvattin g 

6.11 Accreti e - energiebro n in het heela l 

Dee theorie van accretie is in de eerste plaats verbonden met de namen Shakura en 
Sunyaevv (1973), Novikov en Thome (1973) and Lynden-BeU& Pringle (1974) die de 
beschrijvingg hebben ontwikkeld van de accretie op compacte objecten. Het theoretis-
chee werk in dit gebied begon toen men zich realiseerde dat bij compacte objecten 
(zoalss neutronensterren, witte dwergen) de efficiëntie van de energieontwikkeling door 
zwaartekrachtt veel groter is dan door de kernfusie van waterstof, de hoofdenergiebron 
vann gewone sterren. Accretie speelt de hoofdrol in de helderste en aktiefete verschi-
jnselenn in het heelal. Men besefte spoedig dat accretie niet door radiële inval van gas 
naarr het zware object plaats vindt (zoals in de kerncollaps in een supernova), maar 
voornamelijkk via een platte schijfvormige gasstroom, die om het compacte object 
wervelt.. Dit noemt men een accretieschijf. 

6.1.11 Het klassiek e plaatje , met z'n probleme n 

Dee beschrijving van een accretieschijf volgens Shakura &; Sunyaev (1973) wordt al-
gemeenn gezien als het standaard schijf-model, and zulke accretie schijven worden 
a-schijfa-schijf genoemd. 

Tott de basisingrediënten voor een accretieschijf behoren de aannamen dat ze 
axisymmetrischh zijn en tijdsonafhankelijk. Zo'n schijf is geometrisch dun, d.w.z. de 
verticalee hoogte is veel kleiner dan de radiële afstand tot het centrale object, en 
dee beweging van het gas is voornamelijk Keplerse rotatie rondom het gravitationele 
centrum.. De inwaartse beweging van het gas (en het daarvoor benodigde uitwaarts 
transportt van draai-impuls) is het gevolg van viscositeit: naburige ringen ondervin-
denn wrijving van elkaar ten gevolge vann de differentiële rotatie in de schijf. De exacte 
werkingg van deze viscositeit is echter tot op de dag van vandaag niet opgehelderd. Een 
eenvoudigee vuistregel voor de viscositeit (de 'a-prescription") is een effectieve manier 
geblekenn om onze onwetendheid over dit mechanisme te absorberen in een instelbare 
parameter.. Door gebruik te maken van behoudswetten van energie, impulsmoment, 
radiëlee impuls en massa kan de schijf structuur mathematisch consistent beschreven 
worden.. De oplossingen voor zulke 'koele' schijven vormen een exacte balans tussen 
dee energie die vrijkomt door viskeuze dissipatie en de energie die wordt weggestraald. 

Hett a-schijf concept is in veel opzichten zeer succesvol gebleken. Het was het 
eerstee praktische model voor objecten zoals röntgendubbelsterren, protosterren en 
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dee kernen van actieve sterrenstelsels. Het kan verschillende waarnemingen verklaren, 
bijvoorbeeldd dwerg-nova uitbarstingen (met een uitbreiding van het standaard model 
naarr het lage-temperatuur regime), of de observationele karakteristieken van cata-
clysmischee variabelen. Maar al gauw werd duidelijk dat sommige waarnemingen niet 
verklaardd konden worden met het standaard model. In het standaard model wordt de 
gedissipeerdee energie weggestraald in de vorm van zwarte straling met verschillende 
temperaturenn op verschillende afstanden van het compacte object (een 'multi-color 
blackbody').. Als gevolg daarvan piekt het spectrum rond een foton-energie van de 
ordee van keV. Een keV correspondeert ruwweg met de hoogste temperatuur die men 
kann aantreffen in accretieschijven rond compacte objecten. Vaak worden echter fo-
tonenn gedetecteerd met een energie die veel hoger ligt dan 1 keV, met name in de 
spectraa van zwarte gaten (oftewel 'black hole candidates', BHCs). [Dit is dus in strijd 
mett het standaard-model]. 

Menn gaat er van uit dat BHCs deel vormen van nauwe dubbelster systemen. De 
buursterr is zo nabij, dat het zwarte gat materie van die ster wegtrekt en opneemt via 
eenn accretieschijf. Een beroemd voorbeeld van zo'n systeem is Cyg X-l , de helderste 
enn waarschijnlijk meest bestudeerde BHC. Z'n buurster is een 09.7 superreus, de 
baanperiodee 5.6 dagen. De massa-functie van dit systeem geeft aan dat de massa 
vann het compacte object ligt tussen 5 < M/MQ < 15, hetgeen een sterke aanwi-
jzingg is dat deze BHC inderdaad ook een zwart gat is, en niet een neutronenster 
(Herreroo 1995). De spectra van BHCs zijn meestal in discrete toestanden onder te 
verdelen.. Een voorbeeld van deze discrete set spectrale toestanden is afgebeeld in 
figuurfiguur 1.1. In de harde (lage) toestand wordt het spectrum gekarakteriseerd door 
eenn machtswet (foton-aantallen oc E~r) met een relatief kleine waarde van T ~ 1.7, 
[hetgeenn betekent dat de hoog-energetische fotonen een relatief hoge flux hebben in 
vergelijkingg met de lage energieën]. Het spectrum wordt aan de hoge energie kan 
afgekaptt op Ec ~ 100 keV. De bron zit voor 90% van de tijd in deze toestand. De to-
talee helderheid is dan 10% van de Eddington helderheid. In de zachte (hoge) toestand 
iss deze helderheid een orde van grootte hoger in het 2-10 keV spectrale regime, en het 
spectrumm wordt gedomineerd door een 'ultrasoft blackbody' component (waarschi-
jnlij kk de accretieschijf volgens het standaard model) plus een machtswet bij hoge 
energieënn staart die een stuk minder helder is dan in de harde toestand, [en ook een 
veell  hogere (zachtere) waarde van de exponent T heeft]. Soms bevindt Cyg X-l zich 
inn een tussentoestand dat spectraal gezien ergens tussen beide extremen zit. In geen 
vann deze toestanden is de hoog energetische straling van > lkeV te verklaren met 
eenn standaard disk model. Een extensie van dit plaatje is daarvoor nodig om deze 
hardee röntgen straling te verklaren. 

6.1.22 Het Shapiro-Lightman-Eardl y mode l 

Veell  van de waargenomen harde spectra kunnen worden beschreven door een 
machtswett met een afkapping aan de hoge-energie kant. Een stralingsproces dat 
eenn dergelijke distributie van fotonen produceert is Comptonizering. Comptonizer-
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6.16.1 Accretie - energiebron in het heelal 

ingg vindt plaats als fotonen bewegen door een heet ijl plasma met een kleine effectieve 
optischee diepte, maar niet-verwaarloosbare verstrooiing optische diepte. Iedere keer 
datt een foton verstrooit aan een vrij electron kan het electron energie overdragen aan 
hett foton of andersom. Lage energie fotonen die door een heet plasma gaan zullen 
daardoorr gemiddeld energie winnen (het inverse Compton proces). 

Alss de hete electronen een energie-verdeling volgens een machtswet hebben, en 
dee optische diepte is laag, zal ook de energie distributie van de verstrooide fotonen 
ookk een machtswet volgen. Maar zelfs als de electronen een thermische distribu-
tiee hebben, dan zal het Compton spectrum een machtswet zijn, door meervoudige 
verstrooiing,, [dit keer echter met een afkapping bij de temperatuur van de electro-
nen].. Van alle denkbare stralingsprocessen is Comptonizering de meest voor de hand 
liggendee oorzaak van de machtswet spectra. Het is daarom in de praktijk een stan-
daardd methode om een combinatie van een a—schijf plus een Compton spectrum te 
fittenn aan waargenomen spectra. 

Omm electronen te hebben met voldoende hoge energie om dergelijke Compton 
spectraa te produceren, is evenwel een zeer heet plasma nodig, veel heter dan de 
temperatuurr van het standaard a—schijf model. Een model voor een accretiestroming 
mett dergelijk hoge temperaturen was beschreven door Shapiro, Lightman & Eardley 
(1976,, SLE). Feitelijk is ook dit een soort a-schijf, maar dan in een ander (heter) 
thermischh evenwicht. Door de hoge temperatuur is de radiële gas-snelheid veel hoger, 
enn de dichtheid veel lager dan in het standaard model. De schijf wordt optisch dun, 
enn stralingsverliezen worden inefficiënter. Bovendien, door de lage dichtheden en 
hogee temperaturen ontkoppelen de electronen en protonen thermisch van elkaar, 
vanwegee de lagere kans op Coulomb-interacties. Electronen hebben daardoor een 
lageree temperatuur dan de protonen. Dichtbij het zwarte gat komt dit neer op: 
TTee ~ 109K en T*  ~ 1012K. Dergelijke gasstromen worden dus gekarakteriseerd door 
eenn twee-temperatuur plasma. 

Inn principe kan dit model de waargenomen machtswet spectra verklaren. Een 
koelee standaard-schijf (Te ~ 106K) op enige afstand van het zwarte gat kan fotonen 
leverenn aan een SLE schijf die zich vlak rondom het zwarte gat bevindt. Die SLE 
schijff  Comptoniseert deze fotonen dan tot hoge energieën, en het karakteristieke 
BHCC spectrum volgt. Hoewel dit op het eerste gezicht een attractief model lijkt , is 
hett toch minder nuttig: het SLE model blijk t namelijk thermisch instabiel te zijn. 
Eenn extra ingredient is daarom nodig. 

6.1.33 Advectio n dominate d accretio n flow s (ADAFs ) 

Zowell  het standaard a-disk model als het SLE model verwaarlozen een belangrijk 
processs dat een rol speelt in accretiestromingen, namelijk [radiële advectie van en-
ergie]]  , ook wel advectieve koeling genoemd. De klassieke modellen gaan er vanuit dat 
allee gedissipeerde energie lokaal wordt weggestraald. Maar er blijken oplossingen te 
bestaann waar deze aanname niet gerechtvaardigd is. In deze accretiestromingen is 
dee stralingskoeling ineffectief: in het koele geval door de hoge optische diepte (stral-
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ingg zit gevangen in de schijf), en in het hete geval door de lage dichtheid (weinig 
stralingg wordt geproduceerd). In beide situaties blijf t de gedissipeerde gravitationele 
energiee bewaard als entropie, en met de accretiestroming mee naar binnen getrans-
porteerdd voordat het kan worden weggestraald. Deze oplossingen worden Advection 
dominatedd accretion flows (ADAFs) genoemd. 

Dee optisch dikke variant van deze ADAFs is meermaals in verschillende con-
textt gevonden, en uiteindelijk uitgebreid bestudeerd door Abramowicz et al. (1988). 
Dergelijkee schijven transporteren boven de Eddington limiet, [hetgeen mogelijk is 
omdatt slechts een klein deel van de gravitationele energie vrijkomt als straling]. 
Doordatt de massaflux M zo hoog is, is de advectieve koeling dominant over de stral-
ingskoeling,, en dus is het thermisch evenwicht gerealiseerd door Q îsc = Q^dv- De 
geometriee van deze schijven is vrij dik, d.w.z. H/R ~ 0.3. [Daar in het verleden een 
'ion-torus'' met H/R ~ 1 (Rees et al. 1982) populair was, werd het optisch dikke 
ADD AF model een 'slim disk' genoemd door Abramowicz et al. (1988)] 

Voorr de verklaring van de harde röntgenspectra van BHC zijn de koele ADAFs 
weinigg nuttig. De hete ADAFs daarentegen hebben alle eigenschappen die nodig zijn 
omm gecomptoniseerde machtswet spectra te produceren. Een uitvoerige theoretische 
beschrijvingg van deze optisch dunne ADAFs wordt gegeven door Narayan & Yi (1994, 
1995a,b).. Eerder al werden soortgelijke modellen beschreven (Ichimaru 1997, Rees 
ett al. 1982). 

Inn hete (optisch dunne) ADAFs zijn, net als in het SLE model, de electron-
enn ion-temperatuur verschillend. Hydrodynamisch gezien zijn de electronen geheel 
vann de ionen ontkoppeld, en dus kan de hydrodynamica van ADAFs geheel wor-
denn opgelost aan de hand van de ionen, en spelen koelingsprocessen (die door de 
electronenn worden bepaald) hier geen rol. Nadat de structuur van de ADAF aldus 
iss bepaald, kan de electron temperatuur worden berekend door de electron-energie 
vergelijkingg voor electronrn op te lossen. Deze vergelijking beschrijft de balans tussen 
dee verhitting van de electronen door Coulomb-interacties met de hete ionen, en de 
koelingg door Bremsstrahlung, Synchrotron straling en Comptonizering. Het resultaat 
iss een twee-temperatuur accretiestroom met Ti = 1012K in de buurt van het zwarte 
gatt en Te ~ 109K ~ lOOkeV min of meer overal in de ADAF. 

Dezee ADAF modellen kunnen de harde röntgenstraling, zoals die wordt 
waargenomenn in veel BHCs, verklaren en zijn bovendien de eerste zelf-consistente en 
stabielee modellen voor Comptoniserende accreterende plasmas. Bovendien hebben 
zee slechts één tuning parameter, namelijk de massaflux M . Om die reden zijn deze 
modellenn zeer populair. 

6.1.44 Stabilitei t van de oplossinge n 

Voorr het classificeren van de verschillende vormen van accretiestromingen is het 
handigg om deze te plotten in een diagram waar de massaflux M uitstaat tegen de 
oppervlaktee dichtheid £ (de verticaal geïntegreerde dichtheid van de schijf op een 
bepaaldee afstand van het centrum). De krommes in zo'n E-M diagram, te zien in 
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6.26.2 Een globaal model... 

figuurfiguur 1.2, zijn evenwicht oplossingen waar de vrijgekomen energie Qyis precies wordt 
gecompenseerdd door energie verliezen Q~, waaronder ook de 'advectieve koeling'. 

Dee optisch dikke (koele) oplossingen vormen een S-kromme aan de rechterkant 
vann het diagram. De twee SS krommes zijn de klassieke standaard-schijven (Shakura 
&c&c  Sunyaev). De index r staat voor 'radiation-pressure supported" en de g voor 
'gas-pressuree supported'. Het bovenste deel van de S kromme is de optisch dikke, 
stralings-drukk gedomineerde koele AD AF. 

Aann de linkerkant staan de optisch dunne (hete) oplossingen, waaronder de hete 
ADA FF ('ADAF g') en de SLE oplossing. Deze oplossingen bestaan alleen voor sub-
Eddingtonn massaflux. 

Mett behulp van dit diagram kan men eenvoudig zien welke oplossingen thermisch 
stabiell  zijn en welke niet. Een oplossing waar het Q+ <Q~ gebied boven de kromme 
ligt,, en het Q+ > Q~ gebied onder de kromme is thermisch stabiel. In het omgekeerde 
gevall  is de oplossing onstabiel. Bijvoorbeeld, beschouw het geval waar de oplossing 
ligtt op de 'SS g' tak in figuur 1.2. Een kleine locale verhoging in de temperatuur 
(hetgeenn overeenkomt in een hogere M bij gelijke E, en dus een verticale opwaartse 
bewegingg in het diagram) brengt de oplossing in het gebied waar koeling groter is 
dann viskeuze verhitting. Dit brengt de schijf dan snel weer terug naar de equilibrium 
oplossing.. Hetzelfde geldt voor een locale verlaging van de temperatuur. Daarom zijn 
dezee oplossingen thermisch stabiel. Hetzelfde geldt voor de 'ADAF g' en 'ADAF r' 
takken.. Met een soortgelijke redenering kan men anderzijds ook snel inzien dat de 
'SLE'' tak en de 'SS r' oplossingen onstabiel zijn. 

6.22 Een globaa l mode l ... 

.... dat alle waargenomen verschijnselen in AGN en BHCs overtuigend verklaart is nog 
niett gevonden. Maar de thermisch stabiele schijfoplossingen voor massaflux (accre-
tionn rate) onder de Eddingtongrens, beschreven in de voorgaande paragrafen, geven 
eenn goed uitgangspunt voor een nader onderzoek van de accretiestroming in zulke 
objecten. . 

BHCss (en AGN) verschijnen vaak in verschillende spectrale 'toestanden', zoals 
tee zien is aan het voorbeeld van Cyg X-l in figuur 1.1. Het ligt voor de hand de hoge 
(zachte)) toestand met de koele Shakura-Sunyaev schijf (die dan de zachte zwarte 
stralingscomponentt veroorzaakt) te identificeren, en de lage (harde) toestand met 
dee dunne ADAF (die door Comptonisering van zachte fotonen in de hete stroming 
dee machtswet vormt). 

Zulkee pogingen leveren inderdaad suggestieve resultaten, zoals aangetoond door 
Esinn et al. (1997). In hun model bestaat de accretieschijf uit twee zones: in het 
binnengebiedd een heerst een optisch dunne ADAF die zich van de horizon van het 
zwartee gat uitstrekt tot een overgangs-straal i?tr- Daarbuiten bevindt zich een dunne, 
koelee standaardschijf. Boven de koele schijf is een hete corona, de voortzetting van de 
ADAF.. De verschillende spectrale toestanden hangen dan af van de massaflux, die in 
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ditt beeld de positie van de overgangsstraal bepaalt: voor lage accretiesnelheden is RtT 

verr van het gat (Rtr ~ 102 — 104Rs). Bij toenemende massaflux wordt aangenomen 
datt de overgangsstraal naar binnen beweegt en de ADAF dienovereenkomstig krimpt, 
enn uiteindelijk reikt de koele schijf tot aan de laatste stabiele baan. In deze sequentie 
verandertt het spectrum van hard naar zacht via een tussentoestand ('intermediate 
state')) waarin beide componenten ongeveer evenveel bijdragen. 

Naastt de specifieke eigenschappen van de lage en de hoge toestand, die respec-
tievelijkk kunnen worden toegeschreven aan de optisch dunne en optisch dikke regimes, 
iss er sinds kort toenemend bewijs voor een bimodaal gedrag van de spectra bij een 
gegevenn massaflux. Dit volgt vooral uit analyse van röntgenvariabiliteit op korte 
tijdschalen:: het variatiespectrum is ook zeer verschillend in verschillende spectrale 
toestanden.. Dit suggereert dat de tijdsafhankelijkheid en het spectrale gedrag nauw 
mett elkaar samenhangen. Churazovet al. (2001) geven een kwalitatieve interpretatie 
voorr de verschillende variatiespectra (power density spectrum, PDS) in verband met 
eenn bimodaal accretiemodel. Deze auteurs argumenteren dat in de zachte toestand 
(waarinn de koele schijf met een corona erboven zich tot de laatste stabiele baan 
uitstrekt)) de variabiliteit volledig in het optisch dunne gebied (de corona) ontstaat 
doorr een universeel (onafhankelijk van de afstand) fysisch mechanisme (het PDS is 
structuurlooss van 10~4 Hz tot 10 Hz, zie figuur 1.3. Instabiliteiten ontstaan in dit 
beeldd op verschillende afstanden en planten zich naar binnen voort tot in het gebied 
waarr de meeste energie gedissipeert wordt. De waargenomen gemoduleerde straling 
omvatt dan variatie over een breed gebied in tijdschalen (~ 4 orden van grootte), 
aangezienn hij modulaties van de massaflux weerspiegelt die op de stroming worden 
uitgeoefendd over een groot gebied in afstanden van het zwarte gat. In het optisch 
dunnee binnengebied zijn de amplituden en tijdschalen van de modulaties hetzelfde 
alss in de corona, en het PDS lijk t daardoor op het PDS van de zachte toestand, 
voorr frequenties boven de 'knik' in figuur 1.3). tot aan de overgangsstraal vindt de 
meestee accretie plaats via de koele schijf, en slechts een klein deel van de accreterende 
materiee (dat via de corona stroomt) draagt tot de variabiliteit bij. Daardoor is bij 
lagee frequenties de variabiliteit met een contante factor gereduceerd (het kwadraat 
vann de verhouding van de massaflux in de corona tot de totale massaflux). In een 
overgangsgebiedd is het PDS vlak (volgens de auteurs) aangezien de röntgenflux in 
ditt gebied van tijdschalen niet met lokale variaties van de massaflux samenhangt. 

6.2.11 Koe l en heet gas dich t bi j elkaar 

Eenn bimodale accretiestroming, met een optisch dikke accretieschijf buiten een over-
gangsstraall  en een optisch dunne stroming daarbinnen, past goed bij verschillende 
waargenomenn eigenschappen. Zo'n model houdt in dat de heet en koel gas dicht bij 
elkaarr in de buurt zijn. Er zijn waarnemingen die hier op wijzen: een Ka fluorescen-
tielij nn van ijzer bij 6.4 keV en een Compton-reflectiecomponent van « 10 — 30keV 
vallenn op in de spectra van BHCs en AGN. Deze structuren in het spectrum wor-
denn geïnterpreteerd als een interactie tussen de straling van een heet gas met koel 
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materiaall  in de buurt (deze symptomen zijn ook te zien in figuur 1.1). 
Al ss we er van uit gaan dat koel en heet materiaal dicht bij elkaar in de buurt zijn, 

verwachtenn we een wisselwerking tussen beide. Wisselwerking kan plaatsvinden door 
uitwisselingg van straling of door uitwisseling van materie. De interactie door stral-
ingg is bestudeerd door Haardt en Maraschi (1991, 1993) in hun zogenaamde "twee-
fasenmodel':: in dit model wordt het grootste deel van de accretie-energie in de corona 
bovenn de schijf gedissipeerd. Ongeveer de helft van de Compton-verstrooide, harde 
fotonenn in de corona ontsnapt naar boven, de andere helft bestraalt de koele schijf. 
Dee opwaartse energieflux in zachte fotonen aan de het oppervlak van de koele schijf 
moett ongeveer even groot zijn als de energieflux in de uit de corona ontsnappende 
gecomptoniseerdee fotonen, en de temperatuur in de hete laag past zich zo aan dat 
dee gecomptoniseerde flux juist bij deze verhouding past (de energieflux in gecomp-
toniseerdee fotonen neemt sterk toe met de electron temperatuur van de corona). 
Inn termen van de Compton y—parameter, y = 4(ArTe/mec

2)rs betekent dit dat y 
ongeveerr 1 moet zijn. In dit model is de optische diepte rs van de Comptoniserende 
hetee corona een vrije parameter. 

Naastt de stralingswisselwerking van de twee fasen is een tweede vorm van 
energie-interactiee onvermijdelijk: protonen uit de hete fase wisselwerken noodza-
kelijkerwijzee ook met de koele schijf eronder. In plaats van door bestraling met 
fotonenn transporteren ionen energie van de hete fase. Als de hete fase een ADAF is 
hebbenn de protonen een temperatuur rond de viriaaltemperatuur, vanwege de lage 
snelheidd waarmee ze hun energie aan de electronen kunnen overdragen. De proton-
temperatuurr in de binnengebieden van de accretiestroom is daardoor ongeveer een 
factorr 104 hoger dan de verwachtte temperatuur van een standaard koele schijf (als 
diee daar bestaat). Een koele schijf moet daarom op de corona erboven als een bodem-
lozee put werken voor zowel massa als energie. 

Zo'nn interactie van 'gevirialiseerde' protonen met een koele schijf is voorgesteld 
doorr Spruit (1997) en Spruit en Haardt (2000). De wisselwerking is bijzonder een-
voudig:: als hete protonen een koel plasma binnendringen verliezen ze hun energie 
doorr Coulomb interactie met de electronen in hun Debye-bol, op dezelfde manier 
alss snelle deeltjes in een bellenvat. De electronen nemen deze energie collectief op 
enn worden heter. De binnenvallende protonen verliezen energie totdat ze dezelfde 
temperatuurr hebben als de electronen in het plasma. Dit process wordt in dit proef-
schriftt proton-bestraling of ion-bestraling (proton/ion illumination) genoemd. Het 
modell  heeft sommige eigenschappen gemeen met het Haardt-Maraschi model. Maar 
proton-bestralingg heeft een groot voordeel in vergelijking met het twee-fasemodel: 
hett binnendringen van protonen in een geioniseerde plasma is een goed gedefinieerd 
probleem,, en kan exact en consistent berekend worden. De diepte van de door pro-
tonenn verhitte laag, die in het Haardt-Maraschi model een vrije parameter is, kan 
berekendd worden. Berekening van de energiebalans van een door protonen bestraalde 
koelee schijf, met consistente behandeling van de afremming van de protonen als func-
tiee van de electron temperatuur, is het onderwerp van hoofdstuk 2. De door proto-
nenn verhitte laag heeft dezelfde energiebalans als de in het Haardt-Maraschi model 
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aangenomenn corona. Gevolg is dat net als in dit model de gedissipeerde energie 
ongeveerr voor de helft in zachte en harde röntgenstraling omgezet wordt. 

Tussenn een hete ADAF en een veel koelere schijf ontstaat een door protonen 
verhittee laag met temperatuur Te « 80 keV en optische diepte r ~ 1. Zo'n laag 
iss ideaal om een gecomptoniseerd spectrum te produceren. Het spectrum van zo'n 
oppervlaktee laag lijk t op de röntgenspectra van BHCs in de tussentoestand en de 
hardee toestand. 

6.2.22 Wat gebeur t er bi j lage dichtheden ? 

Kerenn we nu terug naar het model voorgesteld door Esin et al. (1997) en speculeren 
overr de implicatie ervan voor proton-bestraling van een koele schijf. Als de schijf 
gedeeltelijkk met de optisch dunne ADAF overlapt wordt de schijf bestraald door 
gevirialiseerdee protonen. Als de accretiestroming uit twee zones bestaat moet er ook 
eenn overgangsgebied zijn waar de de dunne schijf ophoudt en de koele materie on-
derdeell  van de optisch dunne stroming wordt. Dit gebeurt bij de overgangsstraal Rtr-
Inn de buurt van Rtr moet de oppervlaktedichtheid £Coid van de koele schijf laag zijn 
,, aangezien voor een dunne schijf Scoid ex [1 — {R^fR)1/2]. We vragen ons af: wat is 
dee reactie van een schijf met lage oppervlaktedichtheid als hij blootgesteld wordt aan 
eenn hoge flux van gevirialiseerde protonen? Het antwoord wordt gegeven in hoofdstuk 
3.. Daar laten we zien dat als de Thomson optische diepte van de koele schijf minder 
dann een bepaalde waarde (TT — KE, waarin K de electron-verstrooiings-opaciteit 
is)) is, de energie van de binnendringende protonen niet meer door de electronen 
weggestraaldd kan worden. Zonder een effectief koelingsmechanisme wordt de koele 
laagg steeds warmer. Aangezien de laag in hydrostatisch evenwicht is gaat daardoor de 
electronendichtheidd omlaag en wordt het hoofdkoelingsmechanisme, bremsstrahlung 
steedss minder effectief. Een nieuw evenwicht wordt bereikt als e  paarproductie be-
gint,, bij een temperatuur van een paar 100 keV. In dit proefschrift noemen we dit de 
warmewarme toestand', aangezien de temperatuur wel veel hoger is dan in een koele schi-
jftoestand,, maar ook veel lager dan de 'hete' gevirialiseerde toestand. Een warme 
schijff  is dus nog geometrisch dun, en veel van het standaard schijfmodel nog van 
toepassing. . 

Voorr de berekeningen in hoofdstuk 3 hebben we aangenomen dat de oppervlak-
tedichtheidd aan de binnenrand van de koele schijf laag wordt. Dit is natuurlijk een 
gevolgg van de a priori gepostuleerde overgang van een koele, optisch dikke naar een 
optischh dunne stroming. Maar wat is het mechanisme dat deze overgang (die in de lit -
eratuurr de SSD-ADAF overgang genoemd wordt mogelijk maakt? Een veelbelovend 
modell  voor zo'n overgang, het 'coronal siphon model' is voorgesteld door Meyer en 
Meyer-Hofmeisterr (1994) en verder ontwikkeld in de context van BHCs door Meyer 
ett al. (2000). Hun mechanisme verklaart 'verdamping' van het oppervlak van een 
koelee schijf door warmtegeleiding door electronen, een proces dat op de zon de over-
gangg van het oppervlak naar de corona bepaalt. Maar het mechanisme werkt alleen 
bijj  vrij lage temperaturen, dus op grote afstand van het zwarte gat. Een SSD-ADAF 
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overgangg kan niet verklaard worden met een 'coronal siphon flow'. 
Hett aardige is nu dat de warmee toestand die in hoofdstuk 3 is onderzocht net het 

goedee uitgangspunt levert voor zo'n overgang van het plasma naar een AD AF. Het 
blijk tt dat in een warme schijf de bovenste lagen, waar de electronendichtheid laag 
is,, thermisch instabiel zijn zodra verhitting van de protonen in de warme schijf door 
viskeuzee dissipatie in rekening gebracht wordt*. Deze instabiliteit wordt in hoofd-
stukk 4 bestudeerd. De oorzaak ervan ligt in de temperatuur- en dichtheidsafhankeli-
jkheidd van de Coulomb wisselwerking tussen protonen en electronen in een volledig 
geioniseerdd plasma. Bij de temperaturen en electronendichtheden in de warme schi-
jvenn van hoofdstuk 3 dragen de veldprotonen hun energie slechts inefficient over aan 
dee electronen. Wrijving in de warme schijf (viskeuze dissipatie) verwarmt de veldpro-
tonen.. Aangezien deze de schaalhoogte in de atmosfeer van de warme schijf bepalen 
neemtt de dichtheid af (in hydrostatisch evenwicht), waardoor de energieoverdracht 
aann de electronen nog inefficiënter wordt. Een grens wordt pas bereikt als de veld-
protonenn viriaaltemperatuur hebben bereikt, en daardoor een deel van de AD AF in 
hunn omgeving geworden zijn (zie Figuur 4.6 voor een schets van dit warme over-
gangsgebied). . 

Hett verdampingsmechanisme dat in dit proefschrift voorgesteld wordt maakt 
slechtss gebruik van een klein aantal goed bekende fysische processen: proton-electron 
wisselwerkingg in een geioniseerd plasma volgens de klassieke theorie van Spitzer 
(1962)) en de elementaire eigenschappen van Shakura-Sunyaev schijven en optisch 
dunnee ADAFs. Het blijk t daarbij dat Spitzer's theorie goed genoeg is, zelfs bij elec-
trontemperaturenn van 500 keV en protontemperaturen van 100 MeV. Relativistische 
correctiess blijken bij deze temperaturen nog klein te zijn. De aanname waarmee we 
begonnenn waren, namelijk dat een koele schijf zijn binnenrand heeft binnen een hete 
ADAF,, blijk t nu consistent te zijn: de verdamping van de koele schijf aan de bin-
nenrandd is een onvermijdelijk gevolg van de fysische condities in de buurt van een 
accreterendd zwart gat. De verdamping gebeurt in twee stappen: (i) viriale protonen 
uitt de ADAF verhitten de optisch dunne binnengebieden naar een 'warme' toestand. 
Dee protonen en electronen in deze warme schijf ontkoppelen vanwege de lage interac-
tiesnelheidd van de Coulomb wisselwerking bij deze temperaturen en dichtheden. (Ü) 
Viskeuzee verhitting maakt de protonen in de schijf thermisch instabiel en de warme 
schijff  wordt verhit totdat het plasma deel uitmaakt van de ADAF. 

6.2.33 ... en als er een hard oppervla k is? 

Wee verlaten nu de combinatie van proton-bestraling met accretieschijven en 
beschouwenn een nauw verwant onderwerp. Hoewel de fysica van accretiestromingen 
inn BHCs en accreterende neutronensterren (NS) heel soortgelijk is er een groot ver-
schil:: terwijl door een zwart gat de accretiestroming in z'n geheel opgeslokt wordt, 

*Hett gaat hier nu om de protonen in de warme schijf zelf, niet de hete protonen die van buiten 
binnendringenn en de schijf warm houden (zie figuur 4.1). We noemen de protonen in de schijf 
zelff  hier de 'veldprotonen', in navolging van Spitzer's nomenclatuur. 
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komtt de stroming bij een neutronenster uiteindelijk aan het harde oppervlak tot 
stilstand. . 

Dee vorm van de spectra die van accreterende neutronensterren worden 
waargenomenn zijn zeer gevarieerd, hetgeen te maken zou kunnen hebben met 
eenn eventueel magnetisch veld van de neutronenster. In het geval van lage-masse 
röntgendubbelsterrenn (LMXBs), waar een zwak magnetische neutronenster een 
lichtee begeleider heeft worden twee mogelijke locaties voor de oorsprong van de 
waargenomenn straling: een standaard koele accretieschijf of de grenslaag aan het 
oppervlakk van de neutronenster. Deze grenslaag is dan de dominante bron van stral-
ing.. In een schijf die met Keplersnelheid roteert zit de helft van de gravitatieenergie 
nogg in de kinetische energie van de rotatie, hetgeen betekent dat de lichtkracht van de 
grenslaagg ongeveer de helft van de totale accretielichtkracht is, ^Lacc = GM+M/2R*. 
Dee verwachting is dus dat de grenslaag aanzienlijk bijdraagt aan het spectrum van 
eenn LMXB . 

Inn de grenslaag wordt de accretiestroming afgeremd van zijn hoge rotatiesnel-
heidd tot de veel kleinere hoeksnelheid van de NS. In dit beeld kunnen we weer het 
protonbestralings-scenarioo doorrekenen. Het afremmen van de protonen gebeurt in 
eenn waterstof-atmosfeer gevormd door de de geaccreteerde materie. De protonen 
dringenn deze atmosfeer bijna tangentieel in vanwege hun hoge rotatiesnelheid. 

Hett binnendringen van protonen in het oppervlak van een neutronenster door ra-
diaall  invallende materie is door meerdere auteurs bestudeerd (Zel'dovitch &c Shakura 
1969;; Alme & Wilson 1973; Turolla et al. 1994; Zane et al. 1998). In hoofdstuk 5*  on-
derzoekenn we dit probleem opnieuw en meer realistisch door de tangentiele beweging 
vann de protonen in rekening te brengen. De radiële inval vervangen we daarbij door 
hett plausibeler beeld van een hete ADAF-achtige stroming. Een verder belangrijk 
verschill  is de correcte kwantitatieve behandeling van de afremming van de protonen. 

Dee resultaten laten zien dat het oppervlak van een neutronenster niet, zoals 
meestall  aangenomen, als een eenvoudig thermaliserend oppervlak behandeld kan 
wordenn dat de inkomende energie in de vorm van zwarte straling wegstraalt. De re-
sulterendee spectra hebben een zeer uitgesproken harde component, die door Comp-
toniseringg in de proton-verhitte oppervlaktelaag ontstaat. Deze spectra passen veel 
beterr bij de waargenomen harde spectra van neutronensterren. 

**  Hoofdstuk 5 is geschreven vóór hoofdstukken 3 en 4. Sommige van de resultaten in hoofdstuk 5 
wordenn al in de eerdere hoofdstukken gebruikt 
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