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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 
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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 np 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 = Tvi r and the energy flux qp at a certain 
radiuss we can calculate the number density np 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, 

19 9 



22 Comptonization in an accretion disk illuminated by protons 

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. 

logg E [keV ] opticall depth r 

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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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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