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

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 the equation of hydrostat ic equilibrium ne = noexp[—u2]  with v? = z2/2H2. 
T hee function f(u*) is 

ƒ(«*) ) i: i: 
JJ u' 

exp[u u i 2 l d u == ^ e " * ( l -er f [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 scatter ing optical depth Ti/2, measured from the midplane to the surface 
off  the disk. In terms of the density at the midplane no, this is for an isothermal disk: 

T I / 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 temperature 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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4.24.2 Evaporation mechanism and energy channels 

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 wil l 
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 wil l 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 np 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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44 A two step model for the transition from a cool disk to an ADAF 

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(27rme)
1/2e4n2lnAfcre-A:r p 

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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4.24.2 Evaporation mechanism and energy channels 

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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4.34.3 Evaporation vs. proton condensation rates 

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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4.34.3 Evaporation vs. proton condensation rates 

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

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. 
Itt 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 r 2 . The optical depth of the warm disk 
vanishess towards its inner edge, so we expect that there will 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 evaporating cool disk 

4.4.11 Thin disks with evaporation/condensation 

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 ADAF 
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. 

s tandardd cool disk. Closer in, it is enveloped by an ADAF, which condenses onto 
it,, producing what we have called here the warm, proton-il 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 ta te (paper II) of 
nearlyy uniform temperature . The upper layers of this warm disk evaporate t o feed 
thee ADAF 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 s t ructure 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 tempera ture , so t ha t the s tandard thin disk 
approximationn is valid. The difference with a s tandard steady disk is now tha t 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 tha t 
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 ra te with radius through the cool disk due to 
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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, 

Mevv = 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 

Multiplyingg 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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4.44.4 AD evaporating cool disk 

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 will then impose 
aa condition on the parameters of the system that has to be satisfied. This will 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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44 A two step model for the transition from a cool disk to an ADAF 

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 will 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 
ADAFF 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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4.44.4 An evaporating cool disk 

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 S 0 = 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 
MAA \ 

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 will 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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