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The hard X-ray spectrum j&rom black hole candidates, such as 1E1740.7-2942 and 

Cygnus X-1, has been attributed to an inner hot (Te w 10^ K) two-temperature disk 

which Comptonizes externally produced soft photons from the outer disk. We have 

developed a natural extension of this model, wherein the innermost region of the 

two-temperature disk, is much hotter (Te « 5 x 10^ A"), since it is shielded from the 

external photons and is forced to cool via bremsstrahlung self-comptonization. The 

emission from this region can account for the long term 7-ray variability in Cygnus 

X-1. The e'^e~ pairs produced above the hot plasma give rise to the annihilation 

line observed in 1E1740.7-2942 and the residual peiirs form the extended radio jets 

observed in this source. 

These early successes called for more detailed modeHng of the hot disk. The 

effects of e+e~ pairs produced inside the disk were investigated using a better tech

nique for the Comptonization process than what had been reported previously in 

the literature. This has important quantitative implications on the model. An

other crucial effect is that of the proton thermal energy being advected to smaller 

radii. This maJces the disk sensitive to the outer boimdaxy conditions (i.e the struc

ture of the transition zone between the outer cold disk and the inner hot region). 

To determine the physics of the transition region we have developed a scheme for 

the radiative cooling which is valid at all optical depths. The application of this 

scheme revealed that the transition region is an extended one. The disk has a hot 

two-temperature configuration even without the assiunption that instabilities in the 

disk drive the cold disk to this stage (which has been doubted in the past). More

over, the spectrum from the transition zone matches well with the observed X-ray 

spectrum of Cygnus X-1 and variations in the magnetic field can accoimt for the 

two X-ray states. We conclude from this new self-consistent model that the soft 

X-ray photons observed arise from the cold disk, the X-ray continuum is produced 
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in the transition zone, while the 7-rays and associated phenomena (like the e^e~ 

line and the radio jets) are due to the inner hot disk. 



1. Introduction 

An X-ray binary is a system consisting of a compact object (white dwarf, neu

tron star or a black hole) and a normal stax. The companion star accretes matter on 

the superdense object either in the form of a wind or by filling it's Roche lobe (i.e. 

the gravitational force of the compact object is strong enough to remove matter 

from the surface of the companion). Since the falling matter has angular momen-

timi, it forms a disk as it slowly spirals towards the X-ray source. Different parts 

of the accretion disk thus formed radiate at Ultra Voilet, X-ray and 7-ray energies 

(Figure 1.1). 

Neutron stars support themselves against gravity by the pressiure of degenerate 

neutrons. There exists an upper limit on the mass of the neutron star above which 

no equilibrium exists and gravitational collapse sets in. In the case of white dwarfs 

(which are supported by the pressure of degenerate electrons) this upper limit has 

been calculated and is known as the Chandrasekhar limit (Mch = 1.457M©). The 

maximum neutron stax mass is a sensitive function of the equation of state for nu

clear matter which has not yet been accurately quantified. However, a conservative 

upper limit on the maximum mass can be inferred by using the condition that the 

speed of soimd in the star does not exceed the speed of light. This firm theoretical 

upper Hmit on the mass of a neutron stax is about 3M© (Rh.oades & RufiBxii 1974; 

Baym h Pethick 1979). It is generally beheved that if the maiss of a compact object 

exceeds this limit it has to be a black hole. 

A convincing way to estimate the mass of the compact object is to mecisure 

the doppler shifts in the spectrum of the companion star as it orbits the X-ray 

source. These doppler shifts measured as a function of time can be fitted by a sine 

curve. The period of the curve corresponds to the period (P) of the binary while 

the amplitude of the curve (ui) gives the projection of the orbital velocity (u) of the 

companion along the line of sight. Thus, ui = u sin z, where sin i is the inclination 
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of the orbital pleine to the Une of sight. The period is related to the orbital velocity 

by 

M2. (11) 
V  ( M x  +  M o ) '  ^  '  

where Mo is the mass of the optical companion, Mx is the mass of the X-ray source 

and r is the distance between them. Now, Kepler's law states that 

From these two equations we get, 

r , ^ r  ir x _ { M o S i n i f  P v i  
/(A./.v,MO,.) = (5—5^ = 5;;5. (1.3) 

The function / is called the mass function and depends only on the observable 

quantities P and ui. A lower limit on Mo and em upper limit on i substituted into 

/ would then give a minimiun value of Mx • 

From the spectrum of the companion, the type of star it is can be generally 

identified and using independent estimates of the distance to the binary, the lu

minosity of the star can also be calculated. For this given luminosity and type of 

star, stellar structiu-e calculations put a lower limit on its mass. Finally, assuming 

a conservative view that the binary system is being viewed edge on (i.e. sin i < 1), 

a firm lower limit on the compact object mass is found. 

There axe currently several binary X-ray sources for which lower mass limits of 

the compact object exceeds SM©. A few of them are: Cygnus X-1 (> 9M©, Avni 

& Bahcall 1975), LMC X-3 ( > 7M©. Cowley et. al. 1983) A0620-00 (> 4.lMo, 

Haswell et. al. 1993), GS2023-t-33 (> 6.0Mq, Casares,Charles & Naylor 1992) and 

GS1124-68 ( also known as Nova Muscae; > 4.1M©, Orosz et. al. 1994). 

Several other Galactic sources (e.g., 1E1740.7-2942, Bouchet et al. 1991) are 

also suspected of being black holes, although their mass lower limits have never been 

obtained. The supporting evidence here is the temporal and spectral characteristics 



of their X-ray/7-ray spectrum, which resembles that of the above mentioned sources 

with lower mass limits. 

These Galactic objects are perhaps down-scaled versions of the massive (~ 

10® M©) black hole systems in the center of galaxies which are observed as Ac

tive Galactic Nuclei (AGN). That there may be a connection between the two kinds 

of systems is underscored by the similar radio jets observed from some of the these 

Galactic sources and AGNs. Our imderstanding of these smaller X-ray sources will 

be important for the ongoing study of these enigmatic AGNs. 

In general, the standard accretion disk model (see §1.1 below) explains the gross 

features of these X-ray sources. However, recent observations by space-based, high 

energy instruments, (GRANAT^ CGRO^, GINGA^ and ROSAT"^) indicate that the 

standard model is not complete and cannot accoimt for some of the detailed spectral 

characteristics of these sources. In this work, we show that natural extensions of 

the standard model can explain several of the important observations. We also 

lay the fovmdation for more detailed and complete models which would play an 

important role in our imderstanding of these systems. The results of this work 

will be immediately relevant to the upcoming timing studies of X-ray binaries with 

^ SIGMA and ART-P are the major instruments of the GRANAT spacecraft, launched on December 1 

1989. SIGMA provides sky images and spectra in the energy range 35-1300 keV while ART-P is sensitive 

in the 4-30 keV energy band. 
2 The Compton Gamma Ray Observatory (CGRO) has three instruments: The Burst And Transient 

Source Experiment (BATSE) which monitors on three timescales 64 ms, 256 ms and 1.024 s over a energy 

range of 50-300 keV; The Oriented Scintillation Spectrometer Experiment (OSSE) is sensitive to f-Tiys 

in the 50 keV to 10 MeV range; Energetic Gamma Ray Experiment Telescope which is sensitive to high 

energy gamma-rays in the 30 MeV to 30 GeV range. 
3 The GINGA satellite has the Large Area Counters (LACs) on board which covers an energy range 

of 1-3" keV. 

^ ROSAT has an X-ray telescope with an energy sensitivity in the 0.1-2.5 keV range. 



14 

XTE5. 

In this Chapter, the salient features of the recent observations and the corre

sponding models to explain them, will be presented, while detailed discussion and 

explanations will be given in later Chapters. 

1.1 Standard Accretion Disk Model 

In the standard accretion disk model (Shakura & Sunyaev 1973), the disk con

sists of ionised hydrogen plasma moving in near circular Keplerian orbits aroimd 

the black hole. There is a small radial velocity (compaxed to the azimuthal one) 

which accounts for the accretion onto the black hole. The matter loses angular mo

mentum through viscous forces as it falls in. These viscous forces generate energy 

which is then radiated away locally (i.e. at a given radius). Steady state conditions 

axe forced and hydrostatic equilibrium in the vertical direction is maintained. The 

viscosity arises due to tvirbiilent/convective flow and/or magnetic field, the physics 

of which in not well known. In the standard model this ignorance is overcome by 

p a r a m e t e r i z i n g  t h e  v i s c o s i t y  c o e f f i c i e n t  ( i / )  i n  t e r m s  o f  t h e  h e i g h t  o f  t h e  d i s k  ( H )  

and the local sound speed (c^), i.e v = acsH. a is the coefficient of this dependence 

and is treated like a parameter in the problem. Hence, this model is also known cis 

the Q-disk model. The value of a is generally believed to be between 0.01 and 1.0. 

There are different ways by which the disk radiates the gravitational ( i.e the 

viscous) energy dissipated. One can classify the disk according to which of the 

radiative mechanisms dominate. 

1) Blackbody emission: The disk wiU radiate as a blackbody if the effective optical 

depth in the vertical direction is greater than one. The effective optical depth (re//) 

is defined as, 

^ e f f  ~  [ ^ 0 6 3 ( ^ 0 6 3  ' i ~  ,  ( 1 * 3 )  

^ The .X-ray Timing Explorer (XTE) has a. low-background continuous 2-200 keV response with sub-

millisecond timing. It was recently launched and is now functional. 



where Ug is the electron density, H is the height of the disk, cTaba is the cross section 

for absorption and cTSC is the Compton scattering cross section. 

For typical accretion rates (~ 10^® gs~^ as inferred from the luminosity of 

these X-ray sources), the majdmum effective temperature (fcTg) is ~ 1 keV since 

o-Tg « and Rmin ~ 10^ cm. The inner region of the disk is radiation 

pressure dominated while the outer disk is gas pressure dominated. The resiiltajit 

spectrum is a sum of blackbody emissions with a peaJc arotind ~ SfcTg (Figure 1.1). 

2) Soft Photon Comptonization (SPC): The disk will cool via unsaturated Comp-

tonization if there is a copious supply of external cold photons, the effective optical 

depth is much less than unity and the Compton optical depth (r^c = n^ascH) is of 

order unity. Here, the cold external photons gain energy by Compton scattering of 

the hot electrons but the mmiber of scatterings is not large enough for the energy 

exchange to saturate. For typical accretion rates (~ 10^® the electron tem

perature {kTe) is ~ 200 keV while the proton temperature is much higher because 

the density in such a disk is low and the tremsfer of energy from the protons to the 

electrons by Coulombic interactions is not efficient. The energy of the emerging 

photon depends on the nvunber of scatterings (N) it encountered. Since the prob

ability that the photon scatters N times decreases with N the resultant spectrum 

is a hard power law with an exponential cut off at about ~ fcTg, representing the 

maximum energy that can be transferred (Figure 1.1). The disk is gas pressure 

dominated. 

3) Bremsstrahlung-Self-Comptonization (BSC): The disk cools by Comptonization 

of internally produced bremsstrahlung photons. This occurs when the effective 

optical depth is much less than unity and there are no external cold photons entering 

the disk. For typical accretion rates (~ 10^® gs~^), the electron temperature {kTe) 

is ~ 500 keV while the proton temperature is much higher. The disk is generEilly gas 

pressure dominated but radiation pressure may dominate in case there axe excessive 
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Figure 1-1. Typical spectrum from an accretion disk. Solid line: The spectrum 

from a disk which is radiating as a multi-colored blackbody. Optical/UV part of the 

spectrum originates from the outer regions of the disk while the X-rays are emitted 

from the inner region where most of the gravitational energy is dissipated. Dot

ted line: Spectrum from the inner region of the disk, when the dominant radiative 

mechanism is soft-photon Comptonization (SPC). Absorption dominates below ~ 1 

keV. The electron temperature is 200 keV. Dashed line; The spectrum from the 

inner region of the disk, when the dominant cooling mechanism is bremsstrahlung 

self-Comptonization. This occurs when there is a lack of copious external cold pho

tons. The peak of the Wien distribution is at about ~ ZkTe ~ 1.5 MeV. 
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electron-positron pairs in equilibrium inside the disk. The resultant spectrum is 

close to a Wien distribution with a peaJc at about ~ (Figure 1.1). 

If there is a large magnetic field inside the disk, the dominant cooling mechanism 

could also be Synchrotron/Cyclotron Comptonization. A non-thermal distribution 

of electrons may also contribute to the radiative cooling. Since there is no conclusive 

evidence that a magnetic field or non-thermal electrons are present in these disks, 

we do not take into account such effects. In Chapter 6, we include the possibility of 

a magnetic field but we find that for that particular case, Cyclotron Comptonization 

is not eflB.cient. 

1.2 The 7-ray spectrum from Cygnus X-1 

The 7-ray spectrum from Cygnus X-1 shows a hard X-ray power law with an 

exponential cutoff around 100 keV (Figures 2.1, 2.2 & 2.3). Such a spectrum cannot 

be explained by the cold (i.e., blackbody emitting) standard accretion disk model. 

However, the inner region of the cold disk suffers from two local instabiUties (ther

mal and secular) when radiation pressvure dominates. The thermal instability occiirs 

since the cooling rate decreases as the proton temperature is increased (above the 

steady state value) leading to a temperatiu-e runaway. The secular instability oc-

cturs because a decrease in the surface density leads to an increase in the accretion 

rate. Since this increase in the accretion rate would trigger a further decrease in 

the surface density, the disk would have alternate zones of high and low densities. 

This density variation would exponentially increase in time. It has been proposed 

that these instabilities make the inner region hot and large, such that the cold pho

tons from the outer (i.e., the stable) part of the disk can now penetrate into this 

inner bloated region. The inner disk now cools via unsaturated Comptonization 

(i.e., SPC) instead of blackbody. Thus the picture is that of a disk divided into 

two regions, an outer region which radiates as a blackbody and an inner hotter 

region which is Comptonizing the external soft photons. The spectrum from the 
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inner region matches well with the observed spectrum from Cygnus X-1 (Shapiro, 

Lightman & Eardley, 1976). 

However, the long term 7-ray spectral variations in Cygnus X-1 (Ling et al. 

1987) have suggested a more complicated behavior than that assimied in this sim-

pUfied two-state model. The source has been observed to be in three different 7-ray 

states with transition from one state to another occurring on a time scale of months. 

These state have been labeled 71, 72 and 73 (Figures 2.1, 2.2 &: 2.3). The states 

are defined with respect to their hard X-ray flux (10 — 200 keV). In the 71 state 

(which has the smallest hard X-ray flux) there is an unusually strong 7-ray "bump" 

between ~ 400 keV and ~ 2 MeV. The luminosity of this feature exceeds that of the 

50 — 400 keV hard X-rays and is comparable to the overall emission below ~ 400 

keV. These states seem to form a sequence of transitions triggered, perhaps, by 

variations in the accretion rate. 

These observations indicate that there exists at least a part of the disk which is 

cooling by Bremsstrahlung-Self-Comptonization (BSC). In this work, we show that 

the cold photons from the outer disk do not penetrate to the innermost region of 

the hot two-temperature disk. This innermost region (due to the lack of external 

cold photons) cools by BSC and is the source of the ~ 1 MeV "bump" observed in 

the 7i spectral state. Thus instead of two, it appears that in general there are three 

region in the accretion disk, namely a) the outer cold, blackbody emitting disk, 

b) the middle region which cools by SPC and c) an innermost hotter region which 

cools via BSC (Figure 1.2). The existence of this inner most region depends on 

whether the cold photons from the outer disk can penetrate the entire SPC region 

or not. This in turn depends upon the structtire of the disk. Thus, variations in the 

accretion rate and the viscosity parameter a can explain the long term variability 

of the source. The details of the model, calculations and the spectral fitting are 

given in Chapter 2 and have been published in Melia & Misra (1993). 
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Bremsstrahlung Soft Photon Comptonizing Disk Blackbody 

Self-Comptonizing Radiating Disk 

Disk 

T, ~ meC 0.1 nrieC 0.1 keV 

Black Hole 
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Figure 1-2. A schematic drawing showing the three zones of an accretion disk. The 

scale depicts the distance from the black hole in units of r, = 2GMfc^. The soft 

(i.e., cold) photons from the outer disk {R > QOr,) impinge on the middle zone and 

are Comptonized by the hot (Ti. ~ O.lmeC^) electrons. These cold photons do not 

penetrate to the inner-most region {R < 25r,) and this region cools by bremsstrahlung 

self-Comptonization. See Figure 1.1 for typical spectrum from these different zones. 
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1.3 The 7-ray spectrum and radio jet of 1E1740.7-2942 

The 7-ray spectrum from the Galactic center source 1E1740.7-2942 is similar to 

that from Cygnus X-1, leading to the speculation that this source is aJso a black 

hole with an accretion disk. The peculiar nature of this source was highhghted by 

a nimiber of observations. Instead of ~ 1 MeV excess, as observed from Cygnus 

X-1, a broad Gaussian feature with FWHM ~ 240 keV and peaked at ~ 500 keV 

was observed from this object (Bouchet et al. 1991; Simyaev et al. 1991) for 

about 1 day. A simple interpretation of this feature is that it is an electron-positron 

axmihilation line. Moreover, aimihilation radiation from this direction has been seen 

since the early seventies (Johnson, Hamden Sz Haymes 1972). However, the earher 

observations established that this radiation has a line-center energy of 510.7 ± 0.5 

keV and a FWHM < 3.5 keV (Leventhal, MacCallum & Stang 1978; Gehrels et 

al. 1991), with variations in flux on a time scale of ^ 1 year. Finally, recent VLA 

observations of the 1E1740.7-2942 field have revealed that its radio structure is 

comprised of a double-sided jet centered on a compact and variable core (Mirabel 

et al. 1992). The spectral index (a = 0.81 ± 0.1, where the flux density is given 

as St, oc u°') of the symmetrically aligned twin jet is Ukely to be due to enhanced 

synchrotron emission from charged particles accelerated by strong shocks within the 

outflow. 

We show that these observations can be explained in the framework of the 

model described in the previous section. Since the accretion rate in this source is 

higher than that in Cygnus X-1, the 7-ray emission from the inner most region of 

the disk produces electron-positron pairs outside the disk. These pairs, in tium, 

are accelerated outwards by the radiation to form a jet. The annihiliation of the 

pairs near the base of the jet gives rise to the broad annihilation featxure. When the 

density of the leptons in the jet decreases, the pairs are no longer depleted but travel 

outwards and form the observed radio jets. Finally the remaining pairs annihilate 



in the interstellar medium to produce the narrow annihilation line. The details of 

the model, calculations and the spectral fitting are given in Chapter 3 and have 

been reported in Misra & Melia (1993). 

1.4 Electron-Positron Pairs in Hot Accretion Disks 

The successes of this model warranted more detailed calculations. In particular, 

although electron-positron pair production outside the disk was taken into accoimt, 

pair production inside the disk was neglected. Previous studies have shown that 

pair production runaway may occur when the accretion rate is high. We refine 

these earlier works by using a more accvurate method to treat Comptonization and 

by including the effect of pairs escaping from the disk. The general result of this 

detailed study was that, at high enough accretion rates, a pair runaway does occur. 

Near this critical accretion rate nearly half the power emitted from the disk is in the 

form of escaping pairs. For 1E1740.7-1942, we show that a fraction of the pairs in 

the jet could be produced inside the disk, while the rest must be produced outside. 

The qualitative picture of the jet model remains the same while there are some 

quantitative differences due to this extra source of pairs. The details of the model 

and the calculations are given in Chapter 4 and have been published in Misra & 

MeUa (1995). 

1.0 Effect of Advection in Hot Accretion Disks 

One of the assumptions of the standard disk theory is that the gravitational 

energy dissipated is radiated away locally, i.e., at the same radius. This is indeed 

justified when the proton temperature in the disk is much less that the virial value 

at that radius. However, when the proton temperature is large, a significant fraction 

of the released energy will be carried to smaller radii by the protons. This effect is 

expected to be important in hot accretion disks. 

We have studied hot accretion disks with pairs taking into account the effects 
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of advection. Since advection is a global effect (i.e., now a differential equation in 

radius has to be solved), a boundary condition has to be imposed to solve for the 

disk structiire. We use the proton temperature at an outer radius as this condition. 

We shall see that the number of pairs per proton in the disk is reduced and 

pair runaway does not occur even at high accretion rates. However, no steady state 

solution can be found at a high enough accretion rate even though no pair runaway 

occiu-s. This is because the cooUng cind heating rates cajanot be balanced (at steady 

state) beyond this accretion rate. The results are very sensitive to the boundary 

condition, which impUes that the structture of the disk depends upon how the disk 

transforms from the cold state to the hot state. The details of the model and 

the calculations are given in Chapter 5 and have been reported in Misra &: MeUa 

(1996a). 

1.6 Transition Disks 

The inclusion of advection shows that the hot disk depends sensitively on the 

outer boundary condition. Thus there is a need to model the transition zone between 

the hot and cold parts of the disks quantitatively. Previously it was argued that 

this transition occurs because the radiation pressure dominated region of the cold 

disk is unstable and hence it evolves to the hot two-temperature disk over a small 

region. However, we argue that such a transformation will not conserve energy and 

that the transition region has to be an extended one. Moreover, it was shown by 

Taam &: Lin (1983), that the local disk instabilities do not transform the disk to 

the hot state. 

On the other hand, it is well known that for high accretion rates the inner regions 

of the disk become optically thin, such that the standard cold disk (i.e., blackbody 

emitting) is inconsistent here. We develop an approximation to the radiative cooling 

which is valid for all optical depths and apply it to a solution of the disk structure. 

We will see that the inconsistent region of the standard cold disk is actually a hot 
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two-temperature disk when this general radiative cooling technique is used. There 

now exists an extended transition region in between the hot and cold states of the 

disk. Moreover the spectrum from such a disk can explain the X-ray spectrum of 

Cygnus X-1 in both the high and low states. This is a significant development over 

the previous models which used imsaturated Comptonization to explain the X-ray 

power law. Instead, here the power law is actually a sum of Wien peaks arising from 

the transition region. It should be noted that the hot inner region still exits in such 

a disk model to produce the 1 MeV excess in Cygnus X-1, the broad annihilation 

line and the radio jet in 1E1740.7-2942. The details of the model, calculations and 

the spectral fitting are given in Chapter 6 and Misra Sz MeUa (1996b). 

1.7 Discussion 

The foimdation of accretion disk theory was laid more than thirty years ago 

by Pringle & Rees (1972) and Shakura Sz Simyaev (1973). Since then, there have 

been several modifications of the original theory (e.g., Shapiro, Lightman & Eardley 

1976; Paczynsky & Witta 1980) in order to remove inconsistencies and to explain the 

observations. Recent observations indicate that the theory is still not complete and 

some important questions have not yet been answered conclusively. These questions 

include a) How are the high energy photons (^ 800 keV) produced? b) What is the 

effect of electron-positron pair production in these disks? c) What are the radio jets 

made of and what is their orgin? and d) When do the assumptions of the standard 

model break down? Of course, these questions are not independent and there is a 

need for a modified accretion disk theory which addresses all these issues. Such a 

model wiU enhance our understanding of these black hole systems and shed light 

on the structure of AGNs. In this thesis, we attempt to formulate a self-consistent 

model to answer these basic questions. A modified model has been presented which 

can successfully explain several observations. However, at present this model is too 

simplistic for it to be applied to all possible scenerios. In this sense, this thesis 
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presents an important step towards the goal of formulating a general self-consistent 

accretion disk theory. 



2 .  T h e  G a m m a - r a y  S p e c t r a l  V s i r i a b i l i t y  o f  C y g n u x  X - 1  

2.1 Introduction 

Estimates of the mass of Cygnus X-1 give M > 9M© (Avni & Bahcall 1975), 

thus indicating that the compact X-ray source is a black hole system. In an accretion 

disk most of the gravitational energy is released (and hence most of the radiation 

originates) from the inner parts. The observed spectrum from this source shows 

that most of the power is being radiated in X-rays/7-rays. Thus these high energy 

photons must be originating from the inner portion of an accretion disk surroimding 

the black hole. However, in the standard Shakura & Sunyaev (1973) model, the 

accretion disk is too cold (kT « 2 keV), to explain the hard X-rays (« lOOkeV) from 

this source. Shapiro, Lightman & Eardley (1976) proposed a model where the inner 

region transforms from the cold disk state to a hot two-temperature one due to local 

instabilities. These instabilities set in when the cold disk is gas pressure dominated. 

In this model, there are two parts of the disk, an outer gas pressure dominated cold 

disk and an inner region which is hot and bloated. The soft (i.e., cold) photons 

from the outer region penetrate the inner hot disk and are Compton upscattered 

by the hot electrons. This process, namely soft photon Comptonization (SPC), is 

the dominant cooling mechanism. The calculated spectrum from this inner region 

has a hard X-ray power law with an exponential cut off at around 200 keV which 

matches well with the observed spectnun. 

Observations with the JPL High Resolution Gamma-Ray Spectroscopy exper

iment onboard HE AO 3 (Ling et al. 1987) have suggested a more complicated 

behavior than that assumed in a simplified two-state model. In particular, a new 7-

ray emitting state of Cygnus X-1 has been identified, in which the luminosity within 

an unusually strong 7-ray "bump" between ~ 400 keV and ~ 2 MeV exceeds that 

of the 50 — 400 keV hard X-rays and is comparable to the overall emission below 

~ 400 keV. This state, labeled 71, together with the other low-state (dubbed 72) 



and the high-state (73), seem to form a sequence of transitions triggered, perhaps, 

by variations in the accretion rate. 

Liang and Dermer (1988) have interpreted this 7-ray btimp as due to the emis

sion from a hot quasi-spherical pair-dominated cloud (distinct from the corona pro

ducing the continuum), in which the pair-balance condition determines the compact

ness parameter and the Thomson depth zs a function of the equilibrium tempera

ture. They find that a reasonable fit to the "bimip" may be obtained for a lepton 

temperature « 400 keV and a pair cloud radius of about 9 r^, where = 2GM/c^ 

is the Schwarzschild radius for a black hole mass M. 

We have built on the strengths of these earlier models to arrive at a self-

consistent accretion disk picture that accoimts nattu'ally for these transitions and 

their corresponding spectral variations. In particular, we take into account, that 

the cold photons from the outer disk would not be able to penetrate deep into the 

inner regions of the plasma. This natiirally makes the inner-most region of the disk 

hotter since it is unable to cool by Compton upscattering soft photons. It is from 

this region that the 1 MeV radiation is emitted. Further, we do not assinne that the 

inner hot plasma is imiform (Shapiro, Lightman & Eardley 1976; Liang & Dermer 

1988) and consider a more realistic stratified structure consistent with gravitational 

settling. As we shall see, the secular instability still results in a two-temperature 

corona in the inner region of the disk, but the inner most hot plasma cools by 

bremsstrahlung self Comptonization, while the outer region of the hot plasma ra

diates via soft photon Comptonization as was proposed earlier (Figure 1.2). Not 

surprisingly, the physical conditions in this inner hot corona are not imlike those in

ferred for the pair plcisma by Liang and Dermer (1988), but here the lepton density 

is due mostly to accretion, not pair production. 
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2.2 A Self-Consistent Two-Temperature Disk 

2.2.1 The Stnicture Equations 

Our starting point is to assume a standard a-disk model (Shakvura & Sunyaev 

1973), which however is subject to the secular instability in the inner region that 

drives the disk from a cool state (with electron temperature Tg ~ 10® K) to the 

hot, two-fluid state {Te ~ 10^ K and ion temperature T,- Tg; Shapiro, Light-

man & Eardley 1976, hereafter SLE). Unlike the earlier work, we do not employ 

vertically-averaged equations for the coronal structiu*e, but rather allow for density 

stratification as discussed above. For simplicity, we assiune constant temperatures 

in the vertical (i.e., z) direction, though not in the (cyHndrical) radial direction (i2). 

The equation to describe hydrostatic equilibrium is, 

dPg _ GMpz 
(2.1) 

dz ' 

where = R? + z^., Pg is the gas pressure, p is the mass density and M is the 

mass of the black hole. The viscous torque is equated to rate of change of angular 

momentxim, 

/

oo 

aPg{ z ) { 2 T t R ) R d z  =  { G M R f l ' ^ M J  , (2.2) 
-OO 

respectively, where M is the accretion rate, a is the viscosity parameter and = 

1 — RY^^• The left hand term represents the viscous torque while the right 

hand side is the change in angular momentum as the plasma moves inwards. JT" 

ensures that the torque vanishes at the last stable orbit i.e when R = The 

gravitational energy dissipated, heats the protons which in turn transfer this energy 

to the electrons via Coulombic interactions. This electron-ion energy exchange flux 

can be written as, 

j - J p K T i -Te) / m p  d z  ,  (2.3) 

where F is the gravitational energy dissipated, nip is the proton mass, T,- is the 

proton temperature, Tg is the electron temperature and i/£ is the electron-ion cou-
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pling rate. In the above equation, ue can be approximated by ue = 2.4 x 10^^ hi 

(Spitzer 1962) where the Coulomb logarithm In A w 20 in the present 

case. 

Although this electron-ion energy exchange is not efficient (leading to a two-

temperatiure plasma), the ion-ion and electron-electron Coulombic collisions transfer 

energy efficiently since these rates are a factor of mp/rrie higher than the electron-

ion exchange rate. This justifies our assumption that the the electron and protons 

have MaxweUian distributions which axe characterized by a single temperature (T). 

We will see later that the electron temperature can be high (»; 500 keV). At such 

temperatures there may be copios production of electron-positron pairs. In this 

Chapter, we ignore this contribution to the lepton number density from pair pro

duction and check a posteriori that this is indeed a valid approximation. 

Integrating equation (2.1) and using equations (2.2) and (2.3), the structure of 

the hot inner corona is now specified by 

p = po expi-z^lz^) , (2.4) 

where 
r ^ , x / \ 11/3 , 

Po 
40 ~ (2 X 10 cm) 

J f M \ [ M 
a  \3MQJ  I  10 I7GS- I  

-1/3 

5 X 10"^ gcm~3^ S) 
1/2 

and the temperatures are given by 

t. 4- Ti 
(s x iqii k) 

(2r/r,)2 

M 
a V lO^'gs"! 

2/3 

^MQ) 
Po 

5 X 10~®gcm~3 

rp 8000 f M \ 14 
m 

-4 

{TI  A2  J4(2R/R3)2I  \ZMQ)  [  loi'gs"! )  \ 5  x lo-^gcm-^ 
Po 

(2.5) 

-2/3 

(2.6) 
10 

(2.7) 

The physical quantities in the above equations have been scaled using typical values 

used in this Chapter. Note that although M and M are parameters p is not and is 

calculated in this approach, p turns out to be about 5 x 10~® in our calculations. 
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This prescription, however, is inappropriate whenever the physical conditions 

are such that the protons attain suflBcient energy to escape from the system. Since 

the virial temperature 

r„,> = i mpĉ  , (2.8) 

where rrip is the proton mass, decreases with increasing radius r, it is anticipated 

that the ion temperature T,- may exceed T„ir at large radii. In that case, a coronal 

mass (and energy) outflow will prevent T,- from greatly siuT)assing r„,>. For the 

purpose of this calculation, we shall assume that the fraction of dissipated power 

lost in this wind is at most a small fraction of the radiated limiinosity. (This 

restriction will be relaxed in future radiative-hydrodynamical simulations of the 

accretion geometry.) To simplify matters further, we shall also assimie that in 

this ("coronal wind") region, the ion temperature is in fact equal to the virial 

temperature (though of course this can only be approximately correct). Instead 

of the above set of equations, the relevant expressions that determine the coronal 

structure are then Equations (2.1), (2.3), and the condition T,- = which yield 

p = po(l + ^V-R'r'/' , (2.9) 

and 

r. = 0.2 . 10' K (g)^ ^ ^ '  

(2.10) 

2.2.2 Method Of Solution 

Following SLE, we have taken the outer boimdary of the two-temperature inner 

region to lie at a radius RQ given by the condition Pr{RO) = 3P^(i?o), where Pr 

is the radiation pressvure in the a-disk. The cold disk is locally imstable when 

Pr > 3/2Pg, but a more conservative approach hcis been used here. We note, 

however, that our results are insensitive to the actual location of this boimdary, 
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as long as Pr{Ro) ~ 0[Pj(ilo)]- For example, when Rq is instead fixed by the 

condition Pr{Ro) = 3/2Pj(i2o), our spectra differ from those presented below by at 

most 10%, well within the observational micertainties. In this model, the cooling 

results from the inverse Comptonization of both the cold disk photons penetrating 

into the corona and the bremsstrahlung radiation produced in this inner hot region. 

To handle this dichotomy, we divide the corona into concentric rings and proceed as 

follows. We assume a fractional cooling by each spectral component in the first outer 

zone and then iterate over the mid-plane density until the local bremsstraiilung-self-

Compton emissivity (within this ring) is balanced by the assumed fraction of the 

dissipation rate at this location. Within any given ring, the contribution to the 

overall flux from the Comptonized (outer-disk) photons is proportional to the total 

niunber of scattering particles and the electron temperature within that ring, and 

the attenuated soft photon number density, as reflected by the dependence of the 

Fokker-Planck equation (see below) on these parameters. Thus, in subsequent rings, 

we iterate on the local mid-plane density until the calculated fraction agrees with the 

value extrapolated on the basis of this proportionality from the adjacent outer ring. 

From this we determine the overall coronal luminosity, including both components, 

and then iterate on the assumed fraction in the outer ring imtil this power matches 

the total dissipation rate inside the corona. We check ring by ring whether the first 

set of structure equations (see §2.2.1. above) yields an ion temperature T,- > Tvir- If 

mass loss is indicated at a particular radius, we then use the second set of equations 

to determine the local structure. 

The cooling rate (and concomitantly the spectrum) is obtained by solving the 

relativistic steady-state Fokker-Planck equation, whose diffusion coefficient give the 

correct energy transfer from the electrons to the protons for arbitrary photon and 

electron energies (Prasad et al. 1988). This equation is a modification of the non-

relativistic diffusion equation known as the Kompane'ets equation (Kompane'ets 



1956). When the electron temperature is relativistic, the change in energy of the 

photon at each scattering is large compared to the initial energy. It is not appro

priate to use the diffusion approximation in this Hmit. Thus the spectral shape 

(not the overall energy transfer) calculated by this method may differ from the real 

spectrum at high electron temperatures. We have used this method with caution 

and as a first approximation. In Chapters 4 and 5 we use the more accurate (but 

more nimierically time consuming) Boltzmann approach to the radiative cooUng 

where it is not assumed that the change in energy of the photon is small. 

2.3 The Gamma-Ray Spectral Variability 

Since the structure of the hot inner corona is here calculated self-consistently, 

we have at most only 3 physical quantities that need to be fixed. These are the 

black hole mass M, the accretion rate M, and the viscosity parameter a. A very 

conservative lower mass limit for Cygnus X-1 is 3AMQ (e.g., Paczynski 1974), 

whereas the most Ukely value is thought to lie in the range 9 — 15 MQ (e.g., Avni & 

Bahcall 1975). We have chosen to work with a value M = 10 M©, though again our 

resxilts are insensitive to the actual meiss as long as 5 MQ ^ M ^ 15 MQ. The basis 

for this "robustness" is the fact that distances scale as the Schwarzschild radius 

TS =  2GM/c ' ^ ,  so  tha t  the  overa l l  ene rgy  budge t  (~  GMM/r)  i s  independen t  o f  M 

(to first order) for a given M. Nonetheless, the coronal structture does change with 

M, but we have found only ^ 10% differences in the spectra over this mass range 

and have therefore not considered M to be a principal parameter characterizing 

our solutions. In addition, although we expect (slight) variations in M between 

the various states of Cygnus X-1, the gross X-ray/7-ray energetics for an assumed 

source distance of 2.5 kpc restrict the accretion rate to a value w 10^® g s~^. 

Cygnus X-1 has been observed to be in three different 7-ray states with tran

sition from one state to another occurring in a time scale of months. These state 

have been labeled 71, 72 and 73 and are defined with respect to their hard X-ray 
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flux (10 — 200 keV). In the 71 state (which has the smallest hard X-ray flux) there 

is a 7-ray "bimip" between ~ 400 keV and ~ 2 MeV. Our solutions for the 71, 72, 

and 73 states are compared to the data in Figures 2.1, 2.2, and 2.3. These were 

obtained by varying the accretion rate and a till a good fit to the data was obtained. 

The data used by SLE overlap most significantly with the 71 spectrum and have 

therefore been included in Figure 2.1. We note sJso that we have excluded the 1.5 

MeV point in the HEAO 3 data since it may be contaminated by a backgrovind line 

(Liang and Dermer 1988). In each case, the dashed ctirve shows the contribution 

from the bremsstrahlung/selF-Comptonized (BSC) photons originating from within 

the corona itself, whereas the solid curve represents the overall spectrum compris

ing the BSC radiation and the cold disk photons that are Compton upscattered in 

the t/ ^ 1 region of the corona. What emerges from these results is the interesting 

correlation between the variation in a and the gradual shift of emitted power from 

the 7-ray continuimi into the broad ~ MeV "bump" (see Figure 2.4). In particular, 

a factor 2 decrease in q is sufficient to drive the system from the 71 to the 72 states. 

Thus, the emergence of the bimap in the 72 and especially the 71 states must be 

accompanied by a corresponding reduction in the continuiim flux below about 400 

keV, as confirmed by the data. On the other hand, an increase in M raises the flux 

in both the continuum and the bump. It appears that an increase of about 25% 

in M is responsible for driving the system from the 72 to the 73 states (see Figure 

2.5). 

Figures 2.6 to 2.11 demonstrate how the internal structure of the corona changes 

in response to a variation in either a (characterizing the transition from the 71 to 

the 72 states) or the accretion rate (which induces the transition from 72 to 73). In 

Figure 2.6, the most significant aspect of the electron temperature profile is that the 

corona becomes optically thick toward small radii due to gravitational stratification 

(see the profiles of mid-plane density shown in Figure 2.7), and Te increases rapidly 
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F i g u r e  2 - 1 .  Theoretical spectrum corresponding to the 71 state of Cygnus X-1. 

Dashed curve: bremsstrahlung/self-Compton component (BSC) from the inner-most 

region; Solid curve: overall spectrum, including the BSC component and the cold 

disk radiation upscattered within the middle region. Data for E > 50 keV are taken 

from Ling et al. (1987). Data below ~ 50 keV (which however were collected at 

a different epoc) are from Schreier et al. (1971). M is the mass of the black hole 

assumed to be ten solar masses, Mis is the mass accretion rate divided by 10^®g s~^ 

and a is the viscosity parameter. 
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Figure 2-2. Same as figure 2.1, except now for the 72 state of Cygnus X-L All data 

are from Ling et al. (1987). 
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Figure 2-3. Same as Figure 2.1, except now for the 73 state of Cygnus X-1. All 

data are from Ling et al. (1987). 



36 

10 M, 

1 2  3  4  
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Figure 2-4. Comparison of the 71 and 72 theoretical spectra, showing the cross-over 

at approximately 400 keV, and the anti-correlation between the strength of the bump 

at sa 1 MeV and the continuum flux below this cross-over energy. 
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12 3 4 

logio E (keV) 
Figure 2-5. Comparison of the 72 and 73 theoretical spectra, showing the overall 

shift in flux, for both the continuum and the bump, when the mass accretion rate 

changes by w 25%. 
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Figure 2-6. The run of electron temperature Te as a. function of the radius r in 

the disk. The onset of the secular instability at r ss 15 — 17 (r, = '2GM/c^) 

is signaled by a rapid increase in (to > 50 keV), as specified by Equation (6) 

or (10). Because of gravitational stratification, the corona becomes optically thick 

toward smaller radii, and Te increases further to enhance the cooling rate due to 

bremsstrahlung-self-Compton emission in this region. 
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r(r,)  
Figure 2-7. Profiles of the mid-plane density as a function of radius for each of the 

three gamma-ray states. The slight jump in density reflects a transition from the 

bound corona (for which T,- < r„,v) to a "coronal wind" zone (in which T,- % T^ir)-
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in this region to enhance the bremsstrahlung-self-Compton cooling process. The 

profiles of ion temperature are shown in Figure 2.8. In all three states, T,- increases 

with radius until it reaches the virial temperature T^iri though the radius at which 

this occtirs is significantly larger in the 71 state than the other two. The impact 

of this change in the ion temperature is reflected in the profiles of the y-paxameter 

shown in Figures 2.9, 2.10 and 2.11. Here, the solid cvirves correspond to the location 

in the corona where y = 1, whereas the dashed curves are for y = 0.5. As one would 

expect, the corona appears more extended in those regions where Ti « Tujv. The 

temperature, Te jumps to a value w 50 keV near the boundary (at i2o w 15ra) where 

the instability first arises, and then continues to increase towards ss 350 keV as the 

matter approaches ~ 6 — IT3. Thus, since most of the bremsstrahlung photons 

are emitted at y > 1, it is evident from Figure 2.5 that the location of the biunp 

at ~ 1 MeV is a naturcd consequence of the self-Comptonization of the radiation, 

which approaches a Wien peak centered at roughly 3fcTe in this inner hot region. 

However, the midplane density is lower in the 72 and 73 states compared to 71, 

and since the bremsstrahlimg intensity scales as pQ, the appearance of the bump is 

more evident in 71 than 72 and 73. 

Using these results, we may now justify a posterioTi our neglect of pairs in the 

equiUbritim lepton number density. Under the simplifying (and conservative) as-

simiption that the radiation distribution within the corona is isotropic, we estimate 

the pair production rate via 77 interactions to be about 9 x 10"^° s~Mn the 71 state. 

(The pair creation rate is smaller in the 72 and 73 states due to the relatively lower 

nimiber density oi E > 511 keV 7-rays.) The average (accretion) electron ntunber 

density is (ue) s; 5 x 10^" cm~^, for which the positron (in-flight) annihilation time 

is ta = 11{ue ar c) « 1 X 10""^ s. This is in fact the shortest time scale associated 

with the positron distribution, providing an upper limit to the positron nxunber 

density ripaira- We therefore expect the positron average equilibriimi niunber den-
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r (Ts) 
Figure 2-8. The run of ion temperature T,- as a function of radius for each of the three 

gamma-ray states. Ti is limited from above by the value of the virial temperature 
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r (rs) 
Figure 2-9. Contours of the Compton y-parameter for y = 0.5 (dotted) and 1.0 

(solid) for 7i state. Distances are in units of the Schwarzschild radius r, = 2GMfc^. 
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r ( r s )  
Figure 2-10. Contours of the Compton t/-parameter for y = 0.5 (dotted) and 1.0 

(solid) for 72 state. Distances are in units of the Schwarzschild radius = 'IGMfc^. 
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r (rs) 
Figure 2-11. Contours of the Compton j/-paxameter for y = 0.5 (dotted) and 1.0 

( so l id )  fo r  73  s t a t e .  Dis tances  a re  in  un i t s  o f  t he  Schwarzsch i ld  r ad ius  r ,  =  2GMFCP.  
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sity to be {upairs) ^ 8 x cm~^ for the coronal structure depicted in Figtire 2.5, 

in which the scale size is « 3 x 10^ cm. As such, n^airs "C ng and our approach 

would appear to be valid, at least in the case of Cygnus X-1. Incidentally, if we 

further assume that the subsequent conversion of these pairs into 511 keV photons 

is an efficient one, the 511 keV luminosity should be « 2.8 x 10^^ ergs s~^ keV~\ 

or about 3 — 10 times weaker than the Ituninosity in the bump. 

2.4 Summary and Conclusion 

In this chapter, we have presented a self-consistent model to explain the spectral 

characteristics of Cygnus X-1. We have show that the disk is naturally divided into 

three regions. The outer region is the standard cold accretion disk which is locally 

stable. When this cold disk is radiation pressure dominated it transforms to a 

hot two-temperature state. The middle region is in this hot state and cools by 

Comptonizing the cold photons from the outer disk. The hard X-ray continuimi 

arises from this region of the disk. If the middle region is extended, the cold (or 

soft) photons axe not able to penetrate into the innermost zone of this hot two-

temperature region. This inner zone is then forced to cool by bremsstrahlung self-

Comptonization. The emitted spectrum is a Wein peak at around 1 MeV. The long 

term variabihty is due to changes in the accretion rate and viscosity which dictate 

the extent axid existence of the innermost region. 

The success of this theory gives a framework to model other galactic black 

hole candidates. However, there axe several major improvements which have to be 

undertaken to make future compaxisons with observations meaningful. First, the 

effects of electron positron pairs have to be calculated in a self-consistent maxiner. 

Second, a better approximation to the radiative cooling then used in this chapter 

has to be incorporated. Thirdly, the effect of energy advection by protons have to 

be taJcen into account. Such improvements will be underteiken in later Chapters. 

However, to gain confidence on the model, we have applied it to another black hole 
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candidate in the next Chapter. 

In this chapter we ignore the effect of electron-positron pairs and then have 

checked that this is indeed a valid approximation. We conclude, that electron-

positron pairs do not give rise to any significant spectral signature for Cygnus X-1. 

However, at higher accretion rates and for a different environment then that con

sidered for Cygnus X-1, such signatures may indeed be present. The next Chapter 

discusses another black hole system 1E1740.7-2942 (which indeed has such signa-

tiires) in the framework of the model developed here. 
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3. The Gamma-ray Spectrum and Radio Jet of 1E1740.7-2942 

3.1 Introduction 

The Einstein source 1E1740.7-2942 is the most Ivuninous X-ray/soft 7-ray emit

ter in the vicinity of the Galactic Center (Bouchet et al. 1991; Simyaev et al. 1991). 

The similarity between the 7-ray characteristics of IE 1740.7-2942 and Cygnus X-1 

has led to speculation that these two objects are perhaps members of the same 

class. Not only is the spectrum of IE 1740.7-2942 in its so-called quiet state like 

that of Cygnus X-1 in the 72 and 73 (i.e., the non-bump; Figures 2.2 & 2.3) states 

(Ling et al 1987), but at a distance of 8.5 kpc, the limiinosity of IE 1740.7-2942 

in the 30 — 200 keV raxige is comparable (« 2 x 10^~ ergs s~^) to that of Cygnus 

X-1. In addition, the discovery of a "high" state with a broad bump at ~ 500 keV 

in the new source has evoked a direct comparison with the 71 state of Cygnus X-1, 

though the complex spectral structure in the latter appears to be centered at higher 

energies (~ 1 MeV). Since this broader "bump" of 1E1740.7-2942 (FWHM ~ 240 

keV) peaked at ~ 500 keV, it is likely that it is a broad red-shifted electron-positron 

annihilation line. 

Annihilation radiation from this direction has been seen since the early seventies 

(Johnson, Heimden & Haymes 1972). However, the earlier observations established 

that this radiation has a line-center energy of 510.7 ± 0.5 keV and a FWHM < 3.5 

keV (Leventhal, MacCallvun iSc Stang 1978; Gehrels et aJ 1991), with variations in 

flux on a time scale of ^ 1 year. Together, these characteristics imply that the 

temperature and density of the ambient gas where this narrow line is produced 

are, respectively, less than about 10^ K and greater than ~ 10® cm~^ (Ramaty 

et al. 1992). Interestingly, the H2 column density through the molecular cloud 

enshrouding IE 1740.7-2942 is estimated to be « 3 x 10^^ cm~^, in agreement with 

the value (~ 1.6 x 10^^ cm~^) required to cut off the low energy end of the X-ray 

spectrvun (Kawai et al 1988). Thus, since the cloud would have a size of ~ 3 pc 
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at a distance of 8.5 kpc, its implied density of ^ 5 x 10^ cm~^, together with an 

indication from the presence of the bump that IE 1740.7-2942 is a strong source of 

positrons, axgue for an association between the naxrow annihilation line production 

mechanism and the 7-ray emissivity of IE 1740.7-2942, though the broad bump 

at ~ 500 keV and the narrow Une must necessarily be produced under different 

physical conditions. 

That these two observations are related, is supported by recent VLA obser

vations of the 1E1740.7-2942 field, which have revealed that its radio structure is 

comprised of a double-sided jet centered on a compact and variable core (Mirabel 

et al. 1992). The spectral index (a = 0.81 ± 0.1, where the flux density is given 

as oc I/'*) of the symmetrically aligned twin jet is likely to be due to enhanced 

synchrotron emission from charged particles accelerated by strong shocks within the 

outflow. 

An attractive scenario that can accotmt for these observations is one in which a 

copious supply of self-Comptonized bremsstrahlimg photons emitted near the disk 

plane of the inner hot corona produce (via 77 interactions) a broad ~ 1 MeV bump 

like that seen in the 71 state of Cygnus X-1 (Chapter 2; Melia & Misra 1993). 

These 7-rays, concentrated inside a funnel-like depression at the gravitationally-

condensed inner region of the disk, materialize into electron-positron pairs within 

5 — 10 Ts of the black hole, and are then accelerated outward (to velocities as high 

as ~ 0.4 — 0.6 c) by the intense radiation field. Here, r, = 2GM/c^ w 30 km is 

the Schwaxzschild radius for a black hole mass M = 10 M©. Roughly 90 % of these 

leptons annihilate before they reach a vertical height 2 ~ 30 above the disk, by 

which time the particle density within this nascent "jet" is too low to sustain a 

substantial annihilation rate, and the remaining pairs continue to propagate into 

the molecular cloud enshrouding 1E1740.7-2942 (Mirabel et al. 1991) forming the 

radio jet. The highly variable broad annihilation line seen by the Franco-Soviet 
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GRAN AT observatory presvunably originates in the base region of the electron-

positron outflow, whereas the narrow line, whose fliix is variable on a much longer 

time scale 1 year), probably arises as the remnant positrons annihilate in the 

extended regions of the cloud (see also Ramaty et al. 1992). 

3.2 Formation of the Jet 

The 7-ray spectrum of 1E1740.7-2942 suggests that, like Cygnus X-1, it is a 

~ 10 M© black hole accreting via a standard a-disk, which is subject to the secular 

instability that drives its inner region from a cool state (with electron temperature 

Te ~ 10® K) to the hot, two-fluid state (Te ~ 10® K and ion temperature T,- T^). 

The lack of soft photons in the inner most regions of this hot plasma causes the disk 

to cool primarily via bremsstrahlung photons that subsequently self-Comptonize to 

form a ~ 1 MeV bimap in the 7-ray spectrum (Chapter 2; MeHa Sz. Misra 1993). 

Outside this hot region, pairs are produced via 77 interactions and all are 

accelerated (more or less in the direction of the symmetry axis) due to the Compton 

pressure. Although the proton-electron pairs in the corona are gravitationally boimd 

to the system, positron-electron pairs (by virtue of their much lower mass) axe not, 

and can in fact attain very high velocities (—»• 2 x 10^° cm s~^). A lepton placed in a 

radiation field is Compton scattered by the ambient photons. If the radiation field 

is not symmeteric, the lepton wiU be accelerated in a particiilar direction. When the 

radiation field is symmetric in the rest frame of the moving lepton this acceleration 

will cease and the particle will move in that equilibrium velocity. The dynamical 

equations that determine this Lorentz factor 7 axe 

and 

^ ~ J y rffi/(i/,0,<p) cr(z/,0,0) [-(1 - ̂//)^ sin0fir_,(^)] , (3.2) 
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where j = x,y, gx{<f>) = cos(j>, gy{(p) = /z = cos9 (0 being the angle between 

z = and the direction of propagation of the photon), and 0 is the particle 

velocity in units of c (e.g., Phinney 1982; Melia Sz Konigl 1989). The ensuing jet 

structure depends upon the attenuation of the coronal intensity I(u,d,<f)) as the 

radiation penetrates into the jet, due to Comptonization with the pairs and pho

ton annihilation due to pair production. To do this we need to know a priori the 

pair density distribution in the jet and the photon- photon optical depth. Thus we 

assvune an initial pair density distribution and an average 77 optical depth for the 

calculation and iterate until the density distribution converges. The resulting par

ticle distribution is self-consistent in the sense that both the particle and radiation 

fields are calculated, in their final configvirations, by taking all the pertinent inter

actions into account. The particle trajectories are determined starting from various 

pair creation/injection sites in the disk and integrating over all solid angles covered 

by the entire emitting surface. Not surprisingly for such an intense environment, 

the particle velocity vector is essentially the equilibrium one, i.e., that for which the 

Compton drag is exactly cancelled. 

Figure 3.1 shows a sample of 6 trajectories calcvdated in this fashion for particles 

emitted at the surface of the corona. The corresponding velocity, temperature and 

pair density are shown as functions of height H for three of these paths (1, 3 and 

5) in Figure 3.2. As anticipated, the pairs accelerate away from the disk and attain 

a limiting velocity /? ~ 0.6 — 0.7 (Fig 3.2a), which is set by a combination of the 

Compton drag effect and a decrease in the sohd angle subtended by the corona at the 

location of the particle as H 30 — SOr^. We note in passing that the equilibrium 

particle density attains a maximmn along the symmetry axis, and therefore the 

combination of higher velocity and larger densities for trajectories ^ 4 produces 

an effectively collimated particle flux along z. Many of the pairs in this outflow 

annihilate close to the source and are not obscured by the disk; they accoimt for 
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Figure 3-1. Six typical particle trajectories starting out in the inner disk. The 

corona is the shaded region while the dotted curves are the paths. 
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Figure 3-2. Jet parameters for trajectories 1, 3 and 5 (of Figure 3.3) as functions 

of the height /f(r,). Top panel: velocity ^ = v/c; middle panel: lepton temperature 

6 = kTefrricC^] and bottom panel: the pair density. 
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the transient annihilation featvire detected by GRAN AT. As the particle density 

drops with increasing H the annihilation rate decreases and the remaining pairs 

form the extended jet structure, which ultimately produces the radio emission and 

the narrow annihilation line. 

Within the jet, the local particle ntimber density is set by various competing 

effects: (i) the 77 pair creation rate, which depends on J?, r, and the spectrmn 

of the radiation emitted by the inner corona, (ii) the pair annihilation rate, which 

itself depends on the electron nvimber density and the temperatiire of the plasma, 

and (iii) the gradients in /3 and the cross sectional area of the jet. We take these 

factors into account when we solve the continmty equation along each trajectory: 

In this equation, Pp and Pa are the pedr creation and annihilation rates, respectively, 

A is the cross-sectional area and s is the distance along the trajectory. The pair 

density profile along three of the trajectories is plotted in Figure 3.2c. 

Although the pairs have a high temperature just after the gamma-rays mate

rialize {9 % 0.2), they cool rapidly to the Compton equilibrium value. The heat

ing/cooling rate due Comptonization for arbitrary photon and electron energies is 

given by ShestaJcov, Kershaw & Prasad (1988). For 6 = 0.2 and a typical photon 

intensity above the disk, this cooling rate is about 1 x lO^mgC^ s~^, corresponding to 

a cooling time scale tc ^ 2, x 10"'* seconds. This is by far the shortest of any of the 

relevant time scales. For example, the annihilation time scale tann = , 

where (av)  ss (3/8)aTC is the non-relativistic, velocity-averaged, direct in-flight pair 

annihilation cross section appropriate for these physical conditions (e.g., Svensson 

1982; Gould 1989) is % 1.3 x 10"^ s >• tc-, and the pairs are therefore always in 

Compton equilibrium with a temperature set by the heating and cooling due to the 

photons from the disk as seen in the pair rest frame. Figure 3.2b shows that the 

temperature is ~ 200 keV at « ~ 1 — ISr^, but drops to ~ 30 keV by the time the 

dn+ rij^dA dB (Pp —Pa) 
ds -4 ds Pc 

(3.3) 



positrons have reached a height z w SOr^. 

In the local rest frame (for which we use primed physical quaxitities), we obtziin 

the line emissivity using the integral expressions of Zdziarski (1980). The emissivity 

is given by the expression 

1.6 X 10~® ergs s~^ keV~^ cm"^ ster"^ , , dR .  ^ 

'•"W) • 

where 

hu' =np He exp [xiTf hi + xsTf (In 

{In ul f  + ul] . (14) 

Here, Tr = Tg/lO" K, rip is the positron density, i/', = /iz/'/mgC^, and 

5 

Xi = ^ a,j(lnr7)-'~^ , (3.5) 
j=i 

where the coefficients aij are given in Table 1 of Zdziarski (1980). This expression 

for the annihilation rate (per unit volume per second) is Vedid from 8.6 keV to 

8.6 X 10^ keV. The expected annihilation hne spectrum is produced with a Monte 

Carlo simulation using this emissivity. Oiu: calculation takes into account self-

Comptonization and correctly incorporates the dependence on geometry. Many of 

the axmihilation photons produced below a height of about 15 are absorbed by 

the disk axid do not escape from the system. If the viewing angle is large {i ^ 60°), 

only photons produced at a height greater than ~ 15 r, will be seen (see Figure 

3.1). 

The overall model spectrum, consisting of the outer disk Comptonized soft-

photon component, the annihilation line and the (faint) MeV "bump" photons 

emitted by the inner BSC corona, is shown in Figure 3.3. Note that the line centroid 

is red shifted to w 400 keV, due to the angle-dependent kinematic effect associated 

with the rapid particle motion (see Figure 3.2). Since most of these photons are 

emitted at a height ^ SOr^, the gravitational red shift is not significant here. 
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Figure 3-3. The combined model 7-ray spectrum IE 1740.7-2942 with the broad 

bump at ~ 500 keV. The spectrum incorporates the continuum component from the 

outer corona and the Monte Carlo spectrum for the annihilation line photons radiated 

by the jet. The inclination angle i = cos"^ n assumed for this calculation is « 85°. 

The data points summarize the 13-14 October 1990 observation of 1E1740.7-2942 by 

GRAN AT (Gifanov et al. 1994). 



3.3 The Extended Jet Structure 

At a height of about 100 the velocity, temperature dpair and number density 

ni all tend to their asymptotic values. Figtire 3.2(a) shows the velocity (in units of 

c) as a function of ^ for trajectories 1,3 and 5 of Figure 3.1, Figure 3.2(b) gives the 

rim of temperat i i re ,  and Figinre 3.2(c)  is  a  plot  of  the pair  densi ty as  a  function of  r 

for various heights ff along the base of the jet. These asymptotic values of /?, dpair 

and the pair flow rate at if = 100 wiU constitute the physical parameters at the 

"base" of the radio jet. 

Figure 3.4, shows the ciunulative pair flow rate (at all radii greater than r) as 

a function of radius for If = 100 Ts. At this height, Mos't of the e'^e~ pairs are 

flowing within ^ 25 while the flow velocity (Fig. 3.2a) and direction have settled 

to their asymptotic (fixed) values. On this basis, we would therefore argue that 

the extended jet should have an opening half-angle 0 ~ tan~^(25r5/100r3) w 14°, 

which compares favorably with the observed value of 14° at both A6 cm and A20 

cm (Mirabel et al. 1992). 

With the 7-ray flux decreasing as , no significant pair creation takes place 

within the extended jet, but the positrons continue (at least initially) to annihilate, 

reducing the lepton density below the flux-conserved (i.e., nj ~ value. In our 

simulation , ni ranges from % 4 x 10^® cm~^ at ^ = Sr,, to Rs 2 x 10^® cm~^ at 

2 = 100 Ts, £ind % 10"^ cm~^ at c w 1 pc. By comparison, the average particle 

density in the molecular cloud is ~ 10® cm~^, which suggests that beyond ~ lO"'^ 

pc (the majority of the jet's structiure), the fluid approximation breaks down and 

the positrons interact primarily with charges in the cloud rather than with the jet 

electrons, and so the pair temperatrure Tpair drops below the value of w 10 keV 

at 2 « 100 Tj. The direct annihilation resulting from the e"^ cloud collisions may 

contribute to the narrow e+e" line seen from the Galactic center region. 

Before they annihilate, however, these jet pairs radiate via synchrotron emission 



Figure 3-4. The cumulative pair flow rate (at all radii greater than r) for H = lOOr 
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as they spiral in the ambient cloud magnetic field. Magnetic fields B ~ 10"^ G 

are typical of the values foimd in the interstellar medium of the central regions of 

the Galaxy (Morris 1990). Within molecular clouds, however, larger magnetic fields 

are probably the major source of support against rapid collapse, leading to overly-

rapid star formation. The magnetic field intensity required to provide appreciable 

mechanical support against the clouds' self-gravity can be estimated by virial theo

rem arguments. This value is consistent with the measured component of B along 

the line of sight of several complexes using Zeeman splitting of thermal OH, which 

jdelds values ranging firom ~ 14 ^G (in the case of W40), to ^ 130 //G (for S106) 

(e.g., Heiles 1987). Thus, for random orientations (which correspond to a factor 

of 2 in B), we infer typiceJ molecular field strengths 28 ^G^ B ^ 260 ^G, and so 

we taJce B within the cloud enshrouding 1E1740.7-2942 to have the (characteristic) 

value (B) ss 10""* G. 

It is weU known that tenuous astrophysical plasmas often contain particle pop

ulations, such as might arise from shocks formed within their bulk flows, that are 

not in thermodynamic equilibrium. In this process, the spectrum of the accelerated 

particles depends on the shock's compression ratio, r, as iV a p~°' w 7"°", where 

iV is their spatial density, p is the scalax momentimi, j is the Lorentz factor and 

a = {r + 2)/(r — 1) (e.g., Jokipii 1982; Jones & Ellison 1991). We speculate that 

in the jets of 1E1740.7-2942, the pairs shock on random cloud density fluctuations. 

As such, the relevant particle Mach number is M. w 2.9(^/0.7)/(fcTpa,r/10 keV), 

and we expect that the firaction of particles accelerated in this way must therefore 

go as the nmnber of intercepted fluctuations, or equivalently, as the cross-sectional 

area of the jet, i.e. N{z)/ni{z) ~ z'^ for straight line trajectories. In addition, 

r % 2.9 when M ~ 2.9, and so we anticipate that a should range from a high 

value of Rs 2.6 to its theoretical minimvmi value of 2 (when jM ^ 1) along the jet. 

Comparing this with the observations, we note that the jet's radio spectral index 
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Q = 0.81 ±0.1 does in fact suggest a power law particle distribution with an average 

index aobs = 2q: + 1 « 2.6, consistent with this range. 

What is not known, however, is the dumpiness of the molecular cloud, and there

fore the normalization constant Nq in the expression iV(7, z) = {z^/ni). This 

constant is important for at least 2 (observational) reasons. First, it determines the 

overall radio flux density, and second, it provides an estimate of the jet dimensions, 

s ince  one can reasonably  argue that  the  je t  should  terminate  when f  N d j  > ni .  

This is convenient since it allows us to use one of the two observed characteristics 

to predict the other, and therefore to test the self-consistency of our jet picture. 

Using a size of 1 pc, we infer that NQ w 0.006, for which the predicted A20 cm flux 

is then ss 2.4 x lO'^" ergs Hz~^. This compares extremely well with the observed 

value of w 3.4 x 10^° ergs Hz~^. 

With ni{z)  and 0 known from our 7-ray modelling in §2 above, and cr  (set equal 

to aoba for this discussion), (B) and NQ as determined here, we are now in a position 

to produce a theoretical map of the emission (at say A6 cm) to compare with the 

observed radio jet. The contour levels in Figure 3.5 (at 3,4,5,7 and 10 times .034 

mJy beam""^) were chosen to correspond to those of Mirabel et al. (1992). Although 

we have not taken the projection angle into account, the agreement in morphology 

between this and the actual maps is quite encouraging. An even better comparison 

can be made for the distribution in flux density, shown in Figure 3.6, where the 

calculated flux (at both A6 and A20 cm) is given as a function of z along the axis, 

and along a line parallel to the axis but displaced by 0.1 pc. 

3.4. Discussion 

Throughout this discussion, we have used the jet parameters pertaining to the 

high state of 1E1740.7-2942, yet we know that the duty cycle for this phase relative 

to the system's normal state is small. However, the pair density and velocity in the 

extended jet are insensitive to the strength of the ~ 1 MeV luminosity which 
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Figure 3-5. Theoretical radio map of 1E1740.7-2942 at A = 6cm. Contours are 

3,4,5,7 and 10 times 0.0.34mJy beam"^ ergs~^cm~^Hz~^)^ correspond

ing to the VLA map given by Mirabel et. al. (1992). The cross marks the position 

of the point source. 
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Figure 3-6. CaJculated radio flux at A = 6 (solid curves) and A = 20 cm (dashed 

curves) as a function of z, (a) along the jet axis and (b) along a line parallel to the 

axis but displaced by 0.1 pc. The flux is in units of mJy/beam (1 Jy = 10"^^ erg s~^ 

cm~^ Hz~^). 
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accoimts for the intensity of the broad annihilation line. For example, in the model 

described here, n/ is « 4 x 10^® cm~^ at 2 = Sr^, and w 2 x 10^® cm~^ at z = 100 r^. 

If M drops by 13% and a is decreased to 0.1, which then gives an acceptable fit to 

the 7-ray continuimi corresponding to the normal state, then n/ « 4 x 10^® cm~^ 

at 2 = org, but it is still as high as w 1 x 10^^ cm~^ at 2 = 100r,. The reason 

for this is that in the high state the larger initial pair density leads to a greatly 

enhanced annihilation rate (within ~ 30 r, of the black hole) which in fact produces 

the observed emission feature at « 480 keV. In either case (high or normeil state), 

ni settles to a value for which the pair annihilation time scale is longer than the 

flow time scale, which for 1E1740.7-2942 appears to be ~ 1 — 2 x 10^® cm~^ at 

2 = 100 r^. As such, although this system may fluctuate between its 3 7-ray states, 

the long term structure of the jet is expected to remain globally unchanged. 

This means, of course, that the narrow annihilation line, which is presimiably 

produced within the extended jet, should also vary on a time scale ( 1 year) 

commensurate with the size of the jet, but it should depend only weakly on the 

occurrence of the broader feature. Although we have not attempted to model the 

narrow line formation here, we point out that integrated pair flow rate into the 

large scale jets is calcvdated to be ~ 2 x (3 x lO'*^) = 6 x 10^^ s~^ (Figure 3.4) in 

the high state, and about half of this value in the normal state. By comparison, 

the observed narrow line requires a rate of ~ 1.5 — 3 x 10'*^ s~^, interestingly close 

to the predicted value. 

In this Chapter, only pairs produced outside the disk were considered. However, 

a substantial nvunber of pairs could be produced inside the disk, which not only 

could contribute to the pair flow rate but may change the structure of the disk as 

well. The general success of the model warrants a more detailed calculation of the 

hot disk structure including the effect of electron-positron pairs. This endeavor is 

undertaken in the next Chapter. 
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4. Electron-Positron Pair Winds 

4.1 Introduction 

As described in Chapters 2 and 3, hot accretion disks can explain the gross 

spectral features of Cygnus X-1 and 1E1740.7-2942. This includes the ~ 1 MeV 

"biunp" seen in Cygnus X-1, the different 7-ray states in that sovirce, the ~ 500 

keV broad annihilation line from 1E1740.7-2942, the narrow annihilation line and 

the radio jet observed. These successes warrant a more detailed study of these 

systems. In particular the production of electron-positron pairs inside the disk and 

their subsequent escape had to be incorporated into the disk structure equations. 

The introduction of electron-positron pairs can significantly modify the proper

ties of the disk (Zhang & Fang 1978; Liang 1979). Stability analyses have consid

ered the conditions under which an equihbriiun two-temperature distribution may 

be maintained (Kusimose Sz Takahara 1988; Tritz Tsuruta 1988; White & Light-

man 1989; Bjomsson & Svensson 1992). Important issues in this discussion include 

a consideration of how many solutions are accessible to the disk for given physi

cal conditions, and (especially) whether there exists a critical accretion rate above 

which the rate of pair creation imavoidably exceeds the rate of pair annihilation and 

no steady state is possible. These earlier studies indicate that, on the assumption 

that these soxurces are 10 solar mass black holes, Cygnus X-1 appears to be close 

to the critical accretion rate for pair rimaway, and indeed, IE 1740.7-2942 seems to 

exceed it. 

However, drawing definite conclusions based on the currently available stabihty 

analyses is still premature, given that the treatment of Comptonization in these 

earlier studies is approximate and the energy-loss associated with pairs escaping 

from the corona has not been fully incorporated into the energy balance equation. 

In this Chapter, we refine the identification of a critical accretion rate rhcr in terms 

of the given physical conditions. We consider the effects of pair loss in two extreme 
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limits: first, when the velocity Vesc of the escaping leptons is zero; second, when Ugac 

is set equal to its maodmum possible value, i.e., the thermal velocity. As we shall 

see, rhcr depends critically on whether or not the pairs escape. Not surprisingly, 

rhcr is much laxger if they escape with majdmimi velocity than if they don't escape 

at all. Since both Cygnus X-1 and IE 1740.7-2942 are so close to the previously 

determined stability criterion, it is essential that we identify more precisely whether 

these sources are in fact super-critical or not in the context of pair escape since they 

appear to be producing a large positron outflux. In addition, it is likely that at 

lea^t some (perhaps most) of the pairs annihilating above the black hole, and those 

flowing into the extended jets, originate from within the corona. Of course, these 

two issues are not unrelated, given that the pair outflux increases dramatically as 

the accretion rate approaches the critical value. In §4.2 we summarize the physical 

basis for the two-temperature disk model with pairs. In §§4.3, 4.4 and 4.5 we 

introduce improvements in handhng the Comptonization process and the particle 

outflux, and we present the results of our investigation in §§4.6 and 4.7. A summaxy 

of ovir calculations is provided in §4.8. 

4.2. Physics of Hot Accretion Disks with Pairs 

In the standard a-disk theory (Shakura & Siinyaev 1973), the disk half-thickness 

H is much smaller than its radius, the gas moves on approximately Keplerian orbits 

about the central compact object, and all particles have thermal distributions. The 

inner optically-thick region can be radiation-pressure dominated and is subject to 

a secular instability that drives it from a cool state (with electron temperature 

Te ~ 10®A") to a hot, optically thin state (with Tg ^ 10®iv) (Lightman & Eardley 

1974; Lightman 1974). The instability arises when dW/dH changes sign, where 

W is the vertically-integrated viscous stress and S is the surface density. This 

happens at a radius Tc where the radiation pressure Pr becomes comparable to 

the gas pressure Pg, and since the sign changes via a pole rather than a zero, the 



transition region is narrow (Ar/r <C 1). So the picture is that of a cold disk which 

evolves into an optically-thin, hot state for radii smaller than the critical value Tc-

This hot, inner disk attains an equilibrium configuration only if the gravitational 

energy dissipated by the infalling gas is carried away by a flux of photons and, 

perhaps, an electron-positron pair wind. Most of the energy is, of course, carried 

by the more massive protons, so the dissipation process heats primarily the ions, 

which cool most efficiently via electron-ion energy exchange. For simpUcity, we have 

assumed here that this transfer is mediated through Coulombic collisions rather than 

through plasma instabilities. The electrons, which receive energy from the protons 

and radiate it away, must necessarily be cooler, and a two-temperature plasma is 

formed. We note, however, that plasma instabilities could drive the disk to a single-

temperature structure, but this does not appear to be supported by the X-ray and 

7-ray observations of Cygnus X-1 (White Sz Lightman 1989). 

The electrons and positrons cool by bremsstrahlvmg, bremsstrahlving-self-comp-

tonization (BSC), and by the Comptonization of external, low-energy photons. Self-

consistent disk solutions show that the optical depth r^c of the inner, hot region is 

of order one, so Comptonization is expected to be significant and bremsstrahlvmg 

alone carmot efficiently cool the plasma. In cases where radiation from the outer, 

cool disk can penetrate the inner, hot corona, the upscattered spectrum resulting 

from the subsequent Comptonization can successfully accoimt for the power-law 

continuimi observed in Cygnus X-1 (Shapiro, Lightman & Eardley 1976). However, 

in some disk solutions, the cold disk photons cannot penetrate through the entire 

hot corona. Instead, the hot disk develops two distinct regions, an outer part (with 

electron temperature ^ 10® K) which can in fact cool by Comptonizing the cold 

disk photons, and an inner, hotter zone (with Tg w 6 x 10® K) which is cooled by 

BSC. The high-energy radiation from this BSC region is manifested as the 1 MeV 

7-ray "biunp" observed, e.g., in Cygnus X-1 (Chapter 2; Melia SZ Misra 1993). It 



should be emphasized that since the bremsstrahlimg emissivity is proportional to 

the square of the particle density, the BSC rate is enhanced for a gravitationally 

stratified density profile compared to that for a imiform medivun, as used in many 

earHer treatments of this problem. 

With an electron temperature kT^ ~ mg c^, the BSC portion of the hot corona 

can also be susceptible to copious electron-positron pair production, some of which 

can show up as an annihilation feature if a sizable mmaber of these leptons escape 

into the surrounding mediima. What is not known, however, is whether a turbvdent 

magnetic field in the disk can inhibit a pair outfiux even though the positrons are 

not gravitationally bound. For a scale size R « 10" cm, the magnetic field has 

to be ^ 5 X 10~® G in order to do so (Lightman 1982), but although such a field 

intensity is not unreasonable in these sotu-ces since the magnetic pressure is much 

smaller than that of the gas, there is no evidence that it actually exists. Even if 

present, the field may not be turbiilent but rather be aligned perpendicular to the 

disk's siirface, so that pairs could still escape along the open field lines. Scatterings 

amongst the electrons eind positrons (either via Coulomb collisions or with plasma 

instabilities) can also inhibit pair escape. However, when the pair fraction is laxge, 

as would occur in a pair runaway (see below), the entire pair cloud expands with a 

velocity that can be as large as the thermal velocity. This summarizing discussion 

notwithstanding, we should keep in mind that the details of how these pairs escape 

are still not well understood. 

4.3. The Comptonization Procedure 

A key ingredient of our improved treatment of this problem is an accurate 

evaluation of the Comptonized photon distribution in all sections of the hot corona. 

Although the Comptonization of bremsstrahlung photons by mildly relativistic elec

trons can be handled adequately with a diffusion equation incorporating the rele

vant relativistic corrections (Chapter 2; MeHa & Misra 1993), the photon energy 
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exchange per scattering is large (i.e., AE/E « 1) and this approximation breaks 

down when the electron temperature is relativistic {9^ = kTc/m^c^ ^1). An al

ternative approach is to approximate the resultant spectrum as the superposition 

of a pure bremsstrahlung component with a Wien peak (Svensson 1984; Bjomsson 

Sz Svensson 1992; White & Lightman 1989; Kusvmose & Mineshige 1992). It is 

well known, however, that the scattered photons equilibrate to a Wien peak only if 

the mmiber of scatterings is large, so this method is at best approximate when the 

optical depth is of order 1 or less. As we shall see below, the use of this approach 

gives an error in the energy amplification of the radiation field by a factor ~ 2 — 3 

for many disk models, which in turn can seriously over-estimate the pair creation 

rate and hence point to an inaccurate stability criterion. 

The exact expression for the Compton scattering rate valid for arbitrary photon 

and electron energies was derived by Jones (1968), though with several errors that 

were subsequently corrected by Blandford & Coppi (1990). This rate is given in 

terms of the initial photon energy a;'(= hu'the final photon energy a;( = 

hu/m.f.c^) and the initial electron energy (represented here by the Lorentz factor 

7), for an isotropic electron distribution. We integrate this expression numerically 

over a Maxwellian electron distribution to get Ug TZ{u>,u}',de), which is the photon 

scattering rate in an electron gas of temperattire 6^ = kTelrUeC^ and number density 

The time evolution of a photon distribution, ignoring induced scattering effects, 

is given by 

= —n(u)neR{uj ,6e)  -I-  J  n{u} ' )neKiu! ,u ' ,9e))duj '  +  hb{u})  +  haiuj)  

-np{u) - hesci'^) • (4.1) 

Here, n(u;) is the number of photons per unit volume between energies uj and w-t-cfa;, 

rie is the total lepton density, R(uj,9e) = /TZ(u',u},9e)du;', nb{u}) is the ntunber of 
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photons per volume per second being created by bremsstrahlung processes, 

is the nimiber of photons per volume per second being created by the annihilation 

of electron-positron pairs, hp(uj) is the ntmiber of photons per volimie per second 

removed from the distribution due to electron-positron pair production and 

is the nimaber of photons per volume per second escaping from the mediimi. The 

total lepton density is given by = np(l + 2^), where Up is the proton density and 

z = n+/up is the ratio of the positron to proton density. 

Following White & Lightman (1989), we estimate the photon (radiative) escape 

rate in a boimd plasma by a two-zone approximation to the radiative transfer, i.e., 

. (4.2) 

where H is the disk height, C is a geometric coefficient which is set to one for disk 

solutions (Svensson 1984), and T{U;) is the frequency-dependent optical depth. If r 

is large, photons will, in addition, be advected out with the pair wind. We use a 

simple expression to approximate this rate, which is valid in the limits of large and 

small 2 and is continuous in between: 

or 
nadv{(^ ' l  «  n[uj) -

ul + 2~-)j ' 
(4.3) 

H 

where is the pair escape velocity in units of c. For simplicity, we employ an 

interpolation formula for the overall photon escape rate: 

hescii^) = max [nra</(w),na<ir(u;)] . (4.4) 

However, we find that the critical accretion rate, for reasonable values of a(f« 0.1), 

is not sensitive to whether hadv((^) is included or not. For larger a, the inclusion of 

nadvi^') can increase the critical accretion rate significantly. 

The photon loss rate due to pair production is 

hpiu)  = n{uj)  J n{uj ' )Rp{u>,u} ' )d i j j '  , (4.5) 
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where Rp{ui,u:') is the pair production rate from photon-photon interactions. We 

here neglect the contribution by other pair production processes (e.g. photon-

electron, photon-proton) since their rates are at least an order of magnitude smaller 

(Svensson 1982). This quantity is conveniently given by the fit of Blandford & Coppi 

(1990), 

Rp{x)  « 0.652 cctt^-—7-^Ln(x)/f(x — 1) , (4.6) 
X 

where x = uiuj' and H{x) is the Heaviside function. We use the numerical fit of 

Zdziarski (1990) for the annihilation rate na(u;). 

The bremsstrahltmg emissivity nb{^) = nep(w)-l-nee('t') + "H (w) has contribu

tions from electron-proton, electron-electron and electron-positron collisions, which 

are characterized by the rates (Svensson 1984) 

nep(u;) = (1+ 22)hi[477(l -h 3.420)-](l 20 -f- 2e'')nQ{u) , (4.7) 

nee(w) = + (1 + ^)^]hi[4r7(11.2 -f 10.45-)-](|-h , (4.8) 
UJ o 

n+_(a;) = -(1 -h s)hi[47/(l IQA6^)-]2{V2 -f- 20 + 29^)M^)  , (4-9) 
ui  

where, 

"oC^^) = ya/cre^np2[exp(i)K2(^)]~^u;~^exp(-^) , (4.10) 

T] = exp(—7£;) = 0.5616, 7£; w 0.5772 is the Euler number, and 1^2(2:) is the modified 

Bessel function of the second kind of order 2. 

We derive a steady state solution {dn{u) /dt  = 0) from Equation (4.1) using a 

double iterative scheme over n(a;) and z. In the first step, z is set equal to zero and 

an initial guess for uq^u) — hb{u))/{neCrTc) is used to evaluate the integral over u)'. 

This solution yields an upgraded value ni(u;) of the photon number density, ajid 

this procedure is repeated until n(a;) converges to its equilibrium level. This process 

converges rapidly, taking at most about ~ 4 — 5 iterative steps. In the second step. 
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the equilibrixim photon density is then used to evaluate the pair ratio z  by balancing 

the pair production rate with the siim of the annihilation and escape rates 

where g{da) = [1 20^/ln(1.120e + 1.30e]~^ (Svensson 1982). In this expression, 

^escC = Vesc is the Velocity of the escaping pairs, which we discuss in § 4.4. The 

iteration of Equation (4.1) now proceeds over z until this ratio converges. This 

iterative method provides the first solution. A second is sought by incrementally 

perturbing z until a second self-consistent solution is obtained. For certain values of 

dg and T3C1 Equation (4.11) has no solution, due to the non-linearity of the equation, 

namely the implicit dependence of n(u}) on z. Since 0esc can at the most be 1, the 

solution axmulus persists even when a peiir wind is introduced. The net result is that 

for a given temperature 6^ and proton optical depth r^c = npaxc, there are either 

two solutions or none, confirming the general results of, e.g., Svensson (1984). 

We can now demonstrate the differences between the results of our method with 

those of the bremsstrahlung plus Wien peak approach used earlier (Svensson 1984). 

For illustrative purposes, we set the pair ratio s equal to 0, the temperature 9e equal 

to one, and compare the spectra for various proton optical depths. Figure 4.1 shows 

the resultant spectrum when r^c = 1, whereas the situation for r^c = 2 is smnma-

rized in Figure 4.2. The dashed curve shows the pure bremsstraHvmg spectrum, 

and the solid curve is the self-consistent solution to Equation (4.1), which is to be 

compared with the dotted line giving the bremsstrahlimg plus Wien peak approx

imation discussed earlier. A comparison with Monte Carlo simulations shows that 

the method described here is significantly more accurate in describing the actual 

spectrum. For example, we show in Figures 4.3 and 4.4 the spectra derived using 

the analytical (solid), Wien peak (dashed), and Monte Carlo (dotted) methods, as

suming a spherical cloud of radius i2, and optical depth r(= TKTTR)- The difference 

between the spectra calculated with the Monte Carlo and our methods is less than 



71 

=1° 

•^30 = 10 

E u 

CO c 
o 
o SI  Q. 
o 

o> o 17 

16 

15 
logio E ( keV ) 

Figure 4-1. Bremsstrahlung-self-Comptonized spectra in a plasma with electron 

temperature 9e = kTe/meC^ = I, an enforced pair ratio z = 0, and a scattering 

optical depth Tjc(= neCrR) of 1. Dashed curve; pure bremsstrahlung, dotted curve: 

bremsstrahlung plus Wien peak approximation, and solid curve: the "exact" solution 

to Eq. (4.1). 
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Figure 4-2. Same as Figure 4.1 but for of 2. 



Figure 4-3. Comparison of solution from Monte Carlo simulations for = 1 and a 

scattering optical depth of 1. Solid curve: the "exact" solution to Eq. (4.1), dotted 

line: Monte Carlo result, dashed line: bremsstrahlung plus Wien peak approximation. 
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Figure 4-5. (a) The power emitted by a plasma (described in Figure 4.1) as a 

function of the scattering optical depth r^c, for an electron temperature 9^ = I. Solid 

curve: method used in this paper; dotted curve: the bremsstrahlung plus Wien peak 

approximation. 
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Figure 4-6. Same as for Figure 4.5 except for the pair production rate. 
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Figure 4-7. Tiie pair production rate as a function of the emitted power. SoHd 

curve: method used in this paper; dotted curve: the bremsstrahlung plus VVien peak 

approximation. 
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25%, whereas the Wien peaJc approach shows much larger errors. The reason why 

these differences are importaoit is demonstrated in Figures 4.5, 4.6 and 4.7. At 

large optical depths the two methods are expected to converge. However, Equation 

(4.11) is difficult to solve nimierically for r^c > 10. In this case the low energy 

photons upscattering to high energy becomes importaxit. The energy exchange is 

small for these photons and thus the energy bins in the mmierical code have to be 

correspondingly smaller. Since the optical depth of the disks under consideration 

is less than 5, this problem is inconsequential. Figure 4.5 shows the power per 

unit volume II versus r^c, in which it is evident that the Wien peaJc approximation 

(dotted line) over-estimates EE by a factor of ~ 2 — 3 when r^c ^ 2. This causes the 

pair production rate (Figure 4.6) to be correspondingly larger. However, for a given 

power n (say 10^^ ' ergs cm~^ s~^), the Wien peak approximation imderestimates 

the pair production rate by as much as a factor of 5 or more (Figure 4.7). We wiU 

resume our discussion of these differences when we compare our results with those 

of previous work in §4.6. 

4.4. Structtire of Hot Accretion Disks with Pairs 

Bjornsson & Svensson (1991) have presented a method for determining the 

equilibritma disk structure that reduces the mimerical effort and ascertains that all 

the equilibrium solutions are obtained. We use a similar approach here, though 

we incorporate a more realistic gravitational stratification in the vertical direction 

which we have found significantly alters the bremsstrcihlung emissivity in the disk's 

mid-plane (Chapter 2; Melia & Misra 1993). To begin with, however, we establish 

the nomenclature by briefly retracing the development for a disk that is uniform in 

the vertical direction. 

To simplify the comparison with earUer work, we define a set of dimensionless 

variables: the proton optical depth r^c = UpaxH] the dimensionless energy flux 

/  = F/{npmeC^)]  the  pressure  per  imi t  res t  mass  energy densi ty  p = P/{npmpc'^)  
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and the mass accretion rate m = Mc^/L^dd^ where L^dd = ^irGMmpc/aT is the 

Eddington himinosity. 

In the geometrically thin Umit, the assimiption of hydrostatic equilibrimn in the 

vertical direction gives 
GM 

P = , (4.12) "p"'? 

which simpUfies to 

where = 2(GM/c^) is the Schwarzschild radius. In the standard or-disk theory 

(Shakura Sz Sunyaev 1973), the torque equation is 

aP(27rr)(2fr) = M f ^ j J(r) , (4.14) 

where J(r) = 1 — y/3rjjr and a is the viscosity parameter. J(r) ensures that the 

viscosity vanishes at the inner edge of the disk, which we talce to be at r = for 

a non-rotating black hole. This equation can be rewritten in dimensionless form as, 

' = 5^^ • 

where 

77 = m f ~J J('') • (4.16) 

In equilibritun, the energy flux at the surface of the disk is equcil to the rate of 

gravitational energy dissipation per unit area. Thus 

which after some simple algebra and the use of Equation (4.13) gives 

(4,18) 
8 \me J T^c 

Equations (4.15) and (4.18) can be combined into 

8  / m e \  t s c f  
' 3v/2 \mj p>/2 
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and 

3 V Tfln 
f 

,3 /2  •  
(4.20) 

With the appropriate definition of a compactness parameter I = 47rr5c//3, these 

equations reproduce those of Bjomsson & Svensson (1992). 

These equations, however, assume that the disk is uniform in the vertical direc

tion. Let us now taJse a more realistic approach and allow for gravitational strati

fication (Chapter 2; Melia & Misra 1993). The hydrostatic equation in differential 

form is 
dP GM 
dH 

(4.21) 

where R = v/r^ -f- . We will show later that for the parameters considered here, 

the disk pressure is dominated by the proton gas. Thus, the radiation pressure 

and pressure gradients associated with the escaping pciir wind, do not affect the 

disk structure through Equation (4.21). In addition, assmning the disk to be lo

cally isothermal, the dimensionless pressure p is not a function of height. After 

integrating, we get 

X dx 

"iyHid-L 
H' 

(1-^x2)3/2 

Where H* = H/r and E{H*) = 1 - (1/(1 -t- So 

= -H(ir*) 

Tip = no exp 

(4.22) 

(4.23) 
2pr 

If 2p{r/r3) C 1 (for p « [me/mp]0p, where 9p = kTpfm^c^, this is equivalent to the 

condition that the ion temperature Tp is small compared to its virial value), then 

Up/no <C 1 vvhen H* is large. In other words, the disk is geometrically thin. In this 

ca^e, 

Up = no exp 

The torque equation becomes 

-H* 
Apr 

r°° /CM\ 
Aira j PdH = M\̂ \̂ J(r), 

(4.24) 

(4.25) 
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and Tac = /o°° "p or dH. After some algebra, we find that 

:/ _  8  / t a  
s-y/tt \mpj pj 

and 

(4.26) 

a = 1 rljt • (4.27) 
3\/2t v"^p/ 

These equations differ from (4.19) and (4.20) by a factor of For the above 

gravitationally stratified disk structure we define the pair fraction z = n+f < 

Up >, where < Up >= no/\/2 is the vertically averaged proton density. In these 

expressions, the equation of state may be written as 

p = —[Op -t- (1 + 2z)de + Pr] , (4.28) 
nip 

where 9p is the proton temperature and Pr is the dimensionless radiation pressure 

Pr = \ f . (4.29) 
v J Tip 

Pr has to be small compared to the gas pressure in order to be consistent with the 

stratified disk equations. 

The normalized energy fiiLx: (i.e., F([npTrieC^]) is a sum of two terms: 

f{ee,tsc)= [-^^ii^u;c/u; + 22/?e.c7- (4.30) 
J c Up 

The first term is the radiative energy flux, in terms of the photon escape rate Uead'^) 

given in Equation (4.4). The second term represents the energy carried away by 

the escaping pairs with a velocity and average lorentz factor 7(^e) for a rela-

tivistic Maxwell-Boltzman distribution at a temperature de. As discussed in § 4.2, 

the pair escape rate may be influenced by many factors and is not well understood. 

Therefore, we consider two extreme cases, first when 0e3c = 0 and second when 

l^eac = 0max ^ 0thermal- hi reality the pair escape rate is expected to fall between 

these two values. This bracketing edso makes allowance for the possible role played 
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by escape-inhibiting agents, such as the tvirbulent magnetic field discussed in § 4.2 

above, since no pair escape is of course equivcdent to setting ^esc = 0. It will be 

shown later that the radiation pressure is always less than the lepton gas pressure, 

except when the disk is super-critical, for which they are roughly equal (see Figure 

4.8). Thus we have assumed here that the radiative acceleration does not substan

tially increase the escaping particle velocity much above 0tkermai- Finally, although 

some of the wind energy must be expended to overcome the gravitational binding 

of the electron-positron pairs to the black hole, this represents only a small fraction 

of the particle energy budget, which in tiun accounts for only small changes in the 

outflowing velocity. To estimate this effect, we note that the gravitational escape 

velocity at a radius of is 0.6c, corresponding to a lepton Virial temperature of 

about 75 keV. For typical disk parameters, the electron temperature is significantly 

larger (~ 500 keV), and so the decrement in particle velocity incurred by the escape 

amounts to ^ 8%. This is within the level of approximation of the work done here. 

Nonetheless, because of these small errors, the results derived for the case when 

pairs escape may not be as accurate as those in the no-escape situation. 

To obtain an equilibriiim disk solution, p(0e:T3c) and /{O^^Tac) axe evaluated 

for a sequence of optical depths Tgc and electron temperature (de)- Having then 

calculated a(r3c,0e) and J7(rsc,^e) from Equations (4.26) £ind (4.27), the results are 

inverted to get r3c(a,?/) and de{oi-,rj). In this way, all the solutions for any given a 

and rj are obtained, and our BSC procedure (described in §4.2 above) then gives the 

corresponding z(T3c,de} and /(rac^e)- As noted by Bjornsson & Svensson (1992), 

z and / do not depend on rip. 

A particular disk model is specified by the mass of central object, the accretion 

rate and the viscosity, which together select out of this family of solutions the profile 

that correctly matches the transfer of energy from the protons to the electrons (and 

positrons) and thence to the radiation field. The first step in this transfer is given 



by the Coulomb energy exchange rate in Stepney & Guilbert (1983): 

/ = -^(1 +22)r,c(^e -^p)liiA A(^;,0e) , (4.31) 

where InA « 20 is the Coulomb logarithm and, 

a(9/,«,) = lk2(i)k2(i)]-'[ 
efp 

(4.32) 

Here dp* = {melmp)dp and K(x) is the modified Bessel function of the second kind. 

If 1 and <C de then 

Two of the main goals of our calculations axe (1) to determine what the critical 

disk parameters are above which pair rtmaway occurs, and (2) to calculate the 

escaping electron-positron pair flux from stable disk profiles for possible apphcation 

to Cygnus X-l-type sources. We therefore begin with a survey of the disk flux 

fi^eiTsc) and pressure pidcTsc) as functions of the proton optical depth r^c and 

electron temperature de in the range from 0.1 to 6. For every 6e in this range there is 

a maximum value of Tgc (which we label Tcrf^e]), above which the plasma undergoes 

a pair runaway and no equilibrium solution can be found. For a given set of 6^ and 

Tsc < 7-cr(^e), we find the two solutions to Equation (4.1) distinguished by their 

corresponding equilibriiun positron fraction z. With f{9e,Tsc) and ^(^e) Tsc) known, 

we then evaluate the proton temperature Qp) from Equation (4.31). For given values 

of de and r^c, there is also a critical flux / above which no stable solutions can 

exist. Equations (4.26) and (4.27) account for the corresponding //(^^r^c) and 

a(0e> Tsc), and these results can then be inverted to yield Tadoc,!]) and 

A{9p%de) ^ Aide) = [20!+29e + l]exp(-l)[^eK2(^)]-' . (4.33) 
c7g 

Equation (4.33) is useful for nvunericzd evaluation when 9p* < .01. 

4.5. Calculational Procedure 
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4.6. Disk Solutions and Critical Accretion Rates 

The principal differences between the results of our calculations and those of 

earUer work are due primarily to our improved treatment of bremsstrahlung-self-

Comptonization and the inclusion of pair escape which can act as an additional 

energy loss channel for the hot corona when ^esc ^ ^thermal- We begin our discus

sion of these effects by siunmarizing the disk characteristics separately in the case 

of pair escape and no pair escape in Figure 4.8, in which the independent variable 

is 77"^/^ and the viscosity parameter a is taken to be 0.1. It is evident that multiple 

solutions can occur for some values of T]. However, in accordance with the standard 

disk structure assumptions, the local solutions should be continuous along r, i.e. 

none of the disk parameters should have large gradients (see below). In the analysis 

depicted in Figure 4.8, we can rule out all but one of the multiple solutions based 

on the optical depth Tac- Of the three solutions with pair escape at 77"^/^ = 8.0, for 

example, only the case with r^c Rs 1 is a self-consistent disk solution. As it txims 

out, all self-consistent solutions are gas pressure dominated and are therefore also 

consistent with the the stratified disk structure equations discussed earlier. For 

example, the bottom panel of Figure 4.8 shows the proton (solid), lepton (dotted) 

and radiation (dashed) pressure when a = 0.1. The proton gas pressure dominates 

over both the lepton gas pressure and the radiation pressure. There axe no solutions 

at large vedues of 17 (i.e., for small because the ion temperature is relativistic 

and no solution to Equation (4.31) can be found. In addition, these cases inevitably 

have ion temperatures in excess of the virial value, which is inconsistent with the 

thin disk assumption. Under such conditions, mass loss is expected from the disk's 

surface and it is incorrect to assimie a globally constant value of the accretion rate 

M throughout the accretion plane. Thus the turnover of r^c at large 77 reveals the 

existence of a maximum 77, and hence a maximum accretion rate rhcri above which 

no self-consistent disk solutions may be found. 
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Figure 4-8. Plot of the local disk characteristics as a function of x} (see text). The 

left hand panels correspond to solutions where pair escape is included. The pairs are 

trapped for the solutions shown in the right hajid panels. The viscosity parameter a 

is taken to be 0.1 in all cases. 



We therefore confirm the resvdts of earlier work (Kusunose & Takahara 1988; 

White & Lightman 1989; Bjomsson &: Svensson 1992), but find a lower value of 

rhcr than that reported previously. For example, at q = 0.1 (the case considered in 

Figme 4.8) we find a critical accretion rate « 0.42, which is to be compared with the 

cutoff at « 0.62 determined earlier. For these set of parameters, the main reason 

for the discrepancy is the more accurate method used here for the Comptonization 

process. As we saw earlier. Figure 4.7 demonstrates that for a given energy output, 

the methods employed in eaxlier work imderestimate the pair production rate and 

hence produce a less stringent condition on rhcr-

A more complete survey of our results is summarized in Figinre 4.9, which shows 

rhcr as a function of the viscosity a. The dashed curve corresponds to solutions in 

which the pairs are not allowed to escape, which should mirror, more or less, the 

conditions explored by earlier workers, except that ovu: method for determining 

the bremsstrahlimg-self-Comptonization of the radiation shoiild be more accurate. 

When pair escape with ^esc ^ ^thermal is included, however, rhcr increases sub

stantially, as indicated by the solid curve in Figure 4.9. Nonetheless, our inferred 

critical accretion rate at small values of a is stiU lower than that of White and 

Lightman (1989) (who included pair escape in some of their solutions) due to the 

restrictive criterion used in our calctdations that the ion temperature should not 

exceed the virial value. For the sake of completeness, we also show in Figure 4.9 

the critical accretion rate (dotted curve) for the case when the photon escape due 

to advection by the escaping pairs is omitted from Equation (4.4). In general (axid 

not svurprisingly), the critical accretion rate increases when additional channels of 

energy loss are incorporated into the disk's energy balance equation. 

It is instructive to now use Figure 4.9 as a guiding "map" of the disk solutions 

we can access, and to this end we present in Figures 4.10 em^d 6 the disk profiles 

corresponding to three particular locations on the rh-a phase plane. One of these 
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Figure 4-9. The critical accretion rate rha- as a function of the viscosity parameter 

Q. Dashed curve: no pair escape; solid curve: with pair escape and photon advection; 

dotted curve: with pair escape, but no photon advection. 
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Figure 4-10. Disk profiles as functions of radius r in units of the Schwarzschild 

radius r, = 2GM/c^, for a = 0.1 and m = 0.5. This value of m is sub-critical for all 

radii when pairs escape, but is super-critical for radii 4rs < r < Qr, when the pairs 

are trapped (see Figure 4.4). The dashed curve in the bottom panels is the ion virial 

temperature. 



points is chosen to lie between the dashed (no pair escape) and solid (with maximal 

pair escape) criteria for rhcr at low a (Figure 4.10), and the other two are at higher 

a and larger m, but stiU below the critical accretion rate. With the choice of m 

in Figure 4.10, the accretion rate is super-critical when pairs are trapped within 

the corona, and so no stable disk solutions exist for radii > r > This 

scenario would apply, e.g., when the pairs are trapped by a turbulent magnetic field 

(see §4.2). At other radii, the disk can be stable, but with a corresponding pair 

fraction z about an order of magnitude greater than the case when pairs escape 

with ^thermal from the system. The temperature of the ions and electrons is shown 

in the bottom panels, where the dashed line gives the virial value. The electron 

temperature is seen to be roughly consteint (at a value of roughly m^c^), which 

seems to be a characteristic of bremsstrahlung-self-Comptonized disks. Following 

our discussion in § 4.2, we expect only the inner region of the disk to be cooled by 

bremsstrahlimg-self-Comptonization, while the outer parts are cooled primarily by 

soft-photon-Comptonization or blackbody emission. Although our imderstanding of 

the transition region between these two regimes is stiU inadequate, it is nonetheless 

believed that the optically thick disk undergoes a secvdeir instability when the radia

tion pressure is roughly three times the gas pressure (Shapiro, Lightman & Eardley 

1976 ). This condition, expressed as ro/rj = 54.3(ts/O x 10®)^''^^ provides 

a rough estimate of how fax we need to consider the solutions presented here. The 

Figures therefore show possible solutions out to r = lOOra for completeness, though 

it should be understood that the actual inner disk structure probably terminates at 

a radius smaller than this. 

Two disk profiles for subcritical accretion when pair escape is included Eire shown 

in Figure 4.11 for m = 0.5 and 3.0, with a = 0.5. On our phase space map (Figure 

4.9) of solutions, these conditions correspond to two points in the upper right hand 

region of the plane, but below the rhcr (solid curve) criterion for stability when 
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Figure 4-11. Same as Figure 4.5, except now for a = 0.5 and two values of m 

shown. Pairs are presumed to escape in all cases. 
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Figure 4-12. The escaping pair outflux characteristics as functions of radius (in 

units of the Schwarzschild radius r,) for different values of a and m. is the 

ratio of pair to photon luminosity, is the pair number flux, and P+_(r) is the 

cumulative number of pairs emitted at radii > r. 
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pairs escape. The pair fraction z within the corona is enhanced by about two orders 

of magnitude when rh increases by about a factor of 6. 

The second major goal of this investigation is to determine the characteristics 

of the escaping pair flux associated with stable disk solutions. Among other things, 

the escaping pairs contribute to the energy loss from the corona. The pair energy 

luminosity (energy per unit time) is, 

L+_ = 2zjmec'^npPe3cC S (4.34) 

where /3escC hcis a maximtim value of ^tkermaic and 5 is an element of surface area 

at a given radius. The top row of panels in Figure 4.12 show /L7, where 

is the photon energy luminosity, for three sets of values of a and m. For a 

given m, this ratio is inversely propotional to a and, very importantly, approaches 

unity when rh 3 ^ rhcr- When the pairs escape with meiximum velocity, about 

half of the total energy outflux is in the form of pairs, and these disks are then 

efficient pair producing systems. The second row of panels show the pair number 

flux F+_ = 2znp(3e3cC, which is seen to peak at a radius r w Arg. The bottom panels 

show the total nimiber of pairs escaping per imit time (r) from the corona at 

radii > r. Again the sensitive dependence on m is evident, with P+_ increasing by 

approximately two orders of magnitude for a factor of six increase in the accretion 

rate. 

4.7. Relevance to Cygnus X-l-like Sources 

In our previous treatment of Cygnus X-l's gamma-ray spectrum (Chapter 2; 

Melia & Misra 1993) we interpreted its power-law continuimi as being due to the 

Comptonization of low energy photons entering the corona from the outer, cold 

disk, and we inferred that the ~ 1 MeV bimip is probably the emission from the 

inner bremsstrahlimg-self-Compton region of the two-temperature tenuous plasma. 

It appears that the spectral changes from the 71 to the 72 states are caused by a 
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decrease in a (from « 0.2 to « 0.1), which induce two main structural changes that 

affect the overall spectrum. In this model, the size (i.e., surface area) is proportional 

to a, whereas the electron temperature varies inversely with the viscosity, and the 

combined effect can account both for the luminosity and the shift in energy of the 

~ 1 MeV excess during the spectral variation. However, in our simplified earUer 

analysis, we employed an approximate method (a difiEusion equation, as described 

in §4.2 above) to determine the Comptonization process and we did not estimate 

the pair density self-consistently because of our expectation that, at least in the 

case of Cygnus X-1, the pair fraction 2 should be small. 

The motivation for re-examining the model for Cygnus X-1 is that although 

this simpUfied procedure is appropriate when appHed to the outer part of the hot 

corona (where Tg ~ 100 keV), it may lead to inacciuracies in the inner BSC region 

where the electron temperature is relativistic (see discussion in §2 above). The 

accretion rate in Cygnus X-1 appears to be about 7.5 x 10^® g s~^, corresponding 

to m « 0.5 for a 10 solar-mass black hole. According to Figure 4.9, this accretion 

rate is super-critical when a ^ 0.2 if the pairs do not escape and it is conceivable 

that no equilibrium solutions would then exist. If pairs do escape with maximum 

velocity (« ^thermaic)-, however, 2 is small (w 5 x 10"^) as expected, and solutions 

can. be foimd at all radii. The main difference we find here with the improved model 

is that for a given a and m, the electron temperature of the inner BSC region is 

closer to « 500 keV than the value (~ 650 keV) inferred earlier, due mostly to the 

more accurate handling of the Comptonization process. Observationzilly, this can 

be significant, given that the positioning of the ~ 1 MeV bump in the spectrum 

depends solely on this temperature. Nonetheless, since 6^ varies inversely with a, 

the spectral variability is almost certainly due to changes in a and m as proposed 

earlier, though perhaps with modest differences in their inferred values. A detailed 

modeling of Cygnus X-1 using these improved techniques is currently underway, 
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and the results will be reported elsewhere. 

Of equal importaxice to the application of our disk models to sources such as 

Cygnus X-1 and its close brethren IE 1740.7-2942 at the Galactic center, is the ap

parent detection of electron-positron annihilation line radiation from these sources. 

Although 77 interactions in the intense radiation field above the disk neax the black 

hole almost certainly contribute to pair creation, it is likely that a significant frac

tion of the pair outfiux is due to the electrons and positrons escaping from the 

coronal region (see Figure 4.12). In the case of Cygnus X-1, an annihilation line 

with a flux of x 10""^ photons cm~^5~^ has been observed at the 1.9 a level 

of significance (Ling & \'\Tieaton 1989), which translates into a flux of 3.3 x 10'^^ 

photons per second for a distance of 2.5 kpc. According to Figure 4.12, the total 

pair number flux escaping from the corona for a = 0.1 and m = 0.5 in a 10 solar-

mass black hole is « 8.5 x 10'*^ particles per second, imder the assumption that the 

pairs escape with roughly the thermal velocity. Thus, considering the sensitivity 

of — on m, it is quite possible that the entire pair flux producing the annihila

tion line radiation in Cygnus X-1 originates from within the corona. However, due 

to the poor statistical significance of the data we cannot yet draw any definitive 

conclusions. 

Like Cygnus X-1, the Galactic center source IE 1740.7-2942 has been observed 

in three 7-ray spectral states (Simyaev et al. 1991; Bouchet et al. 1991). However, 

in the hard state, instead of showing emission arovmd 1 MeV, the spectrum is that 

of a broad (FWHM w 180 keV) Gaussian feature centered at roughly 480 keV. 

This feature is generally interpreted as a red-shifted annihilation line. In Chapter 

3, we modeled IE 1740.7-2942 along the lines of Cygnus X-1, but allowing for pair 

creation and eventual annihilation outside the inner hot corona. Following an initial 

rapid acceleration due to Compton scattering interactions with the disk radiation, 

the pairs that survive annihilation form a jet-like structure that may account for 



the radio extensions observed in this source (Mirabel et al. 1991). We found 

that about 80% of the high-energy photons must materialize in order to accoimt 

for the observations, imless some or most of the peiir outflux is due to electrons 

and positrons escaping from inside the corona. Sunyciev et al. (1991) report an 

observed flux of 9.5 ± 4.5 x 10"^ photons cm"^ s~^, which was later modified to 

7.3 ± 1.5 X 10~^photons cm~^ s~^ (Churazov et al. 1993). Using the latter data 

and assuming a distance of 8.5 kpc to the source, we estimate an annihilation line 

photon luminosity of w 6.3 x 10"^^ photons per second. From Figure 4.12, a 10 solar-

mass black hole with m = 0.5 and a = 0.5 is expected to produce about 2.4 x 10''^ 

escaping pairs per second if their initial velocity is close to the thermal value. And 

so again it is possible that most of the pairs injected into the surroimding medium 

are created inside the corona rather than solely via 77 interactions above the disk. 

We mention in passing that ~ 1 MeV emission has also been observed from this 

source (probably originating in the BSC portion of the inner corona), though at a 

different epoch (Churazov et al. 1993). 

4.8. Summciry 

We have developed here a generic model for the structure and radiative charac

teristics of hot, two-temperature disks with the inclusion of electron-positron pairs. 

The manner in which Comptonization is handled appears to influence significantly 

the calculated high-energy photon distribution and hence the pair creation rate. We 

have found that using an exact treatment of bremsstrahlimg-self-Comptonization 

can lower the critical accretion rate rhcr (above which pair runaway occurs and no 

stable disk configuration exists) by as much as 30 — 40% compared to the value 

inferred on the basis of a simpler (yet necessarily less accurate) method that as

sumes a Wien peak for the high-frequency component of the radiation. In addition, 

this more accurate procedure is essential for the inner hot portion of the corona 

where electron temperatures can reach ~ 500 keV or more, for which a diffusion 
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approximation (employed in some previous calcvilations) is inappropriate. 

We have foimd that of equal importance to the Comptonization method is the 

inclusion of electron-positron pair loss, and the corresponding drain from the corona 

in the form of particle energy and advected photon energy outflux. Although the 

latter has a significant influence on rhcr only for high values of the viscosity a and 

m (see Figure 4.9), the escaping particles can greatly suppress the pair nmaway 

cuid delay the onset of the instability to higher values of the accretion rate for all a, 

when the pairs escape with maximum velocity. For almost any reasonable value of a 

(ranging from ~ 0.03 to 1), the combined effects of our improvements to the model 

account for about a factor of 0.5 — 3 enhancement to rhcr, when I3esc = ^thermal-, 

but decrease thcr by about 30% when = 0. ObservationaUy, this is critical not 

only in so far as it impacts on the inferred source characteristics, such as the disk 

temperature and accretion rate, but very importantly also on the potential appli

cability of this model to the electron-positron ajinihilation line radiation observed 

from Cygnus X-1 and IE 1740.7-2942, among others. An important result of our 

analysis is that under the assimiption that pairs escape with maximima velocity, 

the latter black hole candidate appears to have been neax rhcr at the time of the 

line emission, for which the pair outflux from the inner hot corona contributes as 

much as 50% of the total power from this region. The concomitant escaping pair 

number flux (see Figure 4.12) might be sufficient to produce most of the observed 

line radiation. 

An important assumption used to develop the structure of these disks is that the 

gravitational energy dissipated at a given radius is radiated locally. This is indeed 

the case when the proton temperature is lower than the virial value. However, in hot 

two-temperature disks, the protons carry a substantial amoimt of energy internally 

to smaller radii. This energy advection which effects the structure of hot accretion 

disks will be quantified and studied in the next Chapter. 
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5. Role of Advection on Hot Accretion Disks with Pairs 

5.1 Introduction 

Optically thick accretion disks are unstable in their inner regions where radi

ation pressure dominates (Lightman &: Eardley 1974; Pringle 1976). These disks 

may evolve into hot optically thin configurations that cool by Comptonizing exter

nal soft photons and photons produced internally via brehmsstrahlung processes 

(i.e., bremsstrahlung self-Compton, BSC). A model in which the soft, seed photons 

enter the inner, hot region from the outer cold disk can accoimt well for the X-ray 

spectrum of Cygnus X-1 (Shapiro, Lightman & Eaxdley 1976). However, for some 

disk profiles, the externally produced photons may not penetrate into the innermost 

portions of the hot disk. In these regions, the coohng taJces place almost exclusively 

as a result of BSC. The 1 MeV flux observed from Cygnus X-1 appears to be pro

duced in this zone (Wandel & Liang 1991; Chapter 2; Melia Sz Misra 1993). Here, 

the energetic radiation can lead to significant electron positron pair creation (Zhang 

& Fang 1978; Liang 1979). Recent studies have shown that there may exist multiple 

solutions and that there is a critical accretion rate above which the pair creation 

rate exceeds that of annihilation and no steady state is achievable (Kusunose Sz 

Takahara 1988; White & Lightman 1989; Bjomsson & Svensson 1992). A more 

accurate method for modehng the BSC hot disk has confirmed these early results, 

and has in addition permitted us to infer the effects of a pair wind on the underlying 

disk structure (Chapter 4; Misra & MeUa 1995). 

However, these earher studies largely ignored the role of proton thermal energy 

advection within the disks. Since the rate of advection depends upon the gradient of 

the proton temperature, the disk solutions cannot realisticedly be treated locally. In 

particular, the energy conservation equation (see Equation 5.1 below) is differential 

and can only be solved as a boimdary value problem. Optically thick disk solutions 

with advection included were computed by Abramowicz et al. (1988). For these 
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disks, advection is important only in the inner regions. Thus, the boimdary value 

wais chosen to simply be that of a standard a-disk (with no advection) at large 

radii. However, for optically thin disks, advection is important at all radii and 

so a simple prescription such this cannot be followed. Finding a solution for 

this case using a self-similar approach was attempted by Narayan & Yi (1994), 

who cissumed that the fraction of energy advected to the energy dissipated (their 

so-called / parameter) is independent of radius. This has the advantage of a) 

producing simple self-similar solutions and b) the solutions do not depend upon the 

boimdary conditions. Narayan Yi (1994) also solved the equations nimierically for 

the disk structure imposing boundary conditions, eind showed that their self-similar 

solutions describe the actual disk profiles weU only far away from the boimdary. 

Significantly, the solutions diverge in the inner region of the disk. 

Using a different approach, Abramowicz et al. (1995) computed equilibrium 

solutions for a bremsstrahlung cooled disk. They defined a normalized radial gra

dient {^) and used it as a parameter. ^ ranges from 1 (for advection-dominated 

cooling) to 0 (in the case of cooling by radiation). The introduction of this pa

rameter reduces the differential energy balance equation to an algebraic one and no 

additional boundary condition was needed. By assuming f = 1, they obtained a set 

of solutions, which are self-consistent only for the case where cooling by advection 

is much greater than the local radiative cooling. For the other extreme case, where 

local radiative cooling dominates, the form of ^ is not important. However for the 

intermediate case, is a variable. Since the assumption that ^ = 1 is similar to 

the assumptions made by Narayan & Yi (1994), the results of the two papers are 

qualitatively similar. This similarity was shown by Chen et al. (1995), who ex

tended the study of Abramowitz et al. (1995) by taicing into account the effects of 

Comptonization. For a given accretion rate, radius and the viscosity parameter a 

they computed a finite number of equiUbrium solutions. When advection and ra



diative cooling are both important, the analysis is incomplete due to the underlying 

assmnptions for the radial gradients. In other words, in addition to the above pa

rameters, one needs a boundary condition (or an asstunption for the radial gradient) 

to solve for the disk structvure. 

Abramcwicz et al. (1995) noted that in the simple case of a bremsstrahlung-

cooled disk, the energy balance equation is quadratic in the accretion rate. This 

could imply that there is an upper Umit to the accretion rate above which there 

are no steady state solutions. However, since this equation also depends on the 

normalized radial derivative ^ (which could in principle depend on the accretion 

rate), it is premature to conclude that such a critical accretion rate does in fact 

exist. Moreover, the critical rate so found depends on ^ and is inversely proportional 

to the radius. The physical interpretation of this is not yet clear. 

Given the need for us to better imderstand the physics of these sources, e.g., in 

connection with our interpretation of Compton GRO and (upcoming) XTE obser

vations of black hole systems, it important to determine the self-consistent structure 

of these disks, that correctly incorporates the effects of pairs, Comptonization, and 

advection. This question is particularly relevant to X-ray novae, e.g.. Nova Muscae, 

since the disk's critical behavior determines whether or not the inner hot region is 

dynamic and thus likely to produce timing signatures. 

First, we include the effect of pairs and determine whether a pair runaway still 

occurs when the crucial effect of advection is included. Second , we solve the disk 

equations using boundary conditions instead of cissuming a certain radial depen

dence. This enables us to find a self-consistent radial dependence and structure, 

using only physical parameters like the accretion rate, the viscosity parameter and 

an outer boimdary condition. Third, it allows us to determine the existence and 

nature of a physically different critical accretion rate, as first noted by Abraxnowicz 

et al. (1995) (see also Chen at al. 1995), which is not due to pair runaway, but is 
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instead due to the effects of advection. 

For simplicity we have cissumed that the disk is Keplerian, though this is at 

best only an approximation (Narayan Yi 1994). We also ignore the work done by 

the pleisma pressure as the matter moves inward (i.e., we ignore the contribution to 

the enthalpic flux by the internal P dV work). The inclusion of these effects greatly 

compHcates the calculations and we shall defer them to a later time. 

5.2. Disk Structure 

We adopt the basic elements of the standard accretion disk theory (e.g Shakura 

& Simyaev 1993). The disk is assumed to be axisymmetric and the gas travels 

in an approximately Keplerian orbit around the black hole. The viscous stress is 

taken to be proportional to the total pressure = otP)- However, rather than 

assuming that the locally dissipated gravitational energy is radiated away, we take 

into account the thermcd energy advected by the protons as they spiral into the 

black hole. More specifically, we retain the radial derivative term in the continuity 

equation for the proton energy density, which was previously ignored. 

The justification for the structure equations used below is developed more fully 

in Chapter 4, though the inclusion of the advection term is made for the first time 

here. Like in Chapter 4, we define a set of dimensionless variables; the energy flux 

/ = F/{npmeC^); the pressure per imit rest mass energy density = P/{np(z)mpc'^) 

and the mass accretion rate m = Mc^/Ledd-, where Ledd = 4:TvcGMmp/aT is the 

Eddington Ivuninosity, np(z) is the proton density, and Up is its vertically averaged 

value. 

In steady state, the gravitational energy flux should equal the sum of the flux 

representing the energy transfer to the leptons and the thermal energy flux advected 

by the protons. Hence, 
X d 

Fg = Fep + --^(rVrhUp) , (5.1) 
r or 

where Fep is the rate of energy transfer between the protons and electrons due to 
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Coulombic collisions, Vr is the radial speed and Up (= [3/2]npkTp) is the energy 

density per unit volume of the protons in terms of the proton temperature Tp and 

h is the half-height of the disk. SimpUfying this equation and using conservation of 

meiss gives 

4 \mej \r3/ riptJT or 

where the second term now constitutes the dimensionless advected energy flux fa. It 

is convenient to define the parameter x = fa/fg, which is a measure of the fractional 

advected power. Thus, 
2r^ do* 

X — T/ \ o • (5-3) 
J(rjr3 or 

The transfer of energy from the protons to the leptons is mediated through Coulomb 

collisions, for which the energy exchange rate is (Stepney & Gilbert 1983 ) 

fep = -7^(1 +2z)Tac(0e -0p)lnA Mdp,ee) , (5.4) 
JiTTlp 

where InA « 20 is the Coulomb logarithm, and 

a(v,^e) = 

(5.5) 

Here, 6p = kTp/meC^ (= 9* mp/rrie)., Qt = kTe^/m^c^ in terms of the electron tem

perature Tei6 = de + Op", and the K(a:)'s are modified Bessel functions of the second 

kind. 

In this model, the leptons cool primarily through BSC. The details of how 

we carry out this portion of the calculation using steady state solutions of the 

Boltzmann equation are given in Chapter 4. Reqmring that the energy flux fr is 

equal to fep, one can find two solutions for fr and the pair fraction z = n^/up for a 

given lepton temperature 9^ and proton optical depth Tac- Here, is the vertically 

averaged positron number density. At least one of these solutions has z > 1 (the 

so-called "higher" z solution). Using Equation 5.4 to infer the corresponding proton 
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temperature for this case, one finds that 9p exceeds its virial value (Bjomsson & 

Svensson 1992; Chapter 4; Misra & Melia 1995). In this work, the inclusion of 

advection prohibits such solutions because of strict energy conservation. As such, 

to save numerical effort, we ignore the irrelevant "higher" 2 solution, and consider 

only the "lower" s cases, which nonetheless may still sometimes result in large ^'s 

(i.e., 2 > 1). How these pairs escape from the plasma is not yet well understood. 

However, we can estimate quite well the two extreme situations in which none of the 

pairs escape and in which the pairs escape with their maximtun allowed velocity, 

taJcen to be roughly the thermal velocity. Of course, when the pair fraction is small 

the difference between the two cases is minimal. 

To obtain the disk structure at a given radius for a particular M, we solve for 

/ep (and hence fr) using the disk equations of Chapter 4. However, one additional 

boundary condition is required to specify a solution since Equation 5.3 is in differ

ential form. The interesting domain of solution occurs at small radii (r < 20r3), 

so an appropriate boundary condition is 9p at, say, r = 20 r^. The inclusion of ad

vection compUcates the method of solution considerably, primarily because now the 

disk structure must be caicvilated globally rather than locally. Whereas previous 

calculations (Bjomsson & Svensson 1992; Chapter 4; Misra & Melia 1995) could 

determine the disk solutions locally without any dependence on the conditions else

where, advection necessarily represents a radial transport of energy, which implies 

an inter-dependence of the different disk elements and turns this into a boimdary 

value problem. We divide the disk into several concentric rings and solve for the 

physical state of the hot, two-temperature gas at large radii first. Maldng an initial 

guess for x allows us to solve for B* through Equation 5.3 at that particular radius. 

Then, rzp and r^c are obtained through the standard disk equations. For these val

ues of 6* and r^c, we next determine that satisfies the condition fr = /ep. We 

assvune here that all the energy transferred to the electrons is radiated away, i.e., 
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that the advection due to the lepton transport is negligible. Finally, we check to 

see if X = 1 —/r//ff- K not, another guess for x is made and the process is repeated 

until self-consistency is achieved. 

The latter is boimded from above by the requirement that energy be conserved. 

This upper limit results when the protons are not cooled and all the gravitational 

energy released is deposited as thermal energy. We can get this value by setting 

X = 1 in Equation 5.3, for which 

Thus, with an outer boundary at r = 20r3, the upper limit is ^p.maxCSOrs) = 34.05. 

There also exists a lower bound to 0p(2Ors) that depends on a and m. Below this 

critical value, the energy flux fep between the protons and leptons is always greater 

than the gravitational eind advective heating of the protons. It should be noted here 

that this lower limit is not the same as the proton temperature at 20r3 for the case 

when advection is neglected (Shapiro, Lightman & Eardley 1976). In general, it is 

foimd to be higher thzin its corresponding value in the case with no advection. The 

proton temperature for a disk with advection included is not bounded by the value 

corresponding to no advection. This is clearly illustrated in Figure 5.2 (bottom 

panel) where the temperature at some radii is below the non-advective disk's value. 

Figure 5.1 shows various disk parameters for three values of 0p(2Ora) between 

these two limits. The solutions axe for m = 0.3 and a = 0.1 and are labeled 1,2 and 

3, respectively. The dotted curve is the solution for this same set of parameters, as 

calculated by Chapter 4, except that proton thermal energy advection is neglected. 

The lower boimd for ^p(20r3) in this case is 20. Figure 5.2 is the same as Figiure 

5.1, except now for m = 0.5. The lower bound for 0p(2Ors) is in this case 33. 

5.3. Results and Discussion 

The disk structure depends on four parameters: M, M ,  a  and 9 p { r  = 20r3). 
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Figure 5-1. The disk vaxiables as functions of radius for m = 0.3, a = 0.1 and 

three different (boundary) values of 0p(2Or5). The solutions are labeled 1, 2 and 3. 

The dotted line is the structure of the disk for the same parameters but ignoring 

advection (see Chapter 4). 
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Figure 5-2. The same as Figure 5.1 except that m = 0.5. Solutions for only two 

different boundary values of Op are shown. 
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Increasing rh to 0.7 has the effect of merging the two limits and no solutions can be 

found for any 6p{20r3). Figure 5.3 shows this critical accretion rate as a function 

of a (soUd cvu-ve) when the pairs are permitted to escape at roughly the thermal 

velocity (see previous section). The dashed line corresponds to the case when the 

electron-positron pairs do not escape, while the dotted line is the previously found 

pair-critical accretion rate for the case when advection is neglected. For q > 0.16 

pairs do not play a major role and hence the two curves (with and without escape) 

converge. It is evident that even though the inclusion of advection suppresses pair 

runaways, there still exists a critical accretion rate associated with the maximal 

permitted advected energy flux (see below). It appears that for a close to 0.1, 

the presence of pairs increases the critical accretion rate, which turns out to be 

numerically similar to that found by Abramowicz et al. (1995) for a = 0.1, thus 

confirming their result. However, this rate scales as instead of suggested by 

the earUer study. These differences are due to the self-consistent evaluation of the 

temperature gradient. 

Solution 2 in Figure 5.2 illustrates the nature of these disks close to the critical 

accretion rate. At small radii where the radiative energy loss is efficient because of 

the large optical depth, 6p is less than that for a steady-state solution neglecting 

advection. The temperature decrease toward smaller radii implies a negative but 

since x cannot remain negative indefinitely without violating energy conservation, 

there exists a lower limit on ^p(20r3) that manifests itself as an upper Umit on the 

accretion rate. Advection greatly suppresses the need for electron-positron pairs to 

take away some of the dissipated energy, and so the pair fraction is generally lower 

than that for case where advection is neglected. In fact the critical accretion above 

which no solution with advection exists, occurs before any pair rimaway can take 

place. In addition, for most of the parameter space, pair escape is not important 

because the pair fraction is small. 
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Figure 5-3. The critical accretion rate eis a function of a, a) when pairs escape with 

majcimum speed (solid line) b) when pairs do not escape (dashed line) and c) when 

pairs escape with maximum speed but proton advection is ignored (dotted line). 
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With these results, we may now revisit our assumptions and approximations 

and attempt to justify them a posteriori. Foremost among these is our neglect of 

the lepton advected flux. Since the lepton energy density is smedl compared to 

the proton energy density, this flux is usually quite small. It is only at the inner 

boimdaxy where x is close to one that this may no longer be valid. In the same 

vein, our neglect of electron positron pair advection is justified on the grounds that 

the positron fraction is very small. However, since the radial pressure gradient is 

comparable to the gravitational force per imit volume, the particles will not be in 

Keplericin orbits. In fact, the orbital speed should be self-consistently derived using 

the balance of radial forces (Abramowicz 1988; Narayan & Yi 1994). The work 

done by the plasma pressure is also ignored. These effects will be incorporated in 

future work. 

Optically thin accretion disks cooled by BSC are known to be thermally unsta

ble on a proton heating time scale (Pringle, Rees & Pacholczyk 1973). However, 

advection stabiUzes the disks by sufficiently decoupling the protons and leptons 

(White & Lightman 1990). Thus we anticipate that the solutions presented here 

may not suffer from this instabihty (see also Abramowicz et al. 1995). 

5.4. Conclusions 

These results, clearly alter oiu: imderstanding of the natiire of pair winds in 

sources such as Cygnus X-1 and 1E1740.7-2942. For example, the fact that these 

disks never approach a pair runaway impUes that most of the pair outflux must be 

due to photon-photon coUisions above the disk. Thus a correct interpretation of 

the jet formation process in sources Uke 1E1740.7-2942 is necessarily directly tied 

to oiir understanding of the gamma-ray emission in these disks. 

Of equal importance is the behavior of super-critical disks. Since protons cool 

faster than they can be heated in these solutions, 9p should drop precipitously 

and the disk configuration should finally evolve towards that of an optically thick 
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structure. However, since the latter (being radiation pressure dominated) is subject 

to the secular instability, neither of the two configturations can remain in a steady 

state. Presumably the disk then becomes dynamic, and it is expected that spectral 

timing signatvures with a time scale comparable to the dynamic time scale will be 

produced. This would be of particular interest to Nova Musceie, whose physical 

attributes seem to suggest that it may be a super-critical source. Obviously such 

questions can be resolved only after a time dependent analysis of these hot disks is 

undertaken. 

We note that even if the disk is sub-critical, it may still be dynamic, but on a 

longer time scale, because of the strong dependence of the structure on 0p(2Ora). In 

other words, small changes in the structure at r ^ 20r3 can alter the disk proflies 

at smaller radii and hence the overall photon spectrum from the soiirce. 

In this work, the boundary condition 0p(2Ors) has been used as a parameter. 

This value should depend on how the disk imdergoes a transition from the cold 

disk to the hot state studied here. Since our results show that the disk structure 

depends sensitively on this boimdary condition, it is important to calculate the 

value, consistent with the global disk. Thus the transition zone between the hot 

and cold disks has to be studied in detail and is done so in the next Chapter. 
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6. Transition Disks 

6.1 Introduction. 

The two-temperature disk model discussed in the earher Chapters, is based on 

the assvimption that the instabihty in the cold portion of the disk drives it to a 

hot state in a relatively narrow transition region, i.e., Ar/r <<1. But this does 

not appear to be consistent with energy conservation, which instead requires that 

Ar/r is of order unity, implying that the transition region should be similar to or 

bigger than the size of the hot accretion disk. To see this, let us assume that the 

disk is in a cold state at a radius r2{^ SOr^ where r^ = 2GM/c^) and that it is in 

the hot two-temperature state at some smaller radius ri. The proton temperature 

at r2 is then much smaller than its virial value, while the proton temperatvire at ri 

is a large fraction (say 0.8) of the latter at ri, which is a characteristic of hot two-

temperature solutions. This is also true for the more recently developed advection 

dominated solutions (Narayan & Yi 1994). The only source of energy for heating up 

the protons is the gravitational potential energy. If all this gravitational energy is 

released and stored as the internal energy of the protons, then kTp{ri) — kTp{r2) ~ 

GM/ri — GM/r2, but since kTp{ri) w Q.8GM/ri and kTp{r2) « kTp{ri), we get 

ri w 0.2r2. Thus, Ar = r2—ri = 0.8r2, which is nonetheless a conservative estimate 

since much of the gravitational energy is also radiated away within the transition 

region between ri and r2. It appears, therefore, that the disk must have a large 

transition region between its cold and hot portions. However, it shovild be noted 

that the above discussion does not talce into accoimt the possible transfer of energy 

from the inner region to the transition region via conduction or convection (Honma 

1996). 

Another difficulty with the two-temperature disk model is associated with the 

instabilities that are expected to drive the cold disk to the hot phase. These have 

been predicted using local and linear analysis. Global effects, such as energy ad-
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vection, should dampen the exponential growth of the perturbations. In fact, a 

time-dependent analysis that includes global effects has already shown that these 

unstable cold disks may instead undergo oscillations and not evolve into a hot 

plasma (Taam & Lin 1984). 

Observationally, the two-temperature disk model can adequately accoimt for 

many of the source characteristics, but not all. To take a particular example, 

Cygnus X-1 appears to reside in one of two long term X-ray states, the 'low' state 

and the 'high' state (Ling et bI. 1983). In the low state, the X-ray flux is a power law 

continuixm that fits the two-temperature disk spectrum quite well. However in the 

high state, the X-ray emission is that of a black body, which suggests that the disk 

is cold. The total luminosity in the two states are similar so that the corresponding 

accretion rates may be nearly equal, if energy is not advected away in any of the 

states.. The high state is difficult to explain in terms of a two-temperature model 

with different parameters. One would have to assimie that the instability that drives 

the cold disk to the hot phase in the low state, somehow does not do so for the high 

state. 

Alternative disk models have similar problems and some must rely on ad hoc 

mechanisms. One of these assimies the presence of a hot corona overlying the 

cold disk (Paczynski 1978; Svensson & Zdziarski 1994), in which some mechanism, 

such as magnetic field reconnection or acoustic waves, transports a fraction of the 

gravitational energy released in the cold disk up into the corona. 

However, one thing is clear. The standard cold accretion disk theory is not 

self-consistent when the effective optical depth is not much greater than unity. Our 

main goal here is to develop a scheme for determining the disk structure that is 

valid at all optical depths. This is an improvement over the simplified method used 

earlier by Liang Sz Wandel (1991). The disk here is seen to consist of three regions: 

(a) the cold outer disk, (b) the transition zone and (c) the two-temperature inner 
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portion. We define the transition disk as being where the effective optical depth 

is of order unity. Quantitatively, this would correspond to a region where the 

optical depth is less than 10 and greater than 0.1. The emergent spectrum from the 

transition region matches well with the observed X-ray power-law continuum from 

sources such as Cygnus X-1. We shall see that the spectrum is due to a sxmi of 

Wien peaJcs instead of the soft-photon Comptonization proposed earUer. Variations 

in the magnetic field and the viscosity parameter a then account for the two X-ray 

states of Cygnus X-1. These transition disks are themselves subject to both thermal 

and secular instabilities and we speculate that these give rise to disk fluctuations 

observed as Quasi-periodic oscillations (QPOs). 

Here, we assimie that the disk is well described by the standard cold, optically 

thick solutions at large radii (r ^ 40r^). This assumption rests on the fact that 

the disk is gas pressure dominated and is secularly and thermally stable there. 

However, if there are other mechanisms (e.g., evaporation of the disk material into 

an overlying corona; Meyer & Meyer-Hofmeister 1994) which may convert the cold 

disk into a hot state at large radii, this assumption may be invalid. In that case, 

the inner region would be in a hot advection-dominated configuration, as described 

by Narayan & Yi (1994, 1995) and Abramowicz et al. (1995). 

In §6.2 we summarize the set of macroscopic equations that govern the disk 

structure, and we develop the physics of radiative cooling in §6.3. In §6.4 we present 

the results of our calciilations and compare these to the observations. §6.5 discusses 

the stability of these disks, while §§6.6 and 6.7 are devoted to a discussion and 

siunmary. 

6.2. Disk Structiure 

We begin our calculation of the macroscopic disk structure using the standard 

accretion disk theory of Shakura & Sunyaev (1993). The disk is assxmied to be 

geometrically thin, axisymmetric and approximately Keplerian. The kinematic vis
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cosity coefficient v is given as 

u = acah, (6.1) 

where Cg is the sound speed, H is the vertical height and q is a (viscosity) constant. 

For a steady state Keplerian disk, the viscous stress = (3/2)aP is proportional 

t o  t h e  t o t a l  p r e s s u r e  P .  

For convenience, we define a set of dimensionless variables: the proton (scatter

ing) optical depth r^c = UparH] the dimensionless energy flux / = F/{npmeC^); the 

pressure per unit rest mass energy density p = P/(npmpc'^) and the mass accretion 

rate m = Mc^ fLedd, where Ledd = Ai^GMmpcfa-T is the Eddington luminosity and 

rip is the proton number density. 

Imposing hydrostatic equilibrium in the vertical direction gives 

p = n p m p ^ h \  ( 6 . 2 )  

which simpUfi.es to 

where = 2GM/c^ is the Schwarzschild radius. The torque T is determined from 

the equation 

^ ^ , (6.4, 
dr dr 

where I is the angular momentimi per imit mass. The solution to Equation (6.4) 

is T = Ml + C, where C is a constant. One way to evaluate this constant is to 

specify the angular momentum (/o) where T goes to zero. Then the torque would 

be given as T = Ml — Mlg. In the standard accretion disk model, lo is taken to 

be the angular momenttun at the last stable orbit (i.e., when r = Sr^). However 

when the radial pressure gradient is large, the angular momentum will be below 

its Keplerian value and this boimdary condition cannot be used (Naxayan Sz Yi 

1994). These deviations from the Keplerian value were also shown by Abramowicz 

et al. (1988). For the model described here, the angidar momentum will be nearly 
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Keplerian when the disk is cold and inside the transition region, but it wiU be below 

Keplerian in the hot two-temperature region. 

We have assumed for simpUcity that the angular momentvun profile is Keplerian 

and we do not solve for the radial pressvu-e balance. A more accurate calculation 

would solve for the angtdax momentum self-consistently and would have to take 

into accoimt the sonic point near the black hole. It is this latter condition (i.e., 

that the gas should flow through the sonic point) that would determine the value 

of lo (Abramowicz et al. 1988). Moreover, the numerical analysis required to solve 

the self-consistent non-Keplerian disk is rather complex. A scheme similar to the 

one used here is very unstable and an alternative method is required. To avoid 

such compUcations, we have made the following assumptions: a) that the disk is 

Keplerian, and b) that Iq « I. Considering the above argimient, these assumptions 

are valid when the disk is optically thick and in transition, but they may weU break 

down in the innermost region. 

Integrating Equation (6.4) and simplifying leads to the condition 

where 
/ \ -3/2 

. (6.6) 

The rate of gravitational energy dissipation per imit area, per side of the disk, 

is given by 

which after some simple algebra and the use of Equation (6.3) gives 

o \n^e/ ^3c 

The protons heated by this gravitational energy dissipation transfer some of their 

energy to the electrons ajid advect the rest to smaller radii. Thus, the normalized 
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energy flnx f^p transferred from the protons to the electrons is given by 

f _ r . 
~ 2 ^  

3 d9p 1 dTsc 1 dH 

26p dr Tac dr H dr 
(6.9) 

where dp(= kXpfnitC^) is the normalized proton temperattire. The energy exchange 

between the protons and electrons is mediated through Coulombic collisions and 

the rate is given by Stepney & Guilbert (1983): 

3t7'2 
/  = -^(1 + 2^)r ,c(^e - dp)lnA A(^;, ̂ e) , (6.10) 

where InA « 20 is the Coulomb logarithm, z = n+/np is the pair fraction in terms 

of the positron number density n+ and proton density rip and, 

a(v,«.) = [k2(i)k,(jL)]-i[!(?;_t^^)i±lk.(^^:^) + 2ko(^^^)l. 
t/g Up vg U p  

(6.11) 

Here 9p* = {me/mp)9p, 6^ = kTe/m^c^ and K(ar) is the modified Bessel function of 

the second kind. U 9p* 1 and «C then 

a(«,) = [2flj+2«,+l|exp(-i)(«,k2(i)|-' . (6.12) 
Lf g l/g 

Equation (6.12) is useful for niunerical evaluation when 9p* < .01. 

Since the electron energy advection is negligible, electrons in turn transfer most 

of their energy to the radiation. The calculations for this process are described in 

detail in the next section. In steady state, the energy flux carried by the escaping 

photons should be equal to the electron-photon flux rate minus the energy advected 

by the photons to smaller radii. Thus the radiative flux is given by, 

f  _ f , PrrhHrs 
J r  —  J e p  " T  

2rr, 
' 1 dtr 1 dvac 1 dH 

(6.13) 
Pr dr Tac dr H dr 

where Cr = Erjnpm^c^ is the normalized photon energy density and pr = er/3 is 

the normalized (isotropic) radiation pressure. The differential Equations (6.9) and 

(6.13) were solved using the cold, optically thick solution as a boundeiry condition 

at r = 40r3. 
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The total normalized pressure is given as 

TTT. 
p = —i[0 +(l + 2z)6e+Pr + PB] , (6.14) 

TUp 

where ps is the normalized magnetic presstire given by 

PB =  aB[9p  +  { l  +  2z)0e - \ -pr]  ,  (6.15) 

axid is a parameter specifying the magnetic intensity as a fraction of its equipar-

tition value. So a g =1 denotes the case when the magnetic field is in equipaxtition 

with the gas and a g = 0 corresponds to a zero magnetic field. 

6.3. Radiative Cooling 

In the standard model, the disk is taken to be optically thick and the photon 

energy density is therefore aT^, where Tg is the electron temperature ajid a is the 

radiation constant. The gas cools primarily via black body emission. However, this 

form of the radiation energy density is valid only when the effective optical depth 

'''eff ~ {"''scTabsYis much greater than one, where Taba is the optical depth for 

absorption. In the other extreme, where rg// •< 1, the radiative cooling is due 

to Comptonization and is given by the Kompaae'ets equation (Kompane'ets 1956; 

Cooper 1971; Prasad et al. 1988). Wandel Liang (1991) have proposed a formula 

that smoothly transits between these two limits. Here, we solve the Kompane'ets 

equation with a term that takes into account the effects of absorption: 

d i  t c d x  ^  

" ( ^ )  d { n { x ) / x ^ )  

ar2 +  h b { x )  +  h c i x )  —  h a b a i ^ )  -  n e a c i ^ )  •  

(6.16) 

In this equation, we have defined x = hu/me.(^ and n(x) is the number of photons 

per unit voltune between the energies x and x + dx. The other parameters are the 

Thomson scattering time tc = n^aTC^ the diffusion coefficient a{x,Oe)i the nimiber 

of photons per unit volume per second being created by bremsstrahlimg processes, 

n6(x), the number of photons per volvune per second being created by cyclotron 
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emission, nd^), the number of photons per voltune per second being absorbed, 

nabs(^), and the number of photons per volume per second diffusing outwards in 

the vertical direction, nesc(^)-

The diffusion coefficient a(x,&e) was derived for arbitrary x and ffg by Prasad 

et al. (1988) in cases where Comptonization can be treated like a diflFusion process 

in the regime under consideration. When ^ 1, the photon energy exchange per 

scattering is large (i.e., AE/E « 1) and the above approximation breaks down. In 

this case, one should instead use the Boltzmann equation with the exact Comp-

ton scattering rates derived by Jones (1968) (see also Coppi Blandford 1990 for 

corrections, and Misra & Melia 1995, Chapter (4) for an earlier application). Un-

fortimately such a scheme is numerically time consvmiing and gives numerical errors 

when computing the Comptonization of low energy photons (such as those arising 

from cyclotron emission). Perhaps a hybrid scheme will be accurate in all regimes. 

Here, we use the diffusion Equation (6.16) with the understanding that the spectral 

information so obtained when dg > 0.5 is only approximate. It should be noted here 

that Equation (6.16) with the diffusion coefficients derived by Prasad et al. (1988) 

always gives the exact total energy exchange rate due to Comptonization even if the 

Comptonization process is not a diffusion one. This ensures that the total energy 

amplification due to Comptonization is always computed acciirately. 

The bremsstrahlung emissivity hb{x) has contributions from both electron-

proton and electron-electron coUisions, the rates of which are given in Svensson 

(1984). The cyclotron emission is approximated by adopting a nearly monochro

matic spectrum at the cyclotron energy = heB/2iT. The total emitted power 

is 

(6.17) 

where 0c is the thermal speed and U b =  / S t t  is the magnetic energy density. We 

assume that photons Me emitted with an energy spread of Xi/1.1 to l.lxj. This 



118 

spread has beea chosen for numerical convenience. Thus, 

h c i x )  = 51̂ 27 '  ̂  ̂

where ps is the normalized magnetic pressure given by Equation (6.15). We find 

that in all the cases considered here, the self-absorption dominates over Comp-

tonization at the cyclotron frequency. Thus cyclotron Comptonization is not an 

important cooling mechanism, and the variations in the energy spread chosen for 

this work do not alter the results. The main contribution of the magnetic field is 

simply to provide dynamical pressure support. We point out that harmonics have 

not been taken into accoxmt here. When the electron temperature is high (« mgC^), 

these can play an important role and cyclotron-Comptonization may become the 

dominant radiative cooling mechanism. Extrapolating from our results here, we an

ticipate that this will be the case only in the innermost hot two-temperature region 

of the disk. However, for the hot two-temperature disk, several other important 

phenomena (such as electron-positron pair production, and a Boltzmaxm treatment 

of Comptonization) have been excluded. Only a more rigorous treatment, taking 

into accoimt all these effects, will provide conclusive resvdts. Since the empheisis of 

this work is on the transition region, we have omitted these aspects for simplicity. 

The absorption term is given as 

nabs{x) = ne(tabscn{x) , (6.19) 

where aabs is the absorption cross section. The spatial diffusion term is the 

most imcertain term in the equation. It's imcertainty arises primarily from our lack 

of knowledge regarding the variation of viscous dissipation as a fimction of height 

above the midplane (Hubeny 1990). In the standard disk model, where Te// ^ 1, 

it is generally approximated to be 

nescix) = . (6.20) 
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When the disk is optically thin, it is given approximately as 

nesc(x) = (6.21) 

(Shapiro, Lightman &: Eardley 1976), where tead^) is the average time the photon 

takes to diffuse out of the system from the midplane. If r^c <C 1 then the photons 

will escape freely and hence tesdx) ^ H/c^ while if r^c 1 , the photons undergo a 

random walk motion and « HracfZc. The factor of three is due to the fact 

the photons can escape only in the vertical direction. We use here the following 

equation as an approximation for all cases: 

f iescix) = . . (6.22) 
H{1 + srac) 

When Te.ff >• 1, no6s(a;) ne3c(a:) and local thermodynamic equilibrium is 

achieved. In this case, the steady state solution of Equation (6.16) is simply 

"063(3;) = n5(a:) + «c(a:) . (6.23) 

Solving for n { x )  gives 

n { x )  =  " ^ ( ^ ) + ^ c ( x )  ^  ^  ^ g _ 2 4 )  

where nbb{x) is the blackbody number density, as is expected. On the other hand 

if Teff <C 1, nabaix) he3c{x) and Equation (6.16) reduces to the previously used 

Kompane'ets equation. 

We solve Equation (6.16) for the radiation field comoving with the disk plasma 

in the midplaxie. To ensure energy balance, we equate the normalized escaping 

photon energy flux to the normalized radiative flux given by Equation (6.13). If 

Teff 1, the emergent spectrum should be blackbody emission with an effective 

temperature T^ff such that crTe/f = Fr- However, if r^jf <C 1 the spectrum 

should be a siun of the Comptonized bremsstrahlimg and Comptonized cyclotron 
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spectra (i.e., xncsci^)B)- We interpolate between these two limits by using a simple 

bridging formula: 

S(x) = Aribbix, Teff) + B he3cix)H , (6.25) 

where 5(x) is the emergent photon spectrum, hbf, is the blackbody photon ntunber 

intensity, -4 = Teff/(l + Teff) and B = 1/(1 + re//). Tg// is calculated by imposing 

the condition, 

J x S { x ) d x = F r -  (6.26) 

6.4. Results 

6.4-1- The transition disk 

To illustrate the differences between this disk model and its predecessors, we 

show in Figure 6.1 a plot of the energy flux radiated as a function of the midplane 

proton temperature for m = 1, r = a = 1 and ag = 1. The horizontal line 

shows the gravitational energy flux dissipated at this radius. Clearly, when the two 

fluxes are equal (i.e., when the two ciurves intersect), energy eqmUbrivun is achieved 

and the crossover points correspond to valid disk solutions. Note that advection has 

been ignored for the computation of this figure. In the units used here, the solution 

is identical to that of the standard disk model when the radiative flux F is lower 

than about 10~°-® and 9p < 10~^"®. This is fully consistent with the fact that rg/y 

is greater than one in this region, where in addition, the gas pressure is less than 

three times the radiation pressure. The section of the curve for which F > 10~°-® 

and 9p < 10"^'® corresponds to the radiation pressiire dominated solutions of the 

standard model, shown here as a dotted line. When these conditions axe met, Tg// 

is of order unity or less. However, when dp > 10°, the curve describes the two-

temperature portion of the disk. The disk is in the transition phase within the 

temperature range dp < 10° and 6p > 10"^-^. Figure 6.2 is similar to Figure 6.1, 

except that the magnetic field is now zero and the viscosity parameter a is 
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Figure 6-1. The energy flux radiated as a function of the proton temperature. The 

horizontal line is the flux of gravitational energy dissipated at this radius. The inter

section points of these two curves give the allowed disk solutions. For the parameters 

shown here, no valid solutions are permitted. The dotted curve is the radiation pres

sure dominated cold disk solution, which is not self-consistent. The set of parameters 

chosen here correspond to the low state of Cygnus X-1 for a five solar mass black 

hole. Note that advection has been ignored for this plot. 
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Figure 6-2. Same as Figure 6.1, except for a different set of parameters, which 

correspond to the high state of Cygnus X-1. 
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correspondingly much smaller. 

In general, there are either two solutions (one cold, one hot) or there axe no 

solutions. Although the standard disk model predicts a solution at Op = 10"^ ® for 

the parameters adopted in Figture 6.1, the more acctirate model developed here has 

no solution without the inclusion of advection. The standard disk solution is not self-

consistent because r^f / is not much greater than one here. There thus appears to be 

a critical accretion rate above which no solution exists in the absence of advection, 

as first demonstrated by Liang & Wandel (1991), though their accretion rate is 

higher than the one presented here due to the inclusion of magnetic pressure in our 

calculation. This critical rate can also be inferred from the plots presented in Chen 

et al. (1995). We note, however, that the physical origin for this critical accretion 

rate is distinct from the other two critical rates discussed in the literature, namely 

the pair critical accretion rate (Bjornsson Svensson 1992; Misra & MeUa 1995a; 

Chapter (4)) and the advection induced critical rate (Abramowicz et al. 1995; Misra 

& Melia 1995b; Chapter (5)). The critical values discussed here depend solely on 

the possible balance or imbalance of the cooling and dissipation rates. 

As is evident from Figure 6.1, the flux radiated from the transition region de

pends only weakly on the proton temperature. For a given m, this translates into a 

relatively strong dependence of the temperature on radius (see Figures 6.3 and 6.8). 

It is this behavior that enables the disk to malce the transition from cold to hot 

toward smaller radii, and which is the source of the observed power-law spectrum. 

In this region, the cooling is due primarily to saturated Comptonization, unlike the 

cold disk solution which cools by blackbody emission, and the hot disk solution 

which cools via unsaturated Comptonization. 

The inclusion of advection changes the character of the solution from a local to 

a global one. It is no longer possible to discuss the local disk structure at a given 

radius r (say, r = Sr^) without taking into accoxmt the disk structure at radii greater 
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than r. An outer boundary condition is required to solve the structure equations. 

Recently, Naxayan & Yi (1994) have shown that this complexity can be avoided by 

assuming that the fraction of energy advected is a constant, which can lead to self-

similar disk solutions. Abramowicz et al. (1995) have also developed a technique to 

solve these equations locally by assuming that the advection parameter x (defined 

in their paper) is a constant. The general residt of this earlier work has been that 

there exists another local disk solution which is advection dominated and does not 

suffer from thermal or secular instabilities (Naxayan & Yi 1995). These advection 

dominated solutions may explain the spectra from black hole X-ray transients diiring 

quiescence (Naxayan, McClintock & Yi 1996). 

Apart from giving qualitative insight into the effects of advection, this recently 

fotmd solution may well describe the real disk structure when the disk is advection 

dominated over a large region (Naxayan & Yi 1995; Naxayan, McClintock & Yi 

1996). In this case, the effect of a boundaxy condition is minimized and the advected 

fraction is a constant in those regions that are feir from the boundary. In particular, 

when one assumes that the cold disk transforms into an advection dominated one 

at some large radius (even when Pg > Pr), the results are self-consistent for the 

inner region since it is indeed feir from the outer boundaxy. 

In this work the boimdaxy condition is chosen to be the standard Shakura 

Sz Simyaev solution at some radius (typically r > 40r3) where advection is not 

important and the disk is optically thick. With this choice, a vmique steady state 

disk solution for the inner region is calculated, and there is no longer any freedom 

to choose between the various local disk solutions. 

We can get a qualitative idea about the effects of advection as follows. When the 

proton temperature is high, only a fraction of the gravitational energy dissipated is 

radiated away; the rest is advected towards smaller radii. Thus the radiated flux 

shown in Figure 6.1 does not need to be as high as the gravitational flux (shown as 
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a horizontal line) in order for energy balance to occur. Since the advected energy 

rises steeply with temperature, this effect clearly is more pronounced as the value 

of 9p rises, i.e., toward small radii. For the parameters used in Figure 6.1, advection 

permits the disk to attain energy equilibrivun at 6p = 10. However, if the radiated 

flux decreases faster with temperature than the dissipated flux that needs to be 

radiated away, no equilibrium solution will exist. Electron-positron pair production 

has been neglected for this work because the temperature in transition disks is 

so low that copious pair production does not occur. However, pairs axe definitely 

important in two-temperature disks (Bjomsson & Svensson 1992; Misra & Melia 

1995a; Chapters (4) and (5)) and their influence should be included in future work 

to seLf-consistently model the inner two-temperature portion of our disk. 

6.4-2. Disk solutions 

The physical parameters describing the disk structure are plotted for two vis

cosity configurations in Figures 6.3 to 6.12. In Figiare 6.3, the lower solid curve 

shows the normalized proton temperature dp and the upper one gives the normal

ized radiation pressure pr. The dotted Une is the electron temperature d^. At a 

radius r « 35ra, the disk is that of the standeird model with 6e = dp m 10"^ and 

Teff w lO^-^. The disk passes through a transition region toward smaller radii and 

finally at r Sr^, it evolves into a hot two-temperature plasma with 6p « 10, 

Teff Si 10~® and 9p 9^. This represents a change in the proton temperature by 

about four orders of magnitude and a corresponding change in j by roughly six 

orders of magnitude. The transition region as defined in the introduction extends 

from r = lOr^ to r = 23rs. The radiation pressure dominates over the gas pressure 

throughout the cold disk and for most of the transition region. However, in the two-

temperature phcise, the gas pressure exceeds the radiation pressure, as expected on 

the beisis of earlier work. No solution exists for radii smaller than about Sr^, due 

to the existence of a critical accretion rate arising in conjunction with the 
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Figure 6-3. The Particle temperature and radiation pressure as a function of radius 

r in units of '2GM/c^). Here, m = 1, a = 1 and ag = 1 (the same parameters 

as in Figure 6.1). 
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Figure 6-4. The scattering optical depth as a function of radius. Here, m = 1, 

Q = 1 and Qfl = 1 (the same parameters as in Figure 6.1). 
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Figure 6-5. The effective optical depth as a function of radius. Here, m = 1, a = 1 

and Qg = 1 (the same parameters as in Figure 6.1). 
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Figure 6-6. The disk height as a function of radius. Here, m = 1, q = 1 and qb = 1 

(the same parameters as in Figure 6.1). 
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Figure 6-7. The advectioa parameters for the protons (^p) and radiation ((fr) as 

a function of radius. Here, m = 1, q = 1 and Qg = 1 (the same parameters as in 

Figure 6.1). 
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Figure 6-8. The Particle temperature and radiation pressure as a function of radius. 

Here, m = 1, q = .01 and ag = 0 (the same parameters as in Figure 6.2). In this 

case, the proton temperature always equals the electron temperature. 



4 

3.8 

3.6 

3.4 

3 

2.8 

2.6 

2.4 

2.2 

2 
0 2 6 8 

r (r.) 

Figure 6-9. The scattering optical depth as a function of radius. Here, 

a = .01 and ag = 0 (the same parameters as in Figure 6.2). 
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Figure 6-10. The effective optical depth as a function of radius. Here, m = 1, 

Or = .01 and ag = 0 (the same parameters as in Figure 6.2). 
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Figure 6-11. The disk height cis a function of radius. Here, m = I, q = .01 and 

ag = 0 (the same parameters as in Figure 6.2). 
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Figure 6-12. The advection parameters for the protons (ifp) and radiation (^r) as 

a function of radius. Here, m = 1, q = .01 and qs = 0 (the same parameters as in 

Figure 6.2). 

I I i I i I I I I I 1 I I 1 1 

(e) 

fr 

' I ' I I I I I I I I I ' I • 



136 

effects of advection discussed earlier. Figure 6.6 shows that the disk is geometrically 

thin and fiat in the standard and transition regions. As expected, H th r in the 

inner two-temperature portion. It is important to emphasize here that this flat 

geometry justifies oiir assumption that external soft photon Comptonization does 

not play an important role in cooling the iimer region of the disk, in contrast to 

previous two-temperature disk models for black holes in which Comptonization of 

externally-produced low energy photons is the dominant method of cooling in the 

inner hot plasma (Shapiro, Lightman & Eardley 1976). 

To quantify the importance of advection, we here define two "advection" pa

rameters, 

cp = , (6.27) 
J g  

and 

cr = . (6.28) 
J e p  

There is no advection when C = 0, and all the energy is being advected away when 

^ = —1. These are shown as functions of radius in Figures 6.7 and 6.12 (^p is given 

by the soUd curve, whereas is represented by dotted line). Only the inner region 

(i.e., the disk at r ^ 6rs) is advection dominated. The steep decrease in explains 

why there are no solutions at smaller radii, since would then have to be < —1. 

On the other hand, is positive in the two-temperature zone because the radiation 

pressure here decreases with decreasing radii. 

The magnetic field is assumed to be zero, and a is reduced to a small value 

(0.01) for the disk structure shown in Figures 6.8 to 6.12. In this case, the structure 

is similar to that of the standard cold disk model, corresponding to < -1 

and Te //>!• Here, advection is due mainly to the energy carried by the radiation 

field. We have terminated the calculation at r = because the model is not 

self-consistent at smaller radii, where, for example, General relativistic effects will 

be important. The dissipation rate should decrease and the advection parameter 
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shoiild increase sharply, although is a modest 0.2 at Sra. The combination of these 

two effects should guarantee that there will be no significant spectral signature from 

this region. 

Here, we have assumed that the disk is in the standard cold disk state at its outer 

radius and we have used the above as a boundary condition. Hence, it is no longer 

possible to compare the specifics of our solution with the previous local solutions 

discussed in the literature. However, one can make a qualitative comparison as 

follows. Consider Figure Ic in Chen et al. (1995). This is a log plot of M versus 

the surface density at a given radius (r = Sr^). Consider for simplicity the curves 

corresponding to a = 1. For low accretion rates, our boundary condition implies 

that the disk is optically thick and gas pressure dominated, which corresponds to 

the lower right curve. As the accretion rate increases, the solution follows the 

curve upwards until radiation pressure dominates (the curve is now dotted and is 

marked U for unstable). As the accretion rate increases, the optical depth decreases 

and the disk is being transformed into a hot two-temperatiu:e state. Finally, at a 

critical accretion rate, the curve turns backwards and no continuous solution exists. 

The only solution is the curve at the left (i.e., the advection dominated one). In 

our calculation we find that the disk does not switch to this advection dominated 

solution. The reason being that at this critical accretion rate for r = the disk 

structure at r > or^ is still that of the cold state. For the disk to transform into 

the advection-dominated solution for r < Srj, the proton temperature has to make 

a jump around r = which is not allowed energetically. Thus oiir results show 

that there axe no steady state solutions beyond this point which is indicated by 

the absence of solutions for radii less than in Figures 6.3 to 6.7. It should be 

noted that in the case where energy can be transferred via conduction or convection 

outward from smaller radii, this argiunent may not hold (Honma 1996). Since, we 

do not take these effects into account, we cannot rule out the possibility of the disk 
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transforming into the advection-dominated state. Moreover, if the disk (even at low-

accretion rates) is in the advection dominated state corresponding to the upper left 

curve in Figure 3c of Chen et al. (1995), it would continue to be in that state for 

all accretion rates and there would not be any critical accretion rate in this case. 

It has been argued that the instability of the radiation pressure dominated region 

will drive the disk to the stable advected solutions. However, for this to happen 

the instability wotild have to travel upstream and convert the stable gas pressure 

dominated region into the advection dominated solution. Only then would a steady 

state disk solution exist at all radii. But Taam & Lin (1984) have calculated the 

time evolution of these disks and have shown that this transition does not occur; 

instead, the disk may undergo an oscillatory behavior which may explain the QPOs 

observed from black hole candidates. 

6.4-3. The Spectrum, of Cygnus X-l 

The spectrum of Cygnus X-l has shown variability from milliseconds to months. 

Over the past several decades, two states have been identified for the long term X-

ray variations; the so ceilled "high" and "low" states. The names arise from the fact 

that the X-ray flux is about 3—5 times higher in the high state compared to the 

low state. This source spends most of it's time in the low state, but the high state 

has been observed several times and lasts for about two months. For the low state, 

three shorter time scale 7-ray states have cdso been identified (Ling et al. 1987) and 

are called the 71, 72 and 73 states. The second of these is the most common of the 

three and so we take it to be the "average" 7-ray spectrum of the low state for the 

calculations we present here. 

Figure 6.13 shows some of the data taken for this object when it was in the low 

state. The Ariel 5 (All sky monitor) data were taken at the same time as those 

of HEAO-3 (Ling et al. 1987), while the rest of the data were taken at different 

epochs. The EXOSAT data (dotted line) are represented by the combination of two 
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Figure 6-13. The X-ray/7-ray spectrum of Cygnus X-1 in the low (X-ray) state 

and the 72 (7-ray)state. The dotted curve is the sum of two power-law fits to the 

EXOSAT data, after absorption effects have been removed. The solid curve is the 

theoretically calculated spectrum from a disk with m = 1, a = 1 and ag = 1 (the 

parameters used in Figures 6.1 and 6.3). 



140 

power-laws which best fit the observations after absorption lines were subtracted 

out (Baxr & Woerd 1990). The solid curve is the spectrum expected from a five solar 

mass black hole with m = 1, a = 1 and as = 1, viewed at an observing angle of 

70° (which requires that the mass of the secondary OB supergiant be 15Mq). The 

parameters chosen for the theoretical curve are those used for Figures 6.1 and 6.3 to 

6.7. The power-law feature is due to the rapid variation of temperature with radius 

and is actually a sum of near Wien peaks. The feature at energies below ~ 3 keV 

is the blackbody emission from those regions of the disk where T^ff is greater than 

one (the standard model). The sharp change in the spectral index arotmd 3 keV is 

due to the rapid change of Tg// with radius, which is supported observationally by 

the fact that the EXOSAT data could not be fit by a single power law. It should 

be stressed in this comparison that the EXOSAT data do not exclude a blackbody 

and power law fit instead of two power laws in the overall fit. 

Figure 6.14 shows the data points and the model fit corresponding to the high 

state. The parameters used here are the same as those for Figure 6.13 except that 

now the magnetic field is set to zero (i.e., as = 0.) and a has been reduced to 

0.01 (the same as for Figures 6.2 and 6.8 to 6.12). Such a dependence of a on the 

magnetic field is expected if the viscosity is primarily due to magnetic field instabil

ities. The 7-ray (^ 100 keV) data for this state are not conclusive. Unfortimately 

HEAO-3 stopped observing this soiurce during a low to high state transition (Ling 

et al. 1983). However there is some evidence that the hard X-ray flux (10 keV < 

E < 100 keV) is anti-correlated with that at lower energy. Moreover, there is a 

substantial increase in the X-ray flux, whose spectrum indicates that the emission 

is from a blackbody. This is explained in the model described here as a reduction 

in the magnetic field, which in turn makes the disk appear similar to that of the 

standard model. The hard X-ray flux in this case is due to the remaining portion 

of the transition region in the low state. 
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Figure 6-14. The X-ray/7-ray spectrum of Cygnus X-I in the high (X-ray) state. 

The solid curve is the theoretically calculated spectrum from a disk with m = 1, 

a = .01 and as = 0 (the parameters used in Figures 6.2 and 6.4). 
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6.5. Stability analysis 

The standard cold accretion disk is known to be stable when it is gas pressure 

dominated, but it is both secularly and thermally imstable when the radiation 

pressure is dominant. The two-temperature disk is thermally imstable, but is stable 

to secular perttirbations. The stability of transition disks was first studied by Luo 

& Liang (1994), who concluded that the transition region also suffers from secular 

and thermal instabilities, although the secular instability is weaker and the thermal 

instability is stronger than those of the radiation pressure dominated cold disk. For 

short wavelength perturbations, the disk undergoes oscillations, while for longer 

ones, exponential growth takes place. 

Lightman & Eaxdley (1974) have shown that the disk is always secularly un

stable with a viscosity prescription like that in Equation (6.1) if radiation pressure 

dominates. Their argument still holds true for optically thin disks and when mag

netic pressure is included, provided a e is independent of the disk structiire. Hence 

the transition disk (except possibly in the innermost region) should be subject to 

this instability. The criterion for thermal instability as given by Luo & Liang (1994) 

is the following: 

^logfj ^ (91ogf, ^^29) 
a log if 

^ dlogFr  

d logH 

where Fg and Fr are the gravitational heating flux and the radiative flux, respec

tively. From Equation (6.2), we get that the total pressure P is proportional to TH. 

Thus, Fg is proportional to the viscous stress W oc PH oc That is, 

d log  Fg 
= 2 . (6.30) 

a log 5" 

But Fr is proportional to the photon energy density Er divided by r (Equation 

6.22). Thus the instability criterion may be rewritten as 

5 log Er 
2 > 

dlogH 
(6.31) 
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When the disk is radiation pressure dominated, Er = 3Pr « H and the above 

inequality is always satisfied. Thus we confirm the basic result of Luo Sz Liang 

(1994) that transition disks are subject to both secular and thermal instabilities 

since the disk is mostly radiation pressure dominated. 

However, as was pointed out by Taam & Lin (1984), a local axialysis caimot 

accurately predict the global response of these disks. When the perturbations have 

grown, non-linear effects such as advection play an important role and can limit the 

exponential growth of the perturbed quantities. Li fact this seems to be the case for 

the unstable (i.e., radiation pressure dominated) cold disks, and oscillatory behavior 

is instead predicted (Taam & Lin 1984). Unfortvmately, the oscillations predicted 

for the cold disks are too strong to be relevant to the low frequency (.04ir^) QPOs 

observed in the low state of Cygnus X-1. Using a different viscosity prescription 

makes the instability weaker and the frequency is then closer to those observed in 

this source (Chen & Taam 1994). In an alternative model, in which a corona sits 

on top of the cold disk, the instabiUty is also relatively weak and hence this may 

provide a more reasonable fit to the data (Abromowicz, Chen & Taam 1995). We 

speculate that the transition disks discussed here should have a greater response to 

global effects such as advection than do the cold disks, simply due to their higher 

temperatiire. They may suffer weaker instabilities than the cold disks which could 

then naturally explain the low firequency QPOs. On the other hand, due to the 

similarity of the high state disk to the cold configuration, the instability shovild 

be stronger when the source enters this state and this could therefore give rise to 

higher frequency QPOs, distinct from those of the low state. These issues will be 

better understood when a global time-dependent analysis of these disks will have 

been carried out. 

6.6. Discussion 

We have examined the physics and radiative spectrum of transition disks, and 
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have determined the overall disk structure using a simplified two-temperature inner 

region for ease of calculation. A more realistic approach should take into account 

a) electron-positron pair production, b) a better treatment for the inner boundary 

condition, which takes into account the sonic point near the black hole (see e.g., 

Abromowicz et al. 1988), c) a General Relativistic gravitational field instead of the 

Newtonian one assxmied in here, d) a Boltzmann equation solution for the photon 

density instead of the diffusion equation used here, and e) the higher harmonics of 

the cyclotron emission. The question concerning the origin of the 7-ray variabihty 

in Cygnus X-1 can realistically only be addressed Eifter these effects have been 

included in the calcxilation. However, it should be pointed out that since this 

region is advection dominated, the power emitted is only a small fraction of the 

total. Figures 6.3 and 6.4 show that the electron temperature and optical depth 

are high enough for the copious production of electron-positron pairs in the two-

temperature region of the disk. Some of these pairs may escape and could produce 

the annihilation line feature seen in, e.g., 1E1740.7-2942, depending on their number 

flux. However, some of these will stream out due to radiative acceleration and form a 

pair jet (Misra & MeUa 1993; Chapter (3)), which would emit synchrotron radiation 

at radio frequencies. ObservationaUy, we may have already detected this radio 

emission from Cygnus X-1 (Hjellming, Gibson &: Owen 1975), whose variability 

seems to be associated with that of the X-rays. 

For the transition disk modeled here, the imcertainty lies in the approximate 

handling of the radiative transfer in the vertical direction (Equation 22). A more 

realistic analysis woxild require knowledge of the temperature vmation with height, 

which in turn depends on the unknown variation of viscosity in this direction. The 

inclusion of General Relativity and a different inner boimdaxy condition is expected 

to have only a marginal effect on the transition region of the disk due to its greater 

distajice from the black hole. The spectriun from regions with re// ~ 1 depends 
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on the choice of bridging formula used in Equation (25). However, since re// varies 

rapidly with temperature, this is not serious. We believe that refinements to the 

approximate handling of the above phenomena will not change the qualitative na

ture of the solutions although the parameters chosen to explain the X-ray states 

may vaxy slightly from those presented here. 

We have seen that when the source is in the high state (see Figures 6.8 to 6.12 

and 6.14), the X-ray power-law arises from that region of the disk where Tg// ~ 1. 

Thus, in this case the spectrimi should be more sensitive to the approximations 

used here for the radiative transfer. In addition, the inner boundary condition 

used for this work may be inappropriate if the inner region the disk is not strongly 

dominated by advection. We have also neglected emission from the disk at radii 

r ^ Sr^. For these reasons our results for the low state should be viewed as being 

more reliable than those for the high state. 

A transition disk model may also be relevant to other black hole candidates, 

especially the X-ray transients (e.g.. Nova Muscae and A0620-00). It is believed that 

in these sources, the accretion rate varies as a function of time during an outburst. 

We therefore anticipate that accounting for the variable spectra as a function of 

accretion rate in these systems may provide a crucial test of our model. The results 

of this work will be presented at a later date. 

6.7. Surmnary 

We have calculated the disk structure for regions in parameter space where 

the standard cold disk model is not self-consistent (i.e., where the assumption that 

Teff ^ 1 is no longer valid). The disk can now be divided into three main zones: a) 

the standard (outer) cold disk, b) the (middle) transition region, and c) the hot two-

temperature inner disk. The outer portion gives rise to black body emission at ~ 0.5 

keV in the low state of Cygnus X-1. Very importantly, the observed X-ray power 

law is produced within the transition region, unlike earlier models in which it is due 
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to the Comptonization of external soft photons. The inner advection dominated 

two-temperature region emits a lower luminosity than the transition region and is 

observable in 7-rays. Within the transition region, which ranges over a distance of 

about SOr^, the proton temperature increases by roughly four orders of magnitude 

while Tgff decreases by six orders of magnitude. 

The long-term low to high state transition in Cygnus X-1 may be due to a 

changing magnetic field, which is roughly in equipartition with the gas in the low 

state, but is much smaller in the high state. The principal role of this field is to 

provide dynamical pressure support. The viscosity parameter a also needs to be 

lower in the high state than in the low state, which is consistent with the suggestion 

that much of the viscosity is due to magnetic instabilities. 

This model does not require that the imstable regions of the cold disk evolve 

to a hot two-temperature configuration. This type of evolution may not conserve 

energy, and could be curtailed by the effects of energy advection. The transition 

disks are also subject to secular and thermal instabiHties and we speculate that these 

instabilities do not treinsform the disk to a two-temperature plasma, but rather give 

rise to oscillations that may explain the QPOs observed in Cygnus X-1. 
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7. DISCUSSION 

Recent observations of black hole systems in the galaxy suggest that the stan

dard accretion disk theory is not complete and requires modifications. We have 

shown here that several of these new observations may be explained if certciin in

consistencies of the standard disk theory are removed. 

The Shapiro, Lightman & Eardley (1976) model has a cold accretion disk on 

the outside and a hot two-temperature, soft photon Comptonizing disk in the inner 

region. We have shown that there exists a third inner region which is cooled by 

bremsstrahlung self Comptonization. It is this new region which produces the ~ 1 

MeV "bump" observed in Cygnus X-1. In 1E1740.7-2942, the 7-rays from this 

region produce electron-positron pairs both inside and outside the disk. These 

pairs in turn axe accelerated outward by the radiation and form a jet. Most of the 

pairs annihilate at the base of the jet and the resultant 7-rays are observed as the 

broad annihilation line from this source. The remaining pairs form the extended 

radio jets before finally annihilating to form the narrow ~ 511 keV Une observed 

from the Galactic center. 

In an attempt to remove additional inconsistencies in the standard accretion 

disk theory, we have done a detailed study of pair equilibria inside the disk using 

more refined techniques to handle the Comptonization process. An important result 

of this analysis is that hot accretion disks can release about half of the luminosity 

as a pair wind. 

We also studied the effect of energy advection on hot accretion disks with pairs. 

The results depend sensitively on the imposed outer boimdary condition. Hence 

the need for modeling the transition region of the disk (the region between the 

hot and cold states) was emphasized. While modeling this transition region some 

short comings of the earlier theories were highlighted. In the Shapiro, Lightman Sz 

Eardley (1976) model, it was assimied that the transition region was small compared 
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to the radius at which the transition occurs. We showed by energy arguments that 

this can not be the case. They aiso a^svuned in their model that the imstable 

radiation pressure dominated portion evolves into the hot two-temperature state. 

The time evolution of these unstable cold disks shows that this transition does not 

take place; instead the disk oscillates aroimd the imstable steady state value (Taam 

Sz Lin 1984). It seems that the exponential growth of the perturbed quantities are 

curbed by non linear effects. 

We showed that these diffictilties can be overcome while at the same time the 

basic model (which has successfully explained several observational feattires) can 

be preserved. We argued that the unstable radiation pressure dominated cold disk 

does not evolve to the hot state. However, at high accretion rates and small radii, 

the cold standard accretion disk model becomes inconsistent as the effective optical 

depth for such disks is not much larger than imity. Using a more general radiative 

cooling rate, we showed that the inconsistent region of the cold disk actually cools 

by bremsstrahlimg self-Comptonization and is similar to the hot state modeled 

eeirlier. An important difference between this and the earher model is that the X-

ray power law from Cygnus X-1 is now explained as a sum of Wien peaks instead of 

unsatiirated Comptonization. The disk now has a laxge transition region consistent 

with energy conservation. We also showed that in this way both the High (as 

defined by soft X-ray luminosity) and Low states of the source can be explained. It 

should be emphasized that even here the innermost region is a hot two-temperature 

zone, where copious pair production and 7-ray emission wiU take place. Due to this 

similarity, the qualitative ideas of pair jet formation and 7-ray emission discussed 

in the earlier Chapters are preserved. 

We have compared and tested this model with some of the black hole sys

tems, namely Cygnus X-1 and 1E1740.7-2942. To increase our confidence in this 

model and to bring out any shortcomings; there is a need to model other black 
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hole candidates as well. An important candidate for this endeavor is Nova Muscae 

(051124-68). This source is distinct from the persistent sources in that its Ixmiinos-

ity started increasing (and was first detected) on Jan 6 1991 and peaJced in about 

10 days, after which it decayed on £in e-folding time scale of about 45 days. The 

importance of this source is that during the outburst, it was the subject of extensive 

multiwavelength observations (in radio, optical, UV, X-rays and 7-rays). 

The saiient points of the observed emissivity from Nova Musccie are as follows: 

(1) Near its peak, the optical/UV emission is a power law with slope ^ 0*3f consis" 

tent with that of a standard accretion disk spectrum (Cheng et al. 1992). Within 

the 1—8 keV X-ray band, the emission shows up as a blackbody, not unhke the 

spectrum arising from the inner regions of a standard disk . The 8 — 300 keV spec

tral component is a power-law with slope % 2.2, similar to the high-energy spectra 

seen in other black hole candidates (Gilfanov 1993). (2) The optical/UV flux decays 

on an e-folding time scale of m 43 days while the soft X-ray (1—8 keV) emission 

subsides on a time scale of « 30 days. There is a secondary peak in the soft X-rays 

aroimd 70 days after the outburst when the Ituninosity increases by a factor of 2 

before continuing to decay at the previous rate. The hard X-ray power-law remains 

constant for the first few days but has disappeared by the time of the secondary 

outbiirst. This component reappears in a subsequent observation about 140 days 

after the outburst, but by this time the soft component heis disappeared. (3) The 

total Ivuninosity in Nova Muscae appears to be dominated by the soft X-rays dtiring 

the first 120 days. During the outburst, the hard (power-law) X-rays constitutes 

less than ~ 40% of the total power for the first 50 days and ^ 10% during the 

secondary maximum in the soft X-ray flux. However, the hard X-ray component 

dominates the luminosity (~ 85%) arovmd 140 days after the outburst has started. 

The disk-instability model (Ichikawa, Mineshige & Kato 1994) can account for 

the exponential decay in the Imninosity. In this picture, matter accumulates within 
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a quiescent disk until a critical stage is reached, at which point the stored plasma 

cascades into the black hole. Thus, the accretion rate in the inner region of the disk 

sharply increases to a maximvun value and then drops of exponentially. However, in 

order to explain the observed time scale for the decay, this model assvunes an ad hoc 

and complicated radially-dependent viscosity. In addition, the secondary majdma 

in these transients are not reproduced without an extra burst of mass transfer 

(Mineshige 1994). Nonetheless, although the overall disk structure and mechanism 

for meiss transfer are not yet well imderstood, it is reasonable to adopt the view that 

the time evolution of Nova Muscae's spectrum may be due to a variable accretion 

rate in the inner region of the accretion disk. 

This source, with the multi-wavelength observations at different times (corre

sponding to a wide range of accretion rates) is an excellent testing groimd for any 

accretion disk theory. It is clear that the Shapiro, Lightman Sz Eardley (1976) 

model does not explain some of the observed featiures of Nova Muscae. The main 

difficulty with this source is that the soft X-ray emission, which presimiably is due 

to the optically thick portion of the accretion disk, seems to dominate the overall 

power output. Given the energetics associated with accretion, it would therefore be 

natural to associate the soft X-ray region with the innermost segment of the disk, 

where most of the gravitational energy is dissipated. This is contradictory to the 

two-temperature coronal model discussed above which predicts an optically thin 

inner disk region. Paradoxically, the presence of a haxd X-ray component suggests 

that at least part of the disk has a two-temperature, optically thin structure. In 

addition, the observed luminosity corresponds to an accretion rate > 10^" g s~^, 

for which an optically thick irmer disk would be locally unstable and according to 

the theory should evolve into the hot two-temperature state. 

The transition disk model discussed in this thesis is expected to do better since 

in this model the disk remains cool as long as the effective optical depth is larger 
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than unity. Modeling Nova Muscae as a transition disk would increase confidence in 

the model and/or greatly enhance our imderstanding of these systems. However, the 

transition disk model in it's present stage is stiU simplistic and such an application 

may not prove conclusive until several important effects axe taken into account. As 

was pointed out in Chapter 6, a more realistic approach should taJce into account 

a) electron-positron pair production, b) a better treatment for the inner boundary 

condition, which taJces into accoimt the sonic point near the black hole (see e.g., 

Abromowicz et al. 1988), c) a General Relativistic gravitational field instead of the 

Newtonian one assumed in here, d) a Boltzmann equation solution for the photon 

density instead of the diffusion equation used here, and e) the higher harmonics 

of the cyclotron emission. The inclusion of these effects and comparison to Nova 

Muscae will be the primaxy goal of future work in this subject. 

The transition disk model does not require that the unstable regions of the cold 

disk evolve to a hot two-temperature configuration. Thus these disks are subject 

to seculax and thermal instabiUties. A time dependent analysis of these disks that 

follow the growth and decay of perturbations over the (imstable) steady state will 

malce definite predictions about the spectrxmi. These predictions can be tested 

with upcoming observations with XTE and can be compared to the QPOs (Quasi 

Periodic Oscillations) observed from some of these soiurces. 

This thesis is an important step for the formiilation of a general theory of 

black hole accretion disks. As described above, a more sophisticated version of the 

traxisition model is an ideal candidate for such a general theory. Such a model may 

also be applicable to Active Galactic Nuclei. Better understanding of the accretion 

disk will help probe and test theories regarding the black hole itself. We would then 

have a deeper insight into the most exotic objects in our galaxy. 
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