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ABSTRACT 
In another paper (Paper I), we analyzed the dynamics of winds driven from accretion disks 

when the outer regions are irradiated by X-rays from the inner regions. The observable 
manifestations of Compton heated coronae and winds may depend sensitively on the transfer of 
incident X-rays through the corona and wind. Here we incorporate, into the framework laid down 
in Paper I, the effects of attenuation and scattering on X-rays from a central source, as well as 
the effects of inverse Compton cooling due to radiation emitted locally by the disk. 

The observable signatures of Compton heated winds and coronae above accretion disks in 
quasars, active galactic nuclei, X-ray binaries, and cataclysmic variables include: (1) an extended 
source of scattered X-rays, able to account in detail for the partial X-ray eclipses of sources such 
as 4U 2129 + 47 and 4U 1822 — 37; (2) X-ray polarization at a level ranging from more than 1% 
for a typical source with random orientation to more than ~10% for a nearly edge-on source 
with the compact X-ray source obscured; (3) line emission due to reprocessing of incident X-rays 
by the disk, with an efficiency which decreases as the X-ray flux increases (4U 1822 — 37 is treated 
as an example); and (4) reprocessed continuum with a spectrum which often differs from the 
scaling Fv oc v1/3 predicted for continuum generated locally within the disk; the results are applied 
to the UV spectrum of Cyg X-2. 
Subject headings: galaxies: Seyfert — quasars — stars: accretion — X-rays: binaries 

I. INTRODUCTION 

In another paper (Begelman, McKee, and Shields 1983 [Paper I]), we showed that a strong wind can arise when 
the outer part of an accretion disk is irradiated by X-rays from the central regions. The wind occurs outside a 
radius ~0.1RIC, where RIC is the radius at which the free-fall velocity equals the isothermal sound speed of the 
Compton-heated coronal gas (see eq. [2.1] in Paper I, denoted [12.1]). We asserted that the asymptotic speed of 
the wind depends on radius, but is insensitive to radiative transfer effects which occur as the X-rays traverse the 
corona and wind. The transition between a strong wind at large radii and a tightly bound corona farther in is 
likewise insensitive to the effects of scattering, since the location of the transition depends on the spectrum of the 
incident radiation but not on its intensity. We argued, therefore, that the mass loss rate at each point in the disk 
should be affected by radiative transfer only insofar as attenuation reduces the intensity and hence the pressure at 
the base of the flow. We expressed this reduction through an “attenuation factor”/, defined as the ratio of the 
actual mean intensity at the base of the flow to the unattenuated intensity. We asserted that / would exceed 0.1 in 
the wind zone. 

Our aim in this paper is first to verify that the above assertions are correct, and second, to explore the important 
observable effects of Compton-heated gas above an accretion disk. Evidence for extended sources of scattered X-rays 
in partially eclipsing X-ray binaries has already motivated research into the properties of Compton-heated coronae 
above disks by White and Holt (1982); McClintock et al (1982); and Fabian, Guilbert, and Ross (1982). 
Scattering, particularly by the flattened distributions of gas in the corona, can give rise to substantial linear 
polarization. Some of the X-ray energy not used to heat the corona/wind will be absorbed by the underlying disk, 
and converted into emission lines and/or a flux in continuum which can swamp the emission intrinsic to the disk. 

These “directly observable” manifestations of Compton heated winds and coronae are more closely intertwined 
with radiative transfer effects than are the dynamical consequences emphasized in Paper I. For a disk irradiated at a 
low angle of incidence by a central X-ray source, the degree of attenuation in the corona/wind increases with 
decreasing radius, and with decreasing height above the disk. Although most of the heating which drives the wind 
occurs at larger radii and at heights h ~ R, the scattering which produces the observable effects may be dominated 
by the structure of the flow in these denser regions. To map the effects of scattering self-consistently, one must 
at least determine the attenuation factor/as a function of radius. The result depends sensitively on the geometric 
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arrangement of disk and source, and our attempt in § II to solve the problem for a steadily flaring (i.e., disk 
height ^ increasing at a rate faster than one proportional to R) disk irradiated by a central point source, represents 
the configuration in which radiative transfer effects are likely to be most important. They are indeed dramatic, 
particularly in the inner corona where the attenuation can become sufficiently great that the radiation emitted locally 
by the disk plays an important role in determining the thermal state of the gas. Attenuation of radiation from the 
source passing through the inner corona affects in turn the structure of the flow farther out. By incorporating these 
effects into the analysis of Paper I, we produce a model for the spatial structure of the corona/wind above a flaring 
disk. This model is summarized in Figure 1. 

Once the attenuation factor is known, it is straightforward to describe the scattering, polarization, and reprocessing 
of X-rays by the disk, in detail. This is done in §§ III-V, where we emphasize applications to X-ray binaries, quasars, 
and Seyfert galaxies. In particular, we deduce a specific model for the partially eclipsing X-ray binary 4U 2129 + 47, 
which fits the available data as well as the more phenomenological treatment by McClintock et al (1982). 

Fig. la 

Fig. lb 
Fig. la.—Radiative transfer in the corona and wind. The normalized height of the surface of the disk hd/R0 and of the corona hc/R0 are 

plotted as functions of £ = R0/RIC. Photons from the central source propagate horizontally in this figure; two examples are indicated by wavy 
lines. The case illustrated corresponds to L = Lcr and hd/R = O.O?^0 2; also, £ _ i — Tics — “fc.min — K = 1. For this choice of parameters, the point 
at which the corona becomes thicker than the disk <^G is the same as the point ^hc at which the local disk radiation is weak enough for the 
hot corona to exist (i.e., Th > 7ic/2). In the inner attenuation zone (¿;hc < £ < ^ia) the hot corona is governed by the condition that the attenuation 
factor / equal fd (eq. [4.11]). In the inner shadowed zone (<^ia < k< ^is), the hot corona has E'0 = Ei, min and / is determined by absorption 
aI ^ < £ia- We have not analyzed the structure of the transition zone (the “cool corona”) between the hot corona and the surface of the disk, but 
it is probably very opaque to photons from the central source. In the outer shadowed zone (^is < <^ < ^os) the radiation from the central 
source can reach the surface of the disk, but / is still determined by attenuation at <!; < £ia. Finally, in the outer attenuation zone 
(£os < £ < £d) radiation from the central source passes above the inner attenuation zone and / is determined by local attenuation. The disk 
terminates at £d. 

Fig. lb.—Attenuation factor/(£) for disk illustrated in Fig. la. The minimum value of /(£) is /is, which is given by eq. (2.24) and is 
approximately 0.1 for the parameters adopted here. 
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II. RADIATIVE TRANSFER IN THE CORONA AND WIND 

As we showed in Paper I (cf. eqs. [3.58] ff.), the mass flux in a given flow regime scales with the pressure p0 at the 
base of the flow. The pressure, in turn, is proportional to the mean radiation intensity J0 at the base of the flow 
(eq. [12.1]); hence, it is important to compute this quantity self-consistently, taking into account the attenuation of 
the radiation as it passes through the hot gas. If the optical depth from the base of the flow to the source of 
radiation (ts0) is small, then the heating rate F is given by equation (12.5) and the form factor for heating/r(y) 
(eq. [13.9]) varies slowly between y = 1 and y ~ 2. However, if ts0 exceeds unity, the intensity will be reduced below 
L/4nR2, and the mass flux diminished. In this section we shall estimate the “attenuation factor” 

_ 4nJ0 

~ L/4nRl 
< 1 (2.1) 

as a function of the radius R0 at the base of the flow, under the assumption that the optical depth is due to 
electron scattering. In terms of/, the pressure p0 is 

Po = 
Lf 

4nRo ¿¿o 
(2.2) 

where S'0 = 4nJ0/p0c is evaluated at the base of the flow. In the wind S'0 = S' max (see discussion after eq. [12.1]), 
whereas in the corona a range of values is possible (see below). 

Radiative transfer effects clearly depend on the geometry of the source and of the disk. Since the disk itself is 
assumed to be opaque, direct radiation from a central source can reach the base of the flow only if the source is larger 
than the thickness of the disk or if the disk flares—i.e., if the height of the disk photosphere hd(R0) increases 
with R0 faster than linearly. The structure of accretion disks is poorly known because of uncertainties in the 
viscosity, because of the possibility of nonviscous angular momentum transport (Blandford and Payne 1982), and, 
in the case of massive accretion disks, because of the complicating effects of self-gravity (e.g., Paczynski 1978). 
Standard thin disk models which parameterize the viscous stress as ocdp and which ignore the latter two effects do 
allow radiation from the central source to reach the disk (Shakura and Sunyaev 1973). The inner part of the disk is 
dominated by radiation pressure with the opacity due to electron scattering; it has a constant scale height 

h'dxle-l(L/LE)Rs, (2.3) 

where e < 0.1 is the efficiency of mass-to-energy conversion in the accretion flow, LE is the Eddington luminosity, 
and Rs is the Schwarzschild radius. The X-rays must be emitted in a region at least several times Rs in size, whether 
the central object is a black hole or a neutron star, so the emission region is at least as thick as the inner disk if 
L < 0.3Le. Hence the surface of the inner disk is illuminated by the X-rays unless L ~ LE or unless the X-rays are 
emitted directly from the surface itself. In Shakura and Sunyaev’s models, however, the disk flares once the gas 
pressure dominates: 

K 
Ro 

(2.4) 

where the constant (¡)diC = 10“3 to 10"1 and 5 = 1/8 or 1/20, depending on the source of opacity. Hence, the surface 
of the gas-pressure dominated disk can always “see” the central source, provided L is not too close to LE. In what 
follows we assume that such a direct line of sight exists. 

a) Vertical Structure of the Corona 
Before addressing the problem of radiative transfer in the corona and wind, we first discuss the vertical structure 

of the corona, including the effects of radiation from the disk itself and thermal conduction. 
An isothermal corona above a disk of thickness hd has an electron density 

n* = Po 
2kTh 

exp 
ic 

(zRoV zRkM\ 
\ K J R2o ](’ 

(2.5) 

where 

hc = (2R3
0/RiC)112 (2.6) 

is the coronal scale height, zR0 is the vertical height above the disk, and 7¡c is defined in equation (12.4). In the 
innermost region of the disk, the corona may be thinner than the disk, but for 

(2-7) 
KIC 

the corona is thicker than the disk and has a Gaussian density profile. We shall assume the thick corona case here. 
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A lower limit on ¿;G is obtained by using the value of hJR for a radiation-pressure dominated disk, 

£g > 4.7 x KT^L^Le)2/3, (2.8) 

where e_1 = e/0.1. 
The coronal temperature Th is governed by Compton heating and cooling by both the radiation from the central 

source and the radiation emitted locally by viscous dissipation in the accretion disk: 

rr _ JdTd + JTlc 

j,+j 
where 

(2.9) 

1 I3GMM\ 
2k\ SkRq ) 

(2.10) 

is the mean intensity of the radiation emitted by the disk and Tä its inverse Compton temperature («effective 
temperature for a blackbody). Defining 

with 

4nJä 

L/AkR1 
^hç (2.11) 

^hc = 4.5 x (2.12) 

and neglecting Td in comparison with 7¡c (a necessary condition for the corona to be thicker than the disk), we find 

Th 
frTlc 

fr + fd 

(2.13) 

That part of the corona with /r > fd has Th > ^7¡c, and we term this the “hot corona.” With our assumption that 
Td < 7ic, the hot corona can exist only if fd < 1, i.e., at radii exceeding ÇhcRiC- (For strongly magnetized neutron 
stars the accretion disk is outside the magnetosphere and is entirely beyond ^hc^ic ) Note that ^hc exceeds ^G, the 
point at which the corona is thicker than the disk, only for L < T,2

C8 el}/2Lcr, based on the estimate for ¿;G in 
equation (2.8); Lcr is defined in equation (I2.12a). 

The transition region between the hot corona and the disk is determined by the variation of /r with height 
and by thermal conduction. When this transition has a significant thickness, we refer to it as the “cool corona.” 
We do not analyze the structure of this transition region here, but we shall make a few general comments. In a steady 
state the corona has a negligible mass flux, so the energy equation is 

1 d dT 
—j~rK —— = nY — n A , 
Ro dz dz 

(2.14) 

where k is the conductivity, and the pressure p0 is determined by the condition (Zel’dovich and Pikel’ner 1969) 

Í (nF — n2A)dz = 0 . (2.15) 
jo 

If the corona were isobaric and transparent, then this would require S' ~ (which is defined after eq. [12.1]); 
however, as we shall see in § lib, these conditions are not satisfied in the inner parts of the disk. 

Although thermal conduction is important in the interface between the disk and hot corona, we assume that it is 
not significant in the hot corona itself. Let hK be the characteristic thickness of the conductive interface. Since 
k cc T5/2, the heat flux is 

d 12 kT\ _2kT 
Tz\ÏR^f ~1~K 

and since the energy flux to be conducted is ~neTfThK we have 

Evaluating this at T = ^7¡c, where the heating and cooling are no longer in balance, we find 

^ = 6xlO-^(S'T^^. 

(2.16a) 

(2.16b) 
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So long as hK < hC9 conduction is confined to a thin boundary layer and may be neglected over most of the hot 
corona; this is valid provided L/LE is not too small nor Tlc too large. The opposite case of high temperature 
(Th ~ 109 K) with hK ~ hc has been considered by Liang and Thompson (1979). 

b) Radiative Transfer in the Corona 
The uppermost layers of the corona flare and receive unattenuated radiation, so that TJ, æ 7¡c. Deeper in the 

corona, the radiation from the central source is attenuated by a factor exp ( —ts). In general, scattered radiation 
contributes an amount of/sc to/r, but we defer consideration of this term. The coronal temperature (eq. [2.13]) 
then becomes 

Th=Tlc/(l +fde'‘). (2.17) 

Once ts exceeds ln/d
-1, the temperature plummets. Hence the hot corona cannot extend below the point at which 

In the inner attenuation zone, this condition determines the lower boundary of the hot corona, which is at a 
height hhc above the midplane of the disk: 

Ts(/ihc) = In/d"
1 = In (^hc), (2.18a) 

or equivalently, 

MKc)=fä- (2.18b) 

The value of the characteristic optical depth t y = ne<jTR0 depends upon the unknown shape of this lower boundary 
and is uncertain, so we set it equal to a constant kr, of order unity. If the line of sight from the central source to 
an arbitrary point in the hot corona enters the corona at ¿min, then 

ts(h) = Ç neaTRlcdi = kxln mmin). (2.19) 
‘smin 

At the base of the hot corona we have Ts(hhc) = In (Ç/Çhc), so that 

çmin(/îhc) = C1-1/^ié'£'. (2.20) 

To be self-consistent, the base of the hot corona must flare; hence ^min(hhc) must increase with £, kx must be 
greater than or equal to 1, and Çmin(hhc) must be greater than or equal to ^hc. In this simple model there are then 
two cases: (1) the line of sight enters the corona at ^hc (^min = <i;hc) and /cT = 1; or (2) ¿;min > ^hc and kx > 1. In the 
first case ts(¿, h) is independent of height /i; in the second case ts is independent of the disk structure only if 
{min > {g, whence h/R0 = (2£min)

1/2 and 

rs(i,h) = Kln[2^h/R0)-2]. (2.21) 

The pressure in the hot corona is related to kx by p = 2/c7¡c/cT/crTR0, so that the ionization parameter at the base 
of the hot corona is 

z(Kc) 
(L/Le) l/LUhc 4.5 x KT4/L\ 7ic8 

Kt e K\LEJe K Ue^-i{2’ 
(2.22) 

Thus, as one moves outward in the inner attenuation zone,/d = ^hc/^ drops, the optical depth rises, and H'(/ihc) drops. 
When E'(/ihc) reaches its minimum possible value, S^min, the inner attenuation zone terminates; we label this point ¿;ia: 

£ia = 
^c(L/Le) 1/2 

= 0.021 
TlCs(L/LE) 

kr l—‘/j,n 

1/2 
(2.23) 

Note that for a star, Ria = £iaRiC ~ 2 x 108(L/LE)1/2(M/Mo) cm, which is comparable to the radius of the magneto- 
sphere of a strongly magnetized neutron star and to the radius of a white dwarf; in either case the inner 
attenuation zone would be severely truncated. 

Outside the inner attenuation zone the ionization parameter is approximately constant so that Ty drops as 
£ increases. Since the optical depth in this zone is determined by attenuation in interior parts of the corona, we 
term this the shadowed zone. In the inner shadowed zone, the attenuation at the base of the hot corona is unchanged 
from that at the boundary of the inner attenuation zone 

fis frfêiai rihc 
X = ^hc 
} £ia 

0.021 7¡C8 K ^htn 

£-i(L/Le) 

1/2 
(2.24) 

so that 

Ty = ne (ttR0 = kx{ÇJÇ). (2.25) 
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If the disk flares sufficiently, then it will force the base of the hot corona into a region where the attenuation 
factor /is closer to unity. Since /is still determined by scattering in the inner attenuation zone, we term this the 
outer shadowed zone. Two conditions must be satisfied in this zone: the disk must be out of the shadow of the 
cool corona in the inner attenuation zone (hd/R > hhc/R); and the line of sight from the disk to the central source must 
exit the corona at ¿;min > ¿;hc so that / > /is. The transition between the hot corona and the surface of the disk is 
thin in this zone—there is no “cool corona.” Denote the boundary between the two shadowed zones by Çis. For a 
thick corona (¿;min > £G, or L < T/cge! J/2Lcr) equation (2.21) can be used to show 

^PdlC^is = (^^hci^'^i^ia/^hc)0— 1/^l) i (2.26) 

and in the outer shadowed zone the attenuation factor is 

/ = /is(^iS)
2sfet . (2.27) 

On the other hand, for a thin corona (^min < <^G) both £is and / depend on the uncertain shape of the disk at 
small radii. 

At sufficiently large radii / -► 1 and we enter the outer attenuation zone, in which /is once again determined by 
local scattering rather than by attenuation in the inner corona. This zone begins only where the line of sight from 
the disk photosphere to the central source clears the corona at <i;ia [i.e., hJR > (2^ia)

1/2]. The outer boundary of the 
outer shadowed zone at ¿os is generally in the wind region of the disk (^os > 1) and is discussed below. 

The approximate classification of different zones in the disk is predicated on the assumption that S'0 > E^min in 
the inner attenuation zone, or equivalently, that the outer boundary of the inner attenuation zone at ¿ia be beyond 
the inner boundary at <i;hc. This is true if 

^ ^hc—h.min^E = 4.5 x 10 4/ct 7¡C8 £_ LE , (2.28) 

corresponding roughly to L > 10-2Lcr. Below this luminosity, the corona is completely transparent and / = 1. 
For example, cataclysmic variables have small enough X-ray luminosities (Cordova, Mason, and Nelson 1981) to 
fall into this regime. Thermal conduction is likely to be important in such coronae (eq. [2.16b]). 

Heretofore we have neglected the effect of radiation from the central source which has been scattered by the 
corona. This scattered radiation is unimportant to the structure of the hot corona, but it is important to the cool 
corona. Below we show that the electron scattering optical depth t± normal to the disk is always small (eqs. [2.35] 
and [3.10]), which greatly simplifies the analysis since multiple scattering can be neglected. In the inner attenuation 
zone, the contribution to /r due to single scattering is 

1 In tJ1 

2 L/4tiRq 
K 

2kx + 1 
(2.29) 

where S1 is the scattered surface brightness normal to the disk (eqs. [3.5]-[3.11]). In the shadowed zone, the local 
contribution to scattering declines steadily, so that /sc < /sc(^ia). The condition that scattering be negligible in the 
hot corona is fsc/fr{hhc) < 1 ; evaluating this ratio at <i;ia, where it is a maximum, gives 

(2.30) 

for kx ~ 1. Except for luminosities very near the Eddington limit, scattered radiation is indeed negligible compared 
with direct attenuated radiation in the hot corona. At these high luminosities, one can show that a corona could be 
maintained solely by scattering out to a radius 

£ (2.31) 

For L/Le < j, this implies Çsc < 0.1; since a wind arises only for ^ > 0.1 (Paper I), we conclude that it is impossible 
for a wind to be maintained solely by scattering under these conditions. In other words, self-excited winds cannot 
exist except perhaps at large luminosities. 

Scattered radiation is quite important in determining what goes on below the hot corona in the inner attenuation 
zone. Recall that at the base of the hot corona, the radiation from the central source has been attenuated 
sufficiently that the coronal temperature is beginning to drop below 7ic. Below that hot corona, the equilibrium 
Compton temperature is 

T = ieq 
/i /i + />c 7¡C fdTd + /sc Tlc 

Jd + JSi fd + /sc 
(2.32) 

where Jsc is the mean intensity of the scattered radiation. For Teq < 107 K, this will only be a rough approximation 
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to the gas temperature, since line cooling and photoionization heating may become important. Scattered radiation 
will create a “cool corona” if Tlc > Teq > Td, and one can show that this occurs in the inner attenuation zone for 

£ > 1.6 x 10“3 
1/9 

(2.33) 

For binary X-ray sources this is most of the inner attenuation zone, and for quasars it comprises the entire zone. 

c) Radiative Transfer in the Wind 
In Paper I we divided the wind and corona into five regions (A-E) based on the luminosity of the central source and 

the radius (see Fig. 1.1): Region A is an isothermal wind unaffected by gravity (L/Lcr > ^ > 1); Region B is steadily 
heated wind also unaffected by gravity > max (L/Lcr, LlJlf) > 1]; Region C is a steadily heated, gravitationally 
inhibited wind (L^/L2 > (^ > 1); Region D is a corona with a non-isothermal wind (£<1, L/Lcr < 1); and 
Region E is a corona with an isothermal wind (^ < 1, L/Lcr >1). First we demonstrate that this classification is 
insensitive to radiative transfer effects. The dividing radius between wind and corona remains RIC since the 
temperature in the upper corona is always close to 7¡c (except at very small radii, ^ < £hc). The condition that 
the wind be in Region A is that T reach Tlc for z < 0(1). Likewise, the classification in Regions B and C depends on 
the heating rate at z ~ 0(1), where the flows reach their maximum temperatures. Hence, the relevant optical depth 
for the classification is ts(z ~ 1), the line-of-sight optical depth from z ~ 1 to the source. Such lines of sight 
remain at z « 1 for all R, and miss the optically thick part of the corona entirely. Since the horizontal and vertical 
optical depths are comparable, we evaluate the latter. In Region A we set T & Tlc and 2nekTlc = \p0. In 
Regions B and C we slightly overestimate ne by computing p/T from equations (12.11), (13.13), (13.19), and (13.21), 
and by setting the factor (p*/^)1/2(/r/.y</?>)-1/4 ^ 1. The results are 

j0.5^_1 (Region A) 

r2 Lf 3 6 /L \2/3 

*1 = j^neaTR0dy = j^7 j^î/3 (Region B) (2.34) 

19 (Region C). 

Taking into account the boundaries of the various regions, we find 

< (f/E'o)[0.5, O.lTfc^2, 0.3rfc|/
2] (2.35) 

in Regions A, B, and C, respectively. Since E'0 ~ S^max > ^ and 7¡C8 >0.1 for systems of interest, and since / < 1 
always, we conclude that t±, and hence ts(z ~ 1), are less than unity for all wind solutions. Thus, our classification 
scheme is preserved; and in treating the radiative transfer, multiple scattering can be neglected. 

The base of the wind will lie in the shadow of the inner attenuation zone unless the disk is relatively thick, 
(hd/R) > 0.2 according to the rough estimate below equation (2.27), or unless L is so low that the corona is transparent 
(eq. [2.28]). Attenuation in the wind itself may be important even though ts(z ~ 1) ~ ^ <0 because lines of sight 
from the base of the flow to the central source pass through dense regions at z 1. However, the analysis in 
Appendix B shows that/wind usually exceeds 0.1 (see eqs. [BIO] and [Bll]). 

III. SCATTERED RADIATION 

a) Scattered X-Ray Surface Brightness and Luminosity 

A Compton-heated corona or wind is an extended source of scattered X-rays. Since the optical depth t1 normal 
to the disk is small (cf. § lib, c), only single scattering is important and the local scattering emissivity at a distance R 
from the central source is 

rie^jL 
7sc (4n)2R2 6 (3.1) 

For observational purposes, the most detailed diagnostic of scattering is the integral of jsc along a line of sight through 
the source, the surface brightness 

S = ¡jsce~^dl. (3.2) 

Here tob is the optical depth along the line of sight to the scattering point. The quantity Tob may be appreciable for 
lines of sight which pass through the corona at R/RiC Çia or through the wind at h/R 1. 
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i) Scattering in the Wind 
In this section we draw heavily on the results of §§ II and III, Paper I. The surface brightness S for a disk at an 

arbitrary angle i to the line of sight is a rather complicated function, so we focus on the two extreme cases of a 
face-on disk (S±) and an edge-on disk (S||). Far from the disk the wind has a constant velocity and neccR~2; 
closer to the disk, ne must be consistent with the value of calculated in equation (2.34). Hence ne must be of the 
form 

ne 
Rq Tl(flo) 

(J'Y R2 
R0 =min (R,Rd) 

(3.3) 

where the condition on R0 accounts for the fact that for R < Rd, gas originating at K0 ~ Æ determines ne, whereas 
for R> Rd the gas originates at R0 ~ Rd; here Rd is the outer radius of the disk. This approximation averages over 
the (y — 1)_ 1/2 variation of ne with height above the plane found in § III, Paper I, for Regions B and C, and so it is 
suitable for calculating 5± but not S||. Evaluation of S1 from equation (3.2) with the aid of equations (3.1) and (3.3) 
yields 

LRp t^Rq) 
(47t)2Rí

3 (3.4) 

(A) 

(B) . 

(C) 

(3.5) 

Here = Rt/RiC is the normalized distance of closest approach of the line of sight to the central source; as in 
equation (3.3), £ = R0/Ric = min (£f> £dY We have ignored ts in equation (3.1) since it is significant only for h < R, 
which does not contribute much to S±; since Tob = t± 1, we have ignored Tob as well. 

If the disk is edge-on, S is not very different from S± in Region A or, if R$> Rd, in Regions B and C, since in 
both cases the flow is roughly spherical. However, if R < Rd in Region B or C, the density becomes large near the 
surface of the disk, and equation (3.3) for ne must be replaced by (see eqs. [13.32] and [13.41] for T* oc n_1) 

1 MRq) 
2 (ttR0z

1/2 ’ 
(3.6) 

For simplicity, any variation in the heating rate (/r) along a streamline has been ignored. Optical depth effects 
become important for Tu = ne(jTR0 > 1, or z1/2 ~ (h/R0)

1/2 < t±/2. Integration of equation (3.2) then gives 

S|l*(W/2 + (l/2MRo) (B’C)\ (17) 

where the xjl term causes Sy to saturate when ty > 1. Note that for an edge-on disk R2 > ft2 + Rq, so h/Rt < 1. 
The total scattered luminosity due to the wind 

LsC=C4nhcdV (3.8) 
J Ric 

is dominated by the region Rt < Rd and is of order Lt1(^ = 1); more precisely, 

Í (A) 

(^I)2/3(11_7^1/3) (B)- (39) 

9(1 + In Q (C) 

This is generally small since / is reduced by shadowing when L^LE. Somewhat less than half of the scattered 
X-rays will be absorbed by the disk, so the scattered luminosity actually escaping the system will be somewhat 
greater than half the value in equation (3.9). 

ii) Scattering in the Corona 
In the corona, the surface brightness depends on whether the line of sight passes through the inner attenuation 

zone (¿;hc < £ < ^ia) or the shadowed zone (^¡a < £ < ^os)* We focus on the case (^ < 1, ^ < ^), so that the effects 
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of the coronal wind are negligible and S can be calculated in the same manner for both Regions D and E. Recall 
that in the inner attenuation zone ne <7T R0 = kx (eq. [2.19]). In the inner shadowed zone ne aT R0 = kx(l;ia/Ç) (eq. [2.25]); 
in the outer shadowed zone, ne is increased by a factor j7/is (eq. [2.27]), but since this factor is not large, we ignore 
it. Since the height of the corona is hc = (2£)1/2R0, we find that over the entire corona 

Since (^ia is small (eq. [2.23]), r1 is also. In the inner attenuation zone, ts is given by equation (2.21) over most 
of the volume of the corona, whereas for Ç ts is negligible. The perpendicular (face-on) surface brightness in 
the inner attenuation and inner shadowed zones can be approximated by a single expression 

21/2kx 

M2Rîc !3/2(i + 2K + UU ' 
(3.11) 

If the outer part of the corona is in the outer shadowed zone (çiÿ < 1 : eq. 2.26), then Sx is larger there by a factor 
f/fs [eq. (2.27)]. 

In the inner attenuation zone, the scattered luminosity inside ç is 

Lsc(«9= flnRÏçcJï [%7t/s, 
J n J n 

dh 

Km 
1/2 

(2kx + 1) 
L . 

(3.12) 

(3.13) 

We have assumed that half the scattered radiation is absorbed by the disk, which is somewhat of an overestimate 
for hv > 10 keV. For kx > 1, equation (3.13) is just what one would expect: in the optically thick limit, half the 
radiation with (h/R) < hJR = (2£)1/2 is scattered away from the disk; as seen from the central source, this is just the 
fraction of the sky covered by that part of the corona inside £ (counting both sides of the disk), whence 
LjL=m)m. 

In the shadowed zone, 5 oc ^ 5/2 and Lsc converges. Using the approximation (3.11), we find the total luminosity 
scattered by the corona, including both the inner attenuation and inner shadowed zones, is 

I-'SC 
IT 

2 1/2tc/ct 
1 + 2kx 

TIC8(L/Le) : 0.19 

[(1 + 2kx)U
m 

1/4 

“/i. min £ - 

(3.14) 

(3.15) 

where we set kx = Tin the last equation for simplicity. [Scattering by the outer shadowed zone depends on the 
geometry of the disk and has not been calculated. It is important only if the disk flares sufficiently that / ~ 0(1), 
and then it could be comparable to the scattering by the wind.] In view of the weak dependence on the parameters, 
we conclude that the corona will scatter a significant fraction of the luminosity from the central source under a 
wide range of conditions. 

The effects of scattering are most apparent in sources observed edge-on (i æ 90°). The central source may be 
obscured by the disk, leaving only the scattered X-rays visible. The surface brightness depends on the optical depth 

xob = kt(l + lnU0 (£<U 

= (£>U 

from ç out to the observer. Let Cj be the value of £ at which rob = 1, 

£1 ~ £ia/[exp (l//ct) - 1]. 

(3.16) 

(3.17) 

For the corona is optically thin and Sy is (Rt/h) times larger than For ^ the corona is optically 
thick along the line of sight, and the observed emission is dominated by gas at c^. Hence the edge-on surface 
brightness of a disk is 

SII(^)*(20-1/2S1(^) 
Í = max (^i) 

(3.18) 

where S±(Ç) is given in equation (3.11). 
If the disk is eclipsed, the light curve is determined by the integral of 5 y over height above the disk. Let 
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L°c
bs(<^) be the observed luminosity (i.e., An x distance2 x observed flux) of the scattered X-rays inside Counting 

the top and bottom, and right and left sides of the disk, we have 

¿L°c
bs 

dtt 
= 4715 il • Ah (3.19a) 

21/2Lkx 

7r^1/2(l + 2kx + Ç/U í=max(i„íí) 
(3.19b) 

for an edge-on disk. (If is in the outer shadowed zone, this should be increased by f/fs.) Integrated over the 
entire disk, L°^s is about (2/ti) times the total scattered luminosity Lsc in equation (3.15): 

L°c
bs(edge-on) 

0.1 
T1C8(L/Le) 

min ^ - 

1/4 
(3.20) 

For a binary X-ray source, the typical radius at which the scattering occurs is Ria~ 2 x 108(L/LE)1/2 cm, so 
entrance and exit from X-ray eclipses should last a time of order 2RiJvorbital; scattering in the atmosphere of the 
companion star could lengthen this. The scattered X-rays should be highly polarized (§ IIIc). If i is close enough 
to 90° that cos i < hd(^d)/Rd, then even these scattered X-rays will be obscured by the disk, and only X-rays scattered 
from the outer disk and the wind will be visible. 

iii) Comparison of Scattering in Wind and Corona 
The scattered luminosity from the corona (eq. [3.15]) is insensitive to the source parameters and occurs primarily 

at small radii ~Ria. The scattered luminosity from the wind (eq. [3.9]) varies linearly with L in Regions A and C 
and also varies directly as the uncertain attenuation factor f. Taking the ratio of the two equations, we find 

I °-2 (A) 

Mwind) 7 If* efjf L/i.crf
3 ^ 

Lsc(corona) UJ | \ L / 

4 (C), 

(3.21) 

where we have set = 0(1). In Region A, Lsc(wind)/Lsc(corona) can reach 2.5(L/LE)3/4/for < _ x ~ T,cs ~ 3^min ~ 1, 
but / is likely to be small for L ~ LE. Note that in Region B, we have Lsc(wind) ~ /Lsc(corona) for a wide range 
of L. If/ ~ 1, as it may be in Regions B and C for a thick, flaring disk, then the scattered luminosity is concentrated 
at two different radii: R ~ Ria< Rlc in the corona and R ~ RIC to Rd in the wind. The intermediate region is in 
the shadowed zone and contributes relatively little to the scattered radiation. 

b) Eclipses of Corona and Wind in X-Ray Binaries 

The most direct observational evidence for scattering by a Compton-heated corona or wind comes from the X-ray 
binaries 4U 2129 + 47 and 4U 1822-37 (cf. White et al. 1981; White and Holt 1982; McClintock et al 1982; and 
references therein), which exhibit partial eclipses of their X-ray sources. The constancy of the X-ray spectrum during 
eclipses, coupled with the eclipses’ partiality, have led the above-mentioned authors to suggest that the observed 
X-rays have been scattered by an extended corona or wind. Other sources show similar evidence for scattering from 
an extended corona, during non-eclipse modulation of the X-ray brightness. For example, both Her X-l and 
Cen X-3 show persistent emission during their extended “low” phases, without the soft X-ray cutoff that would be 
expected if the entire source were obscured by photoelectric absorption (Holt and McCray 1982). However, in this 
discussion we will focus on the two partially eclipsing binaries. 

The eclipse light curves carry information about the surface brightness distribution of the X-ray sources, as well 
as the sizes and apparent trajectories of the occulting bodies. The smoothness of the light curves in both sources 
indicates that there is no central region of the X-ray source that is much brighter than the rest. In particular, 
direct X-rays from the region surrounding the compact accreting body are completely obscured, either by the flaring 
disk or by optically thick regions of the corona/wind at z 1. By assuming ad hoc that the X-ray source is a disk 
or sphere of uniform surface brightness, White and Holt (1982) and McClintock et al. (1982) have fitted the light 
curves of 4U 1822 — 37 and 4U 2129 + 47, respectively. To reproduce the pointy minima, the occulting star must be 
nearly tangent to the sharp edge of the X-ray source at mid-eclipse, and hence the star and source must be of 
comparable size. The steadily sloping sides of the light curves require that the vertically integrated brightness 
distribution (dL^s/d^t; cf. § Ilia) of the source not be very centrally peaked. 

We have compared the observed light curves with the family of light curves that would be produced if the 
scattered brightness had the distributions associated with our physical models for the corona and wind given in § Ilia. 
We shall go into some detail since such a comparison can provide a stringent test of the models. McClintock 
et al. (1982) developed a model for the corona which gives a surface brightness distribution which is similar to that 
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found in § Ilia, although they did not use this model in their comparison with observation. Our results represent 
an improvement on theirs in that we drop the assumption of uniform surface brightness in comparing with 
observation, we include scattering from the wind, and we demonstrate that the inferred disk size is consistent with 
that expected from truncation by a Compton-heated wind (Paper I). We find that lines of sight which pass through 
the corona at ^ < £ia do indeed pick up a rather flat distribution of dL^s/d^t (eq. [3.19b]), but for parameters 
characterizing X-ray binaries this region is too small to dominate the behavior of the light curve. In fact, in order 
for dL^/d^t to be flat, the corona in both the inner attenuation and inner shadowed zones must be obscured by 
the flaring disk. For an edge-on disk, this requirement is 

hd(Rd) > 21/2£?S
/2R,C , (3.22) 

where ^is is determined by equation (2.26). Furthermore, we infer that the disk is no more than ~[/zd/(Rd + Ris)] 
radians away from being edge-on. For a disk with hd(Rd)/Rd ~ 0.1, this implies i > 84°. It seems hard to produce 
a sufficiently flat brightness distribution if the disk extends much beyond RIC, owing both to the steepness of 

in the wind zone and to the difficulty of obscuring a wind geometrically. 
Interpreting the sharp eclipse minima in terms of our physical model is trickier. The scattered X-ray source 

produced by a wind does not have a sharp “edge,” but rather has surface brightness falling off as for ^ well 
outside the disk radius ^d. If such a brightness distribution joined continuously on to a much flatter distribution 
of dL^/d^t in the region where the occulting star moves across the source, then the resulting light curve would 
have too broad a minimum. One way around this problem is to suppose that the disk truncates at a radius 
^d < 0.1, in which case the scattering off the wind would be exponentially smaller than that associated with the 
corona. The source would appear to cut off sharply on a scale ~<i;d, and would in fact resemble the ad hoc 
sources considered by White and Holt (1982) and McClintock et al. (1982). However, to make the eclipse duration 
consistent with such a small X-ray source, we would be forced to assume either that the compact object is much 
more massive than the canonical neutron star mass of 1.4 M0, or that the inverse Compton temperature Tlc is 
smaller ~4 x 106 K, a factor >6 lower than the 2.3 x 107 K indicated by the HE AO 1 observations of White and 
Holt (1982) (if their data are fitted by a partially Comptonized bremsstrahlung spectrum with a cutoff at 8 keV). 

A second, more likely way to account for the sharpness of the eclipses minima is to consider the two-dimensional 
distribution of surface brightness in the wind at ^ (Fig. 2a). Over some solid angle fanning out above and below 
the disk, the run of brightness varies smoothly from 5 ocz-3 at large z (eq. [3.5]) to some flatter distribution at 
z < 1. For an optically thick steadily heated zone, S can continue to increase as rapidly as z-1/2 all the way 
down to the disk surface (eq. [3.7]). However, off to the side of the disk, the mass flux in the wind and the 
associated scattered surface brightness must be considerably smaller because streamlines coming off the disk at 
£ < <i;d are forced outward to fill the void where there is no disk to provide a counterpressure. As a result, the 
divergence of these streamlines is greater, the critical (sonic) surface is closer to the surface, and the density of wind 
material filling the solid angle surrounding the equatorial plane at £ > <!;d is several times smaller than that filling 
the solid angle above and below the disk at a comparable distance. In principle, this dropoff in scattered brightness 
in the region traversed by the occulting star can explain the sharpness of the eclipse minima. Unfortunately, our 
one-dimensional theory does not allow us to predict the two-dimensional distribution of surface brightness 
quantitatively. We have, nevertheless, computed eclipse profiles for the class of brightness distributions depicted 
in Figure 2a, which incorporates the main features described above. Varying the angle of the wind 0o between 24° 
and 60° has remarkably little effect on the fit to the light curve of 4U 2129 + 47 (Fig. 2b\ although the best 
overall fit corresponds to 0O ~ 40o-45°. The ratio of the occulting star’s radius (R0pt)t0 that of the disk was chosen 
to obtain the correct intensity at mid-eclipse. For 4U 2129 + 47, with 30% of the flux visible at minimum, RopJRd 

varied between 1.00 at 60 — 24?13 and 2.16 at 0o = 60°, with a range of 1.2-1.4 for the best overall fits. While 
only two-dimensional numerical simulations will yield a quantitative description of the distribution of scattered X-ray 
intensity, we are encouraged that a class of models chosen on the basis of the physical arguments above is able to 
fit the data reasonably well. 

We can use measurements of the eclipse duration to estimate the size of the disk in 4U 2129 + 47 (duration = 
0.1 x period). In units of the binary separation, a, we have 

+ Kept = 0.1(27ra), (3.23) 

which gives Rd/a in the range 0.2-0.3 for the extreme range of Ropt/Rd considered above (1-2.16). Let us compare 
this estimate with the values of Rd predicted by various models for disk truncation. First we show that it is unlikely 
that the disk is as small as the effective injection radius Rln (Flannery 1975), which is given by equation (14.19). 
For a star of mass 0.3 M0 < Mopt < 1 M0 and compact X-ray source with Mx ä 1.4 M0, the mass ratio 
ß = MX/(MX + Mopt) lies between 0.58 and 0.82, corresponding to Rin/a = 0.10 and 0.16, respectively. Combining 
this with the range of Rd/a inferred above gives 1.3 < Rd/Rin < 3. The disk could be as small as Rin only if fi were 
large (>0.9) and if Rd/a were at the lower limit of 0.2. Next, the Paczynski-Smak radius Rmax (eq. [14.20] and 
Fig. 1.4) intersects the estimated range of Rd at mass ratios ß between 0.25 and 0.5, too small for a binary 
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Fig. 2a.—Physically motivated distribution of scattered X-ray surface brightness (S) used to compute the eclipse light curves shown in Fig. 2b. 
The star (radius Ropt) moves across the source horizontally, and the ratio R0pJRd is chosen to normalize the depth of the eclipse to the 
observed value, 30% in the case of 4U 2129 + 47. The horizontal lines across the source suggest the contours of constant S, which is taken to 
vary with h according to S cch~1/2(Rd + h)~5/2. This scaling simulates the scattering from a wind both near the disk surface (z 1) and at 
z > 1 (cf. § Ilia; eqs. [3.7] and [3.18]). 

Fig. 2h.—Eclipse light curves computed for 4U 2129 + 47 using the brightness distribution illustrated in Fig. 2a, plotted against data from 
McClintock et al. (1982). Dashed portions are analytic extrapolations to computed curves. The orbital phase scaling has been selected to give a 
relative X-ray brightness of 0.65 at phase 0.0474. Data have been folded about mid-eclipse (circles, postminimum; squares and crosses, pre- 
minimum), and typical error bars are shown at upper right and lower left. Computations shown assumed an edge-on inclination for the binary’s 
orbital plane (i = 90°), but deviations from this have a less dramatic effect on the estimated values of Ropt/Rd here than they do in the case of 
McClintock et a/.’s models, because the surface brightness trails off gradually above and below the orbital plane. 

© American Astronomical Society Provided by the NASA Astrophysics Data System 



19
83

A
pJ

. 
. .

27
1.

 . 
.8

 9B
 

WINDS AND CORONAE ABOVE ACCRETION DISKS 101 

containing a 1.4 M0 neutron star and a main sequence dwarf. However, disk truncation through angular momentum 
loss in a wind does appear consistent with the data. Normalizing 7¡c relative to the 2.3 x 107 K value inferred 
from White and Holt (1982), we find 

, =19(M( u 
5,n ' \ a }\2.3 x 101 K)\5.2hr) \ Mx ) 

2/3 
-1/3 (3.24) 

where P is the orbital period. Within the range of mass ratios considered above (0.58 < fl < 0.82), this gives 
0.23 < £in < 0.32. Reference to Figure 1.4 shows that for L/Lcr - 1, this value of £in tpgether with the requirement 
Rd/Rin < 3 implies McJMa > 5, whereas for L/Lcr - 10 it implies McJMa > 3; here Mch is the characteristic mass 
loss rate in the wind (eq. [14.2]) and Ma is the accretion rate by the central object. Since £d = RJRic = {RJRin^m 
lies between 0.3 and 1, the total wind mass loss Mw is of order Mch and hence exceeds the accretion rate Ma. 
The discussion of equation (14.10) suggests that the accretion should be unstable in this case, which would result 
in fluctuations in the luminosity. Equation (14.13) gives an uncertain estimate of ~10 hr for the characteristic time 
scale of the instability (with ad ~ 1, M ~ 1.4 M0, /id ~ R/20, and 7]C8 ~ 0.25). We have no estimate of the 
expected amplitude of the fluctuations, but an observational search would be worthwhile. This estimate of the mass 
loss sets a lower limit on the attenuation factor,/ > 0.1 for L ~ Lcr, which is quite reasonable. Note that the 
range of values for ¿;d inferred here is consistent with our earlier conclusion that Çd< 1, based on the lack of 
central brightening of the X-ray source. 

Our analysis of the total scattering from the corona/wind gives us a handle of the intrinsic X-ray luminosity of 
the obscured central source. If 4U 2129-1-47 lies at a distance of dkpc kiloparsecs, the observed flux in the 1-10 keV 
band is Lobs = 1.1 x 1034dipc ergs s-1 (McClintock et al 1982). This is small compared to the critical luminosity 
Lcr ä 1.3 x 1037 ergs s-1, so we expect the wind to be in Region C; in fact, the self-consistent solution of 
equation (3.9) bears this out. If the observable scattering is dominated by the wind at Çd ~ 1, then Lobs = Lsc(wind) 
and the intrinsic luminosity is 

L = 5 x 1035 
1/2 

dkpc ergs s (3.25) 

where we have assumed that the total luminosity is comparable to that in the 1-10 keV band. McClintock et al. 
(1982) obtained a similar result based on somewhat different reasoning. A lower limit on f(Çd) is /is, the attenuation 
factor in the inner shadowed zone (eq. [2.24]). Solving equations (2.24) and (3.25) with E' ~ 1 for simplicity gives 
/ > 0.ldkp

2J3, consistent with the value inferred below equation (3.24). In fact, / must be significantly greater than 
this since we have argued that the disk is thick enough to occult the inner shadowed zone. For f(Çd) of order unity, 
the intrinsic luminosity in equation (3.25) is about 10-50 times the observed flux, for distances in the range 
1.2 < dkpc < 4 kpc inferred from UBV photometry of 4U 2129 + 47 at minimum light (Thorstensen et al. 1979; 
McClintock, Remillard, and Margon 1981). We agree with McClintock et al. (1982) that the large modulated 
3000-6000 Â optical flux can be ascribed to X-rays reprocessed in the photosphere of the occulting star. Provided 
hd(Rd)/Rd <0.2, more than a third of the stellar hemisphere facing the X-ray source will be illuminated by the 
full luminosity L, rather than by Lsc alone. An increase in the incident flux over Lsc by a factor ~10 is sufficient 
to produce the observed optical-to-(2-10 keV) X-ray ratio of 0.2 (corrected assuming Av = 1.5) at maximum light, 
and this is readily available. 

c) Polarization 
Radiation scattered by a corona or wind may exhibit measurable linear polarization. If the disk axis is inclined 

at an angle i to the line of sight, then unpolarized radiation from the central source scattered in a ring of radius 
R0 at height h above the midplane of the disk will acquire a net fractional polarization given by 

sin2 ¿[1 - 2(h/R0)2] 
sc “ 2[(1 + 2(h/R0)2] + [1 - 2(h/R0)2] sin2 / ’ 

(3.26) 

where the electric vector is parallel to the projected disk axis (apparent minor axis) when Hsc is positive, and 
parallel to the projected disk surface (major axis) when Hsc is negative. Note that Hsc vanishes and changes sign 
when (h/R0)2 = j. For an optically thin corona or wind, the observed fractional polarization of scattered radiation 
and its direction are obtained by weighting the emissivity jsc (cf. § Ilia) of each ring by Hsc, and integrating. If 
optical depth effects are important along the observer’s line of sight (Tob >1), then the calculation is more 
complicated, but provided that the half of the ring toward the observer is relatively unobscured, the effect of 
obscuring the remainder of the ring will not significantly affect the net polarization. 

For a corona confined to a thin disk (h/R0 1), the polarization of the scattered light is relatively large unless 
the disk is nearly face-on: the maximum value Hsc = j occurs for ¿ = 90°, the average value is Hsc = 3/ll at 
i = 60°, and the probability that Hsc <0.1 is only 0.12. As discussed in § Ilia, the scattering occurs primarily in 
the inner corona at R0 ~ Ria and in the wind; since the former is geometrically thin whereas the latter includes 
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scattering at h/R0 > 2“1/2 where the polarization is opposite to the low-altitude value, we expect that the observed 
polarization will be dominated by scattering in the inner corona. If the central source is visible, then the observed 
continuum polarization IIobs will be reduced from ITSC by L^/L. Reference to equation (3.20) shows that for a 
thin edge-on disk with a visible central source 

n0 : 0.03 
TICb(L/Le) 
77' 6-1 

1/4 
(3.27) 

This estimate also should apply to disks with i < 90° provided that they are not nearly face-on. 
Quasars. The value of the continuum polarization predicted by equation (3.27) is inconsistent with the results of 

optical and infrared polarimetry of quasars and Seyferts, reviewed by Angel and Stockman (1980). While they 
identify a class of active galaxies and quasars which are highly polarized, the directions and magnitudes of 
polarization in these objects are highly variable, and presumably arise from effects other than scattering. Optically 
selected quasars which show steady polarization have ITobs<0.5% (Stockman and Angel 1978) whereas radio 
selected quasars have IIobs ~ 1 % (Stockman, Angel, and Miley 1979). 

Nevertheless, there is no reason to abandon the idea that the small observed polarizations arise from electron 
scattering in a wind or corona, and indeed two pieces of evidence support this point of view. First, fractional 
polarizations in quasars and type I Seyfert galaxies appear to be wavelength independent (as one would expect for 
electron scattering). This contrasts with type II Seyferts, in which the polarization is probably due to scattering 
by dust (Angel and Stockman 1980). Second, Stockman, Angel, and Miley (1979) find that the polarization direction 
in quasars tends to be aligned with the axis of extended radio structure. Since extended radio sources are believed to 
be collimated along a rotation axis within the inner few parsecs of the nucleus (Rees, Begelman, and Blandford 
1981), one would expect the radio structure to lie parallel to the accretion disk axis. Scattering off a corona and 
inner regions of the wind would produce polarization in the same direction, as observed. 

There are a number of reasons why the observed polarization could be smaller than that predicted for a thin, 
Compton-heated corona: (1) Strong heating of the corona by, for example, tangled magnetic fields, so that 
Th>Tlc ~ 108 K (Liang and Thompson 1979). Our estimate of the scattered luminosity does not apply to such 
coronae, and it is possible that Lsc is smaller in that case. A very hot corona would be much thicker than a 
Compton-heated corona, and the larger h/R0 reduces the polarization (eq. [3.26]). (2) Extension of the optical and 
infrared source over a region larger than Ria ~ 2 x 1016(L46M8)

1/2 cm. This is possible in objects with steady 
polarization because variability timescales at optical and infrared frequencies in such objects do not require the 
sources to be smaller than 10-100Ria. X-ray emission from these objects may well show greater variability, which 
would indicate a correspondingly smaller source and higher degree of polarization. (3) Lack of a clear line of sight 
from the X-ray source to the disk photosphere at R ~ Ria, due, for example, to lack of disk flare or to irregularity 
in the disk surface caused by gravitational instability. (4) A very massive central object. Then IIobs would be 
reduced to 1%, comparable to that observed for quasars with extended radio structure, for L/LE ~ 10“2, which 
requires M ~ 1010 M0 for L ~ 1046 ergs s-1. 

Binary X-ray sources. A number of authors have pointed out the importance of X-ray polarimetry as a diagnostic 
of the parameters of binary X-ray sources (Angel 1969; Rees 1975; Lightman and Shapiro 1975, 1976), and 
observations of polarization of Cyg X-l, Cyg X-2, and Cyg X-3 at the several percent level have been reported by 
Long, Chanan, and Novick (1980). X-rays emitted from an opaque accretion disk in which electron scattering 
exceeds true absorption can be polarized by up to 12% in the plane of the disk (Chandrasekhar 1960), while 
those emitted from an optically thin disk can be polarized along the axis of the disk. X-rays emitted from a 
magnetized neutron star can show polarizations up to 75% (Rees 1975). 

X-ray polarization due to the emission process can be distinguished in principle from that due to scattering in 
the corona by time-resolved polarimetry of eclipsing X-ray sources. The coronal scattering which we have analyzed 
occurs at a radius ~Ria, much larger than the radius at which the X-rays are emitted by an accreting neutron 
star or black hole. For an eclipsing system, sin i = 0(1) and the X-ray polarization should be of order 30% as the 
corona emerges from eclipse but prior to the appearance of the central source. (This result could be altered if the 
emitted X-rays are highly polarized or if scattering in the atmosphere of the optical companion is important.) In fact, 
sources with sin i ~ 1 may be permanently “eclipsed” by the corona and have a steady polarization much greater 
than 10%; this can occur if the corona at Ria is visible but the central source is hidden behind the opaque inner 
corona. If the accretion disk blocks our view of the inner corona as well, as we have argued in the case for 
4U 2129 + 47, then substantial polarization should still be present, although the thickness of the scattering region 
would reduce the polarization well below 30%. Polarimetry of 4U 2129 + 47 and 4U 1822 — 37 would provide 
valuable information on the geometry of the outer corona and wind. 

IV. LINE EMISSION FROM THE DISK 

An optically thick accretion disk radiating from within produces absorption lines, not emission lines. However, 
if the same disk is irradiated by X-rays and UV radiation from without, then a “chromosphere” can be produced 
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(Schwarzenberg-Czerny 1982) which converts some fraction of the absorbed energy into emission lines. A particular 
example of this process has been studied by Jones and Raine (1980), who analyzed scattering onto a disk from a 
wind originating at small radii (£ < 10“3); the wind was driven by radiation pressure associated with supercritical 
accretion, a possibility we excluded by our assumption that L LE. They ignored the effects of the corona produced 
by the scattered radiation, but our analysis of the radiative transfer is readily modified to cover their problem as 
well. 

Line emission from irradiated slabs of gas has been extensively studied in connection with the broad emission 
line regions of quasars (Kwan and Krolik 1981 and references therein), and at the densities inferred for this problem 

< 1010 cm-3) this fraction is of order unity. In the case of X-rays reprocessed by the companion star in an 
X-ray binary, however, the densities are much greater and the fraction is small (London, McCray, and Auer 1981). 
Since the photospheres of the accretion disks we are studying span a broad range of densities, we shall first 
determine the conditions required to produce detectable emission lines. Accretion disks in bright binary X-ray 
sources are not promising sources of emission lines, but those in cataclysmic variables and quasars are. 

a) Line Emission Efficiency 
Consider the surface of a slab of gas exposed to an internally generated flux of radiation Fd at an effective 

temperature Td, and to an external ionizing flux In our applications, this slab is a part of an accretion disk, 
but it could equally well be one of the gas clouds hypothesized to produce broad emission lines in quasars. The 
external flux induces the gas near the surface—in the “chromosphere”—to produce emission lines. Let Ft be the 
flux in emission line l and let 

rii = FJFl ion ext (4.1) 

be the efficiency with which external ionizing flux is converted into that line. [Following Krolik, McKee, and 
Tarter 1981 (KMT), we adopt the convention that Flon includes radiation between 1 and 103 Ryd.] At low values 
of Fe®?, such as those normally considered in studies of quasar emission lines, rji has a value rji0 which depends on 
the ionization parameter Ef

0; for permitted lines, rjl0 varies weakly with density, depending on whether forbidden 
lines are collisionally suppressed. In Kwan and Krolik’s (1981) standard model, rjl0 æ (0.2, 0.14, 0.1) for (Lya, 
C iv 21549, Ha). 

At high values of Fext, however, we have rji rji0 since the flux in the line cannot exceed the blackbody limit 

Fim = n[Bv(Tcx) - Bv(Td)]Avt (4.2) 

where Bv(Tex) is the Planck function evaluated at the excitation temperature Tex of the line and Avem is the local 
line width. [If the continuum is not a blackbody, then Bv(Td) is to be interpreted as the continuum flux evaluated at 
frequency v.] Forbidden lines may never reach this limit because they may be optically thin. Note that the observed 
line width Avobs will generally be much greater than Avem due to rotational broadening. Detailed calculations 
would be required to determine FIm accurately; it depends on the depth at which the external flux is absorbed, on 
the optical depth in the line, and on the efficiency of collisional thermalization. The essence of the situation can be 
described with a simple estimate: for Ha with Tex = 104 K, Bv(Td) < Bv(Tex), and Avem = 80 km s-1 (corresponding 
to an optical depth of about 104), we find Flm = 6 x 107 ergs cm-2 s_1. This value varies by only a factor of a 
few as Tex and the optical depth vary over a range of plausible values. 

There is thus a critical value of the external flux, namely Fl°xt = Fim/r]l0, above which the fraction of the 
external flux that can be reprocessed into the usual strong emission lines such as Ha is reduced, and the fraction 
that is reprocessed into continuum radiation is increased. This in turn defines a critical radius given by 

(4.3) 

since Ft ä Flm (see 

rito FiTÁ^o) = Flm . 

Outside ^o, the flux F™ is low and ^ = ^zo; inside the efficiency rjl drops as (Fl°xt) 
eq. [4.1]). For permitted lines we make the approximation 

1_J_ 1 
Fi Flm + >7,o F, ion ext 

(4.4) 

which reduces to the correct values at f/jo Fèxt ^ Fim and <Flm. Then we can evaluate ?/z as 

m ‘ 
Vio 

^ F™(t)/F™(^o) ‘ 

Since the ionization parameter is fixed at S'0 = 4nJext/p0 c, the density at is determined to be 

Flr 
7,0 = 105 x '-fVcm-3 

\ Fexl ) f/io 7^ a0 

(4.5) 

(4.6) 

using equation (4.3), where T4 is the gas temperature in units of 104 K. 
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Note that since F‘°x" oc n for fixed SÓ [and fixed T4 1(4nJext/Fi“)], equation (4.5) can be written in the following 
form: 

_ rho 
1 + n/n^0 

(4.7) 

Hence in this case permitted lines are suppressed at high densities just as forbidden and semiforbidden lines are. 
Interestingly enough, the critical density for permitted lines in equation (4.6) is of the same order as the 
critical density for the semiforbidden line C m] /U909, a strong line in quasar spectra. Equation (4.7) allows for 
optical depth in the continuum as well as for collisional deexcitation of the line. On the basis of a detailed analysis, 
Mathews, Blumenthal, and Grandi (1980) concluded that the emissivity of hydrogen emission lines is curtailed 
above a density of ~ 1010 cm-3, consistent with our estimate from first principles. 

Our analysis of radiative transfer and scattering in the corona (§ II, § Ilia) shows that there are two contributions 
to the ionizing external flux F^: direct attenuated irradiation from the central source 

Fio ir 
4nRi f cos dt, (4.8) 

and radiation scattered by the corona 

Ii°n kz(Ç/2)112 

4kRo (1 + 2k, + ¿/Q ' 

(4.9) 

(4.10) 

Here 0¡ is the angle of incidence relative to the normal at the disk surface and Sx is the scattered intensity normal 
to the disk (eq. [3.11]); in evaluating Fsc we have used the fact that the vertical scattering optical depth ij. is small. 
Correspondingly, we have 

47tJex, 
rion 1 ext 

cos 0, Fr 

(Inti 7^ 

(4.11a) 

(4.11b) 

for the factor in (eq. [4.6]) for the cases of direct irradiation and scattering, respectively. 
The normalized radius of the point in the disk at which F\™ equals the critical value for line suppression 

FiJrho is denoted ^irr; equations (12.7), (4.3), and (4.8) yield 

^irr = 3.4 x 1047¡C8 
Vio 

Flm8 OH 
/ cos 0j 

1/2 
(4.12) 

The corresponding critical radius for the scattered radiation is 

£„sc = 7907¡C8 
mo 3/2 / M1/2 (Me) 1 

F,m8 Ue) Uio7 \ M ) (KZ'^e^Y'2 

2/5 
(4.13) 

where we have assumed ;,,sc > ,;
ia. Then, since F[x" = Fj1”1 + F'°c

n, we have 

£„0 « max (£„irr, ^sc) (4.14) 

as the radius inside which line emission is suppressed. One can show that c,|0 is almost always outside the inner 
attenuation zone (i.e., ;,|0 > cla). Indeed, for stellar accretion disks ç,|() is almost always greater than unity and t]¡ is 
less than t]l0 over most of the disk. Inside ;,l0. the radius is related to the efficiency by 

£(>?;) ~ max( 
£„sc(0/A/io)2/5 

1 + {[(1 + Ik^J^Mo/m)215}21* ’ 

(4.15a) 

(4.15b) 

where the scattering expression (4.15b) is based on an approximate solution of equation (4.10). 
The suppression of the emission lines inside Çn0 is reflected in the line profile. In a Keplerian disk, the orbital 

velocity at ^(^) is 

v(rn) = 1.16 x 108[7¡c8/£(>7i)]1/2 cm s“1 . (4.16) 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
83

A
pJ

. 
. .

27
1.

 . 
.8

 9B
 

No. 1, 1983 WINDS AND CORONAE ABOVE ACCRETION DISKS 105 

A line with a flux F, which varies as ç has a profile 

L(v oc v2m~5 (m < I) 

°c ln v/vmax (m = I) 

oc const (^ > f ), 

(4.17) 

where vmax is the maximum orbital velocity v and where we assumed v vmax. For £ < <^0, the line flux is 
approximately constant (m = 0) so that the profile is sharply cut off, Lu oc v~5. 

b) X-Ray Binaries and Cataclysmic Variables 

For stellar accretion disks, equations (4.12) and (4.13) indicate that the radius at which the emission lines attain 
their full efficiency is almost always at R0 > Rlc and hence beyond the edge of the disk. A necessary condition 
that the lines be detectable is that the efficiency rjt exceed some threshold which depends on the sensitivity of the 
detector for broad (Ar ~ 103 km s-1), weak emission lines. For example, a line which is 3% above the continuum 
over a bandwidth Av/c ~ 1/300 has a fractional equivalent width Wx/À æ 10 ~4. To produce such a line, t]i must 
exceed WJÀ because the observed continuum may include radiation from regions not contributing line emission. 
Note that at rjt = 10"4, the effective temperature of the external flux is Teff = (FiJarji)114 = 11,500F^8 K. If this 
is the minimum detectable line, then the disk must extend beyond the radius at which rç, = 10 "4. For example, a 
directly irradiated disk with M ~ 1 M0 must satisfy 

Rd> = IO-4) * 1.0 x 1012 [(Lio7 Le )( 10/ cos 0f)F-J]1/2 cm , (4.18) 

from equations (4.12) and (4.15a). This is impossible for a bright binary X-ray source with llon/LE > 10“2 unless 
/ cos 6i 1. Alternatively, if the condition for detecting a line is known as a lower limit on the line luminosity Lh 
we have Lt < 2nRjFlm, or 

^ > 4 x 10lo(Li/1030 ergs s)1/2Fj“ g/2 cm . (4-19) 

One example of an X-ray binary with an emission line attributed to the disk is 2A 1822 — 371 (4U 1822—37), in 
which He 11 24686 has been seen with an equivalent width of 2.5 Â (Charles, Thorstensen, and Barr 1980; 
Cowley, Crampton, and Hutchings 1982). Strong far-UV emission lines have also been detected, but their source 
is not clear (Mason and Cordova 1982a). For He 11 24686, we estimate Lt = 1.2 x 103Odkpc ergs s“1. For a total 
mass of 1.3 M0 (Cowley, Crampton, and Hutchings 1982), the Paczynski-Smak radius Rmax (eq. [14.20]) for this disk 
is about 7 x 1010 cm, so equation (4.19) leads to an upper limit of 1.6F^| kpc for the distance to this object and 
5 x 1035F/m8 ergs s“1 for the observable X-ray luminosity. These numbers are in excellent agreement with recent 
observations by Mason and Cordova (1982b), which suggest that the source is closer and fainter than had previously 
been thought. Although may be somewhat greater than 108 ergs cm“2 s“1 for a high-excitation line such as 
He ii 24686, we conclude that 2A 1822 — 371 has a relatively low observable luminosity. Since this source exhibits 
extended eclipses like those of 4U 2129 + 47 (§ Mb), its intrinsic luminosity may be an order of magnitude greater 
than the observed luminosity due to shielding by the disk. 

A second, better-known example of an X-ray binary with disk emission lines is Sco X-l (Cowley and Crampton 
1975; Crampton et al 1976), which is at an uncertain distance of order 0.3-1 kpc. The dereddened luminosity in 
He ii 24686 is Lj ~ 3 x 1031¿^ ergs s“1. Since a sin i is observed to be 6 x 1010 cm and sin i > ^ for plausible masses 
(Cowley and Crampton 1975), the maximum size of the disk is comparable to that in 2A 1822 — 371. Equation (4.19) 
then leads to the distance estimate dk < 03F¡J¡ll < 1, consistent with previous estimates. The small ratio of optical 
to X-ray luminosity (~10-3) implies a small value for / cos as well: in the outer region of the disk, most of 
absorbed X-rays will be reprocessed into optical radiation, so Lopt/Lx = fhd/Rd æ / cos 6i ~ 10“3. 

Cataclysmic variables have L/LE < 10“4 and can readily produce lines of detectable equivalent width according 
to equation (4.19). Since L/LE is small, the effects of scattering are weak and / ~ 1. The density of the emitting gas 
near the edge of the disk is 

n = 
8 x lO13!^ 
^ ^ cm“3 

^4—0 RdlO 
(4.20) 

An alternative to the chromospheric model for emission lines from accretion disks has been developed by Williams 
(1980), who showed that the outer regions of a low mass accretion disk are semitransparent in the continuum 
and therefore produce emission lines due to viscous dissipation in the disk. High-excitation lines, such as those of 
helium, cannot be produced by this mechanism. Our estimate for the maximum applies to this model as well. As 
we shall see in § V below, the external flux from the central source and inner regions of the disk is often greater than 
the locally produced flux and hence dominates the excitation of the emission lines. 
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c) Quasars, Seyferts, and BL Lac Objects 

The broad emission lines from quasars and Seyfert galaxies are generally attributed to reprocessing of continuum 
radiation from a central source by myriads of small, opaque, fast-moving clouds. In our notation, the line 
luminosity from such clouds is Lt = r^CL, where C is the covering factor of the clouds. The lack of absorption in 
quasars indicates C < 0.1 (Oke and Korycansky 1982), so the large observed line luminosities require ~ rjl0. The 
size of the emission line region Rem must exceed ÆIC = ^irr ÆIC, or 

Rem > 2.8 x I018(t]i0 L^/Flms)m cm . (4.21) 

This confirms the usual simple estimate, which is based on the requirement that the density be low enough that 
C m] 21909 not be collisionally suppressed; it is also consistent with detailed photoionization calculations (e.g., 
Kwan and Krolik 1981). 

It is usually assumed that quasars and active galactic nuclei are powered by a central massive object with an 
accretion disk. If the disk is sufficiently large > 0.1, or R> 1017M8 cm) and is exposed to the central X-ray 
source, a strong wind will occur which can confine the emission-line clouds and thereby produce the two-phase 
emission line region envisioned by KMT. The ionization parameter in the wind is of order E^max, which is 
comparable to, though somewhat larger than, the observed value. Either relative motion between the clouds and 
wind, or evaporation of the clouds by the hot ambient gas, would raise the cloud pressure and bring the cloud 
ionization into closer agreement with observation. In some cases, electron scattering in the wind could produce 
ultrabroad wings on the emission lines (Shields and McKee 1981). 

The underlying accretion disk would also give rise to emission lines, which may be detectable. Since the surface 
of the disk has an ionization parameter Z'0 between E;>min and E^max, it is automatically in the correct range of 
ionization (KMT). Straightforward application of the results developed above indicates that a significant fraction of 
the emission line flux in quasars could arise in the disk. In fact, in the inner shadowed zone, beyond ^0, the line 
flux Fl = rji0Fsc varies as r-5/2. In this case the line profile is approximately logarithmic, in rough agreement with 
observation (Capriotti, Foltz, and Byard 1980; see eq. [4.17]). There are several major objections to a disk providing 
most of the broad line emission, however: (1) The low observed optical polarization indicates that the division of 
quasar accretion disks into inner attenuation and inner shadowed zones is invalid for optical radiation, at least 
(§ IIIc). (2) Disks around massive black holes tend to be gravitationally unstable at radii > so the disk may 
be highly clumped and the effective area substantially reduced. (3) If the inner shadowed zone exists insofar as 
ionizing radiation is concerned, the permitted lines have their peak efficiency for n < 1011 cm-3 [from eq. (4.6) with 
rjl0 ~ 0.1 and 4nJ/Fl0

x
n

t ~ (cos O^1 ~ 10], whereas C m] 21909 has its peak efficiency only for n < 3 x 109 cm-3. 
Since n varies roughly as Rq2 and hence as v4, this difference in density translates into a velocity difference in 
excess of a factor 2. However, the observed profiles of the UV permitted lines are quite similar to those of C m] 
21909. (4) As Shields (1978) has pointed out, it it difficult to reconcile the profiles of the permitted lines with those 
of the forbidden lines at lower velocities, Ai; ~ 103 km s-1. Other difficulties, especially in matching the observed 
asymmetries in the line profiles, have been discussed by Mathews (1982). 

For these reasons we do not claim that the bulk of the flux in each of the quasar emission lines arises in an 
accretion disk. Nonetheless, a portion of each line should arise in the disk, and it is a challenging observational 
problem to detect this portion. A line produced in the region where Ft has saturated at Flm would be characterized 
by a large line width (Ai; > 104 km s-1) and it would be subject to variability on a time scale of months, 
provided the continuum varies (Blandford and McKee 1982). 

Seyfert galaxies and broad-line radio galaxies have substantially lower luminosities than quasars, and they may 
be radiating at well below the Eddington limit. For low luminosities, L/LE < 10"3, some of the problems afflicting 
the accretion disk interpretation of the emission lines are ameliorated: in particular, the polarization is reduced 
to within the observed range (eq. [3.27]), and is reduced somewhat so that gravitational instability may be 
less of a problem. At these low values of L/LE, direct attenuated radiation dominates scattered radiation, so the 
line profile depends on the shape of the disk and the equivalent width is determined by the relative disk thickness 
hd/R. We conclude that objects with low L/LE should produce a larger fraction of their emission lines in a disk than 
those with high L/LE. 

We end our discussion with a speculation on BL Lac objects, which are conjectured to be active galactic nuclei 
with relativistic beams oriented toward us (Blandford and Rees 1978). Accretion disks associated with these objects 
should produce weak permitted emission lines with a strength proportional to the (unknown) isotropic luminosity, 
well below the observed luminosity. If the disk is normal to the relativistic beam, then the lines should be relatively 
narrow. BL Lac objects are highly variable, but unfortunately it is not known if the isotropic luminosity is variable 
as well; if it were, they would be ideal candidates for reverberation mapping of the disk (Blandford and McKee 
1982). Observation of line variability would be the best way of distinguishing these lines from the observed narrow 
lines, which are generally forbidden lines and hence are produced in low-density gas far from the central object. 
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V. CONTINUUM EMISSION FROM THE DISK 

Viscous dissipation inside the disk produces a flux of radiation at the surface of Fd = 2nJd oc R0 
3 (see eq. [2.10]), 

with an effective temperature 

Td = 2.60 x 104 

(asirw 
K . (5.1) 

Radiation from the central source often produces a larger flux at the surface than this internally generated radiation, 
since most of the energy is released near the center. For direct attenuated radiation, about one-third of the incident 
radiation is absorbed (Cunningham 1976), so that the effective temperature is determined by 

which gives 

Hence, TiTr exceeds Td for 

1 Lf cos Oi 
3 4nR2 

Tirr = 1.6 x 105 
/ COS Oi 

£ > 7.8 x 10-47¡C8/(£_i/ cos 0f), 

(5.2) 

(5.3) 

(5.4) 

which comprises most of the disk unless the denominator is very small (as it is for a thin disk around a white dwarf, 
for example). For small values of/ cos 6h scattered radiation Fsc may dominate Firr, and expressions analogous to 
equations (5.2) and (5.3) can be easily obtained by setting Fsc « 2nS1 and using equations (3.5) and (3.11). 

The fact that the external flux Fext exceeds the locally generated flux Fd over much of the disk has consequences 
for the appearance of the disk and for its structure (see Paper I). Numerical calculations of the emission from a 
disk, including heating of the outer parts by the hot inner parts, but with no corona, have been made by 
Cunningham (1976) and by Pacharintanakul and Katz (1980). A disk radiating like a blackbody with F oc Ç~m has 
a spectral luminosity 

2F(8m/3) 
3m 

4nRiCaT(l)4 

[kT(l)/h] 
hv 

/cT(l) 

— (8 — 3m)/m 
(5.5) 

where F(8m/3) is the gamma function and T(l) is the effective temperature of the disk evaluated at f = 1. For the 
case of no irradiation, we have F = FdccÇ~* and we recover the usual result Lv oc v1/3 (Lynden-Bell 1969). When 
the external irradiation is dominant, however, the spectrum is quite different: 

Lv oc v~7/5 (inner attenuation zone) 

oc v_ 1/5 (inner shadowed zone) 

oc V -1 (f cos 6i = const), 

(5.6) 

where we have assumed that a fixed fraction of the incident flux is reemitted as thermal continuum. In the inner 
attenuation zone and inner shadowed zone, the radiation reaching the surface of the disk (i.e., below the cool corona) 
is primarily scattered radiation, as discussed at the end of § lib; the spectral index then follows from equation 
(3.11), which gives m = (3/2, 5/2) for the two zones. In the outer part of the disk, direct attenuated radiation may 
dominate the incident flux, and then the spectral index depends directly on the uncertain shape of the disk through 
the radial dependence of cos 0f. On the other hand, if scattered radiation dominates the flux, then we expect 
2 < m < 3 from equation (3.5), corresponding to —l<d In LJd In v < |. Measurement of the continuum spectrum 
of the disk thus provides a sensitive test for the structure of the disk and corona, which together determine Fext. 
In particular, when Fext exceeds Fd, the spectrum often falls with frequency, in contrast to the canonical rising 
spectrum. In applying these results, it must be borne in mind that we have assumed that the disk is opaque in the 
continuum to both the internal and external fluxes, which is invalid in the outer regions of low mass disks 
(Williams 1980). Edge effects, which we have ignored, would modify the emitted spectrum as well. 

Reprocessing by a disk has been suggested to account for the high ratio of UV to X-ray flux observed in 
Seo X-l and Cyg X-2 (Chiappetti et al 1983). In Cyg X-2, these authors find that the luminosity between 1000 Â 
and 5000 Â is about 1/15 of the X-ray luminosity, which exceeds that expected from a standard accretion disk by a 
factor ~ 10. The slowly rising spectrum, d In LJd In v = 0.2 ± 0.2, corresponds to m = 2.9 ± 0.1. This could arise in a 
directly irradiated disk in which / cos 0* declines with radius; in a luminous source such as Cyg X-2, scattered 
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radiation may also be important in heating the disk. If we suppose that direct attenuated radiation dominates 
the heating of the disk and set m = 3, then the disk luminosity below a frequency v is 

L(<v) 
L 

= 0.08/(l) cos ^(1) 
hv 4/3 

kT(l) 
(5.7) 

where we have used equations (5.2) and (5.5) and where/(l) and 0*(1) are evaluated at £ = 1. Adopting a distance 
of 8 kpc and a mass Mx = 1.4 M0 (Cowley, Crampton, and Hutchings 1979), and setting TIC æ 107 K and 
L/Le æ j (Parsignault and Grindlay 1978), we find 

Tirr = 3.5 x 104[/(1) cos ^(l)]1^“3'4 K . (5.8) 

The requirement that the disk luminosity for X > 1000 Â be L/15 then gives /(l) cos O^l) = 0.04, a plausible value. 
Tidal truncation limits the disk to a radius Rmax ä 4 x 1011 cm, somewhat smaller than truncation by a Compton- 
heated wind. Since ÆIC = 1.4 x 1011 cm, the temperature at the edge of the disk is Tirr = T(l)(Æ/RIC)-3/4 = 7000 K, 
which is low enough to account for the near-UV portion of the spectrum. 

VI. SUMMARY 

There are a variety of possible geometric arrangements which can result in the formation of a Compton-heated 
corona and wind above an accretion disk. We have focused on the case in which the source of hard radiation is 
located in a compact region at the center of the disk ; radiation from this source can reach the photosphere of the 
opaque disk because the photosphere “flares” with radius. 

Analyzing this configuration self-consistently, we find the intensity at the base of the flow, and hence the pressure 
and density, may be strongly affected by attenuation. This is particularly true of rays which traverse the inner part 
of the corona, where the initially more intense flux of incident radiation is reduced to a flux comparable with that 
arising locally in the disk. The competition between Compton heating by the attenuated incident flux and cooling 
by the locally emitted radiation regulates the optical depth, and hence the density, of the hottest layer of the inner 
corona, and results in the establishment of a “cool corona,” sandwiched between the hot layer and the underlying 
disk. Radiation scattered down onto the disk from the hot corona has a small effect on conditions near the base 
of the hot corona, except for L close to LE; but scattered radiation may govern the thermal balance of the cool 
corona and the disk surface. 

Depending on the extent of disk flare, much of the disk at larger radii may lie in the shadow of this “inner 
attenuation zone,” with consequent reduction in the densities and mass loss rates in coronae and winds. Nevertheless, 
it is important to note two circumstances in which attenuation may be relatively unimportant over the entire disk. 
First, at very low luminosities (L < 5 x 10_4LE) the size of the inner attenuation zone shrinks to the point where 
it no longer causes any attenuation; second, if the inner radius of the irradiated disk lies outside the radius 
associated with the inner attenuation zone, then the zone simply does not exist. The latter situation could occur, 
for example, if the accretion disk terminates at the magnetopause of a magnetized neutron star or at the surface of a 
white dwarf. Even where attenuation is important in determining conditions near the base of the flow, we find that 
most of the heating occurs sufficiently far above the disk that the line of sight to the central source is transparent. 
Consequently, the basic classification of solutions in terms of the competition between heating and gravity (§ II 
and Fig. 1.1) is intact. 

Incorporating these results into the dynamical analysis of Paper I, we discussed some of the observational 
signatures of Compton-heated coronae and winds. Largely, these can be derived from the scattering properties of the 
heated gas distribution, which we have mapped for flow above a flaring disk. In a steady source with arbitrary 
orientation, it would be difficult to separate the scattered from the direct radiation, although if the disk were nearly 
edge-on then the compact source and even the inner corona might be obscured from view. X-ray polarimetry should 
yield polarizations of a few percent for moderately inclined sources with the central source visible, and up to 10 %-30 % 
for edge-on sources with the nucleus obscured, provided the X-ray source is not intrinsically polarized. The electric 
vector of the radiation should point along the disk axis, the direction of which may be inferable independently from 
observations of radio structure. Direct measurements of scattered emission from a Compton-heated corona/wind may 
be obtained from time-dependent objects, such as eclipsing binaries where the extent and structure of the scattering 
region may be manifested in the light curve. We have shown how the light curves of the partially eclipsing binaries 
4U 2129 + 47 and 4U 1822 — 37 can be interpreted in terms of Compton-heated coronae/winds, and have used our 
theory to infer the intrinsic luminosity of the obscured compact X-ray source in 4U 2129 + 47. One thing that 
Compton-heated winds cannot do is to create the very hard component of sources like Cyg X-l and HZ Her 
through Comptonization of a softer central source. This would still require a hotter, nonthermally driven corona, 
as has been suggested by a number of authors (Liang and Price 1977; Liang and Thompson 1979; Payne and 
Eardley 1977). In quasars, an extended scattering atmosphere may be detected via a form of “reverberation mapping” 
(Blandford and McKee 1982). The polarization of radio-quiet quasars is less than that predicted by our theory, 
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suggesting that the source of the optical and infrared radiation is extended (R > 1016M8 cm) or that the disk does 
not flare. 

Radiation striking the disk photosphere is reradiated in emission lines and in the continuum. The fraction of the 
incident ionizing radiation which is processed into lines decreases as the incident flux (and, at constant S'o, the 
density) increases (see § IV); hence attenuation of the incident flux by the corona or wind can aid in the production 
of detectable lines. At the same time, the presence of a corona or wind limits line formation by scattering a certain 
minimal flux of hard radiation down to the disk, thereby setting a lower limit on the effective temperature of the 
photosphere. Our analysis of the emission-line luminosity provides a lower bound on the size of the accretion disk 
and an approximate upper bound on the distance to the source. Refinement of this technique could lead to 
reasonably accurate distance estimates to sources such as Sco X-l. 

If disks in quasars and Seyfert galaxies extend out to sufficiently large radii, they ought to be efficient line emitters. 
Because of the grazing incidence of radiation from the nucleus and the attenuating effects of the corona, the 
minimum radius required for efficient line emission is smaller than the radius inferred for standard models of the 
broad emission line region, which consist of frontally illuminated clouds. Nevertheless, there are several observational 
objections to the disk providing all of the observed line emission in quasars, most notably the low value of optical 
and infrared polarization, and apparent profile similarities between lines which ought to come from different parts 
of the disk. Furthermore, estimates of the flare and surface area of the line-emitting region are on theoretically 
shaky grounds because naive application of standard accretion disk models to quasars yield disks which are 
vertically self-gravitating at the radii associated with line emission (Kolykhalov and Sunyaev 1982; Sakimoto and 
Coroniti 1981). We expect that instabilities in such disks may lead to clumping, making it difficult to estimate 
reliably the absorbed X-ray flux and line emission. (However, we do not expect clumping to substantially change 
the dynamical properties of the corona or wind, providing the flare of the disk as a whole is known.) We therefore 
suggest that disks provide only a fraction of the line emission in quasars; however, if lower luminosity objects 
(e.g., Seyferts and broad-line radio galaxies) contain comparably massive black holes and are merely radiating at 
<10“3 of the Eddington limit, then both the polarization and self-gravitation problems are ameliorated, and it 
becomes more plausible to suggest that the disk produces most or all of the line emission. 

Absorbed radiation which is not channeled into lines will be reemitted as continuum, the flux of which may 
easily exceed that of continuum generated locally within the disk. This reprocessed continuum should be thermalized 
at roughly its effective temperature if the disk is opaque, and its spectrum may differ significantly from the v1/3 

spectrum characteristic of an optically thick accretion disk radiating from within (Lynden-Bell 1969). The spectral 
index depends sensitively on the manner in which the disk is illuminated and can provide a sensitive diagnostic 
of disk and coronal structure. In sources such as Cyg X-2, this reprocessed continuum may dominate the UV 
emission from the system (Chiappetti et al. 1983). 

This work is an outgrowth of a project in collaboration with Greg Shields, and we thank him for many 
valuable discussions. We gratefully acknowledge a number of suggestions by Richard London, which significantly 
improved the paper. Helpful comments were also made by Roger Blandford and Anne Cowley. C. F. M. expresses 
his gratitude to the Sherman Fairchild Distinguished Scholars Program for supporting his stay at the California 
Institute of Technology during the inception of this work, and to Martin Rees for supporting his stay at the 
Institute of Astronomy in Cambridge where the work continued. The work of C. F. M. and M. C. B. is supported 
in part by the National Science Foundation under grants AST 79-23243 and AST 82-15456, and M. C. B. additionally 
acknowledges partial support from the Science Research Council of Great Britain. 

APPENDIX A 

SELECTED GLOSSARY OF FREQUENTLY USED SYMBOLS 

F Flux of radiation, measured near the source 
Fd Flux generated internally in the disk 
Firr Flux normal to the disk, directly from the source 
Fsc Flux normal to the disk, scattered in corona/wind 
Fçxt F irr + F sc 
F10n Ionizing flux: 1 Ryd < hv < 103 Ryd 
Ft Flux in emission line l 
Fim Maximum F* set by blackbody limit 
fr Form factor for heating rate (eq. [13.9]) 
fTo = / Attenuation factor (eq. [2.1]) = form factor for heating at base of corona/wind 
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fd 

/is 
/se 

h 
hd 
K 

^hc 
J, Ji0n 

Jo 
Jd 

Jsc 
kt 
L, Cm 

Le 
Lçt 

í-sc 
Lobs 

M 
Po 
Ro 

R\c 
Ria 
Ris 
Rd 
R, 
R 
s 

Sx 
S|| 
s 
Th 

/c 
Td 

z 
r 

t 
>h 

¿o 
0> 

í, 

^c, max 
“h,min 

opt 

í 

¿he 
£min 
^os 

¿.irr 
^sc 

Tll 
Ti 
Tob 
ÚdlC 

Form factor for cooling by disk radiation (eq. [2.11]) = attenuation factor at the base of the hot corona 
in the inner attenuation zone 
Attenuation factor in inner shadowed zone (eq. [2.24]) 
Form factor for heating due to scattered radiation (eq. [2.29]) 
Height above midplane of disk 
Height of disk photosphere above midplane, effective thickness of disk 
Scale height of corona (eq. [2.6]) 
Height at lower boundary of hot corona 
Mean intensity of radiation integrated over all frequencies, from 1-103 rydbergs 
Mean intensity of radiation at base of corona/wind (eq. [2.1]) 
Mean intensity of radiation, emitted locally by disk (eq. [2.10]) 
Local scattering emissivity (eq. [3.1]) 
Defined eq. (2.19) 
Total luminosity, luminosity of ionizing radiation (1 <hv < 103 rydbergs) 
Eddington limit 
Critical luminosity for wind parameter space (eq. [12.12]) 
Luminosity of scattered radiation 
Luminosity of observed portion of radiation 
Mass at center of accretion disk 
Gas pressure at base of corona/wind (eq. [2.2]) 
Radius in plane of accretion disk 
Radius at which Compton temperature equals escape temperature (eq. [12.7]) 
Radius of inner attenuation zone (eq. [2.23]) 
Boundary between inner and outer shadowed zones (eq. [2.26]) 
Outer radius of disk 
Radius at which line of sight from observer most closely approaches compact X-ray source 
Radius of occulting star in X-ray binary 
Surface brightness of scattered radiation (eq. [3.2]) 
Surface brightness of scattered radiation for face-on disk (eqs. [3.5] and [3.11]) 
Surface brightness of scattered radiation for edge-on disk (eqs. [3.7] and [3.18]) 
Flare exponent (eq. [2.4]) 
Equilibrium temperature of hot phase 
“Inverse Compton temperature,” at which Compton heating balances inverse Compton cooling (eq. [12.4]) 
Effective temperature (ä inverse Compton temperature) of radiation emitted locally by disk 
Dimensionless height above disk photosphere = (h — hd)/R0 
Heating rate 
Efficiency of mass-to-energy conversion in the accretion flow = lOe.i 
= F i/i efficiency with which disk reprocesses incident ionizing flux into emission line / (eq. [4.1]) 
Value of rh for unsaturated line, i.e., at low Fl

e°£ and low n 
Spreading angle of scattered X-ray source (cf. Fig. 2a) 
Angle of incidence of incident rays on disk photosphere, measured relative to normal at disk surface 
Mass ratio of compact X-ray source to total mass of binary 
Ionization parameter; for a beam of radiation, ratio of radiation pressure to gas pressure (eq. [12.1]) 
Maximum S' allowing gas in cool phase 
Minimum S' allowing gas in hot phase 
S' at base of corona/wind (eq. [2.2]) 
= R0/Ric (eq. [2.8]); in general, = Rx/R0 
Ç at which hc = hd; for £ > ^G, hc > hd (eq. [2.7]) 
£ at which fd = /r; hot corona exists outside ¿hc (eq. [2.12]) 
¿ at which line of sight from source first enters corona (eq. [2.19]) 
Outer radius of shadowed zone 
Ç at which line of sight through edge-on corona becomes optically thick (eq. [3.17]) 
¿ at which emission line from disk becomes saturated (eq. [4.3]) 

for case in which disk is directly irradiated by central source (eq. [4.12]) 
Same as ^irr, except that irradiation is by radiation scattered in corona/wind (eq. [4.13]) 
Optical depth along line of sight to source 
Characteristic optical depth, = ne <rT R0 
Optical depth in corona/wind normal to disk 
Optical depth along line of sight from observer to scattering point (eq. [3.2]) 
Defined eq. (2.4) 
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APPENDIX B 

ATTENUATION IN THE WIND 

Consider a ray from the source of radiation which reaches the disk surface at R0. At a radius R from the center 
it passes above the disk at a height zR given by 

^ = (Bl) 
where in this Appendix £ = R/Rlc and = R0/Ric- Let t(R, R0) be the optical depth in the wind at a radius R 
on this ray. We wish to find the attenuation factor/ = /sh exp [~t(R0, R0)] = /sh exp (-t0), where/sh is the attenua- 
tion factor due to shadowing, given by (2.24) if/sh < 1 and equal to unity otherwise. 

We showed in § II that the optical depth high above the disk (z ~ 1) is small, so we need to consider only the 
region close to the surface of the disk. There the steady heating analysis of § Hid, Paper I, is applicable, even in 
Region A. We approximate y » 1, p* æ 1, rj & 1 and, from equation (13.19), 

T*3/2xizfr = tyshe-«R’R<» . (B2) 

(In this Appendix we assume the reader is familiar with the detailed results of Paper I, and we do not redefine 
symbols introduced there.) Then one finds that the electron scattering opacity k; at a point (R, z) is given by 

e-To + T(R,R0)/2 
k(R,z) = k(Ric,1)- £4/3-v/2z1/2 ’ 

where the constant k(Ric, 1) is given by 
1/2 

Substituting this into the identity 

JL e-r(R,Ro)/2 = _ 1 k(R' z)e-T(*,«„)/2 

and integrating, we obtain an integral equation for t0 : 

e-to/2 =1 
2 
1 
- k(Ric, 1) j dt 

i £4/3-v/2zl/2 1 

An upper limit on t0 can be found by setting 

(B3) 

(B4) 

(B5) 

e u =  
1 + a^o 

and then placing an upper bound on a. If the attenuation begins at this gives 

r^0 ctt; jí i r\ . ^ ill   

or, by using equation (Bl), 

a < 1 k(Ric, 1) j 

a < 

£4 

n k(Ric, 1) 
kl/2 dIC 

(B6) 

(B7) 

(B8) 
2s t//dic 

where we have assumed ¿i. The requirement that a not vary as a power of £ implies 

n = -i + b-h = -(f+ ki + is, b) 
for Regions A, B, and C, respectively. The wind attenuation factor is then 

binä = e-^>a-^ö\ (B9) 
where we have assumed > 1- 

First consider the case of a thick disk which is not in the shadow of the inner attenuation zone of the corona. 
Unless the luminosity is so low that the corona is transparent (eq. [2.28]), this requires 

L 1/4 
faicf £ 0.l(^)1/4 > 0.03(-^8 )1 

\Kr l^E ^h,mine- 1/ x1—‘Ii.min 1/ 
(BIO) 
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(cf. eqs. [2.23], [2.25], and discussion following [2.24]). With /sh = 1 and </>dIC > 0.02, equations (B4), (B8), and (B9) 
yield 

/wind ~ sa0 Tleg 

For this unshadowed case we expect s > 0.1, so generally /wind > 0.1 as well. 
In the opposite case the disk is thin and lies in the inner shadowed zone: 

/wind(shadow) : 
1.3 (hicYl2(L\ 

T}&\lO->) UJ 

1/4 
/wi„d(no shadow). 

(BU) 

(B12) 

The total attenuation in this case is fis /wind(shadow). For binary X-ray sources, <}>dK: probably exceeds 10 2 (see 
Shakura and Sunyaev 1973); for quasars, the value is uncertain because of self-gravity in the disk. 
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