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ABSTRACT 
The optical/UV bump seen in quasars is often modeled as the integrated thermal emission from an optically 

thick, geometrically thin accretion disk around a supermassive black hole. Soft X-ray excesses recently 
detected in optically selected (PG) quasars have consequently been attributed to the hot tail of the accretion 
disk spectrum. However, the high temperatures and luminosities inferred favor a picture in which supercritical, 
radiation-supported tori around 107-108 M0 black holes are responsible for the UV/soft X-ray thermal com- 
ponent. 

We investigate models of thick accretion disks and, in particular, the effects of the toroidal shape on the 
observed thermal emission. The occultation of the innermost disk region due to self-shadowing and the reflec- 
tion effect of photons off the funnel walls are taken into account. The dependence of the observed spectrum on 
the viewing angle is discussed. It is suggested that high- and low-inclination systems are responsible for the 
optical/UV and UV/soft X-ray excesses, respectively. 
Subject headings: black holes — quasars — radiation mechanisms — stars: accretion 

I. INTRODUCTION 

The 10-0.1 /mi continuum of quasars and Seyfert galaxies 
can be decomposed into a single power law Fv oc v-a (with 
a ä 1) plus a superposed “bump” in the blue and near-UV 
band (Neugebauer et al. 1979; Richstone and Schmidt 1980). 

This optical/UV excess above the extrapolated nonthermal 
IR continuum has been attributed by Shields (1978) and later 
by Malkan and Sargent (1982) to a thermal component 
peaking at ultraviolet frequencies and approximately described 
by a single-temperature blackbody with T « 30,000 K. This 
component flattens the quasar continuum starting at around 
~5000 Â; the optical/UV spectra would then steepen at wave- 
lengths shorter than ~1500 Â because of the exponential 
cutoff of this thermal component. 

It is now widely believed that accretion onto supermassive 
black holes is the power source for active galactic nuclei (see 
Rees 1984 for a recent review). Material with specific angular 
momentum exceeding 31,2rGc (with rG = IGM/c2 for a 
Schwarzschild black hole of mass M) cannot be accreted 
directly and settles down into a disk. 

Different regimes of accretion with angular momentum have 
been distinguished, depending on the ratio, m, of the accretion 
rate, M, to the Eddington accretion rate, ME = LE/c2 = 
4nGM/(ckT), where kT is the relevant opacity (Thomson in this 
case) and LE is the Eddington limit (see, e.g., Blandford 1984; 
Begelman 1985 ; and references therein). 

Much interpretative work has been devoted to geometrically 
thin disks accreting mass at a subcritical rate, i.e., m <00 (for a 
review, see Pringle 1981). Thin Keplerian disks can efficiently 
cool on the infall time scale; they are thermal, broad-band 
emitters, the spectrum reflecting the radial variation of the disk 
surface temperature. 

In the blackbody approximation, the maximum temperature 

^max » 6 x 104m1/4M8“1/4 (1) 

is achieved at r æ 5rG, where M8 is the mass of the hole in 108 

solar mass units. The emitted spectrum peaks in the near-UV 

band, so it was natural to interpret the UV bump seen in 
quasars as the integrated thermal emission from an accretion 
disk around a ~108 M0 black hole (Shields 1978; Malkan 
1983). 

Spectral fits with accretion disk models have been performed 
by Malkan (1983). The single blackbody fits of the IUE spectra 
of high-z QSOs apparently seem to have too little flux at the 
highest frequencies. A broader spectral distribution than a 
single Planck function, such as a sum-of-blackbodies accretion 
disk spectrum, seems to improve the fit. 

It has been recently shown by Elvis et al (1986) that a single 
power-law of slope a ~ 1 could cover five decades of fre- 
quencies from IR to X-ray in optically selected (PG) quasars, 
with the UV thermal component forming a bump on top of it. 
However, in at least one object, the quasar PG 1211 +143, a 
soft X-ray excess has been detected at energies < 1 keV (Elvis, 
Wilkes, and Tananbaum 1985). 

If thermal in origin, this excess would naturally be connected 
with the UV bump and interpreted as the hot tail of a single, 
very luminous thermal component with a much higher peak 
temperature Tmax ä 0.5-1 x 106 K. More recently, other exam- 
ples of quasars with soft X-ray excesses have been reported 
(Singh, Garmire, and Nousek 1985; Arnaud et al 1985; 
Pounds et al 1986). 

Observations of the maximum temperature Tmax are then of 
great importance for disk models, because it constrains the 
mass and the accretion rate of the central engine. Thin disk 
model fits of the UV/soft X-ray excesses require L > LE or, 
equivalently, m > 10 (Bechtold ei a/. 1987). 

The sum-of-blackbodies approximation on which these fits 
are based is somewhat doubtful. Opacity effects in thin accre- 
tion disks are very important; in the inner regions the electron 
scattering opacity will strongly modify the blackbody spec- 
trum. At high accretion rates (m > 1), the diffusion approx- 
imation is no longer valid and Comptonization may play a 
relevant role in the formation of the spectrum. 

Modifications of the disk spectrum due to opacity effects 
require higher temperatures to radiate the same luminosity; 
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hence, soft X-ray excesses may be produced at much lower 
accretion rates. However, accretion rates which exceed the 
Eddington one, m > 10, are still needed (Czerny and Elvis 
1987). In this regime, where radiation pressure is dynamically 
important and the rotation law is no longer Keplerian, the 
standard theory of the thin disk is no longer appropriate. 
Under these conditions, it is expected that the disk will no 
longer be thin, but will rather puff up to form a thick radiation- 
supported torus. 

Thick accretion disks have been actively investigated over 
the past few years (see, e.g., Maraschi, Reina, and Treves 1976; 
Kozlowski, Jaroszynski, and Abramowicz 1978; Frank 1979; 
Jaroszynski, Abramowicz, and Paczynski 1980; Paczynski and 
Wiita 1980). It is now well established that a major fraction of 
their liminosity is radiated from the surface of a funnel sur- 
rounding the rotation axis. In this region pressure gradients 
are balanced by centrifugal forces rather than by gravity; that 
is why the luminosities of such tori may well exceed the 
Eddington limit by large factors (Abramowicz, Calvani, and 
Nobili 1980). In the most extreme models studied so far, the 
high radiation flux density in the narrow funnel may accelerate 
matter in collimated jets (Abramowicz and Piran 1980). 
However, very little work has been done to express the theory 
of thick accretion disks in a form suitable for observational 
scrutiny. Instead, general theoretical arguments have been 
used to place self-consistency constraints on the models, but 
these still leave a wide range of possible configurations. 

The very viability of some thick disk models has recently 
been put in question by the discovery (Papaloizou and Pringle 
1984, 1985) that differentially rotating tori are subject to 
global, nonaxisymmetric dynamical instabilities. Work on 
understanding the physical causes of the instability has been 
limited to geometrically simple configurations, in particular 
slender tori and two-dimensional annuli (see Blaes 1986 and 
references therein). In the linear regime it is found that the 
quickest and most violent unstable modes are stabilized by 
steep angular momentum gradients (Goldreich, Goodman, 
and Narayan 1986). Recent nonlinear calculations by Blaes 
and Hawley (1987) show that the angular momentum redistri- 
bution which is driven by the instability results in configu- 
rations which can be characterized by a power-law angular 
momentum distribution (see also Zurek and Benz 1986). Disks 
with greater radial thickness saturate with flatter rotation laws. 
Moreover, disks with inner edges that overflow the potential 
cusp are quickly stabilized by the accretion flow (Blaes 1987). 

An important feature of geometrically and optically thick 
disks is then investigated in this paper, namely the dependence 
of the observed disk spectrum on the viewing angle. Due to the 
doughnut shape, occultation of the innermost parts of the 
torus, which are found to be responsible for the emission in the 
soft X-ray band, occurs at large angles between the rotation 
axis and the line of sight. 

It is found that the inner, very hot and luminous, funnel- 
shaped region dominates the emission from tori which are 
viewed more pole-on, i.e., at small viewing angles from the 
symmetry axis of the torus. This gives rise to a UV/soft X-ray 
thermal component such as that seen, e.g., in the quasar PG 
1211 +143. On the other hand, tori viewed nearly edge-on, i.e., 
at large viewing angles from the symmetry axis, appear less 
luminous and cooler, possibly accounting for the optical/UV 
bump. 

In § II, a model of radiation-supported thick disks is 
analyzed. In § III the emitted spectrum is computed as a func- 

tion of the inclination angle. The radiation field along the rota- 
tion axis is greatly enhanced by the multiple scatterings of 
photons off the funnel walls. This reflection effect is discussed in 
§ IV. In § V we summarize our results and discuss them. 

II. THE MODEL 
The shape and structure of low-viscosity, non-self- 

gravitating thick accretion disks which are in hydrostatic equi- 
librium beyond their inner radii have been computed by 
several authors under a number of simplifying assumptions 
(see, e.g., Jaroszynski, Abramowicz, and Paczynski 1980; 
Paczynski and Wiita 1980). In the following, we shall consider 
such a torus as a toroidal, isolated star supported by radiation 
pressure, which is in pure rotation in the gravitational field of 
the black hole. 

We adopt a cylindrical coordinate system (r, z, <p) centered 
on the hole. Further, we use here a pseudo-Newtonian poten- 
tial of the form : 

(¡>=-GMI{R-rG), (2) 

where R = (r2 + z2)1/2 is the spherical radius. The self-gravity 
of the torus is taken to be negligible (this assumption will be 
checked a posteriori). It has been pointed out by Paczynski and 
Wiita (1980) that an ad hoc potential of this form mimicks the 
essential features of a Schwarzschild spacetime with regard to 
accretion flows. In particular, Keplerian orbits are bound if 
r > 2rG = rmh, and stable if r > 3rG = rms; at rms we have the 
maximum binding energy and the minimum angular momen- 
tum. 

The inner radius rin of the torus lies between the marginally 
bound rmb and marginally stable rms orbits; its location deter- 
mines the efficiency e of the conversion of accreted matter into 
radiation, i.e., L = eMc2. The maximum efficiency equals 
6.25% at rms, compared with the correct value 5.72% in the 
Schwarzschild case. 

The shape and internal equilibrium structure of the rotating 
ring can be computed by assuming a barotropic equation of 
state p = p(p). With this simplification, the specific angular 
momentum per unit mass l(R) is constant on cylinders centered 
about the rotation axis and the hydrostatic equilibrium equa- 
tion can be integrated to yield 

0eff(r, z) = GM/(R - rG) + (l2/r3)dr , (3) 

where </>eff is the total (gravitational plus centrifugal) effective 
potential </>eff = J dp/p. Now, if one specifies a priori the rota- 
tion law l(r), the shape of the equipotential surfaces can be 
determined. We take the boundary condition on the surface of 
the torus, defined by h(r), to be the vanishing of the effective 
potential there. Then by specifying the inner edge rin and the 
height at rin, the shape of the disk can be computed. 

The acceptable forms of l(r) are restricted by the require- 
ments of local dynamical stability (dl/dr > 0) and inward accre- 
tion [d/dr(/r~2) < 0]. Moreover, configurations with a flat 
distribution of angular momentum may be prone to global, 
nonaxisymmetric instabilities (Papaloizou and Pringle 1984). 
We will therefore consider a two-parameter angular momen- 
tum distribution : 

Kr) = lm{rlr-m)2-\ 

where /in is the value of the Keplerian specific angular momen- 
tum at the inner edge rin. Rotation is Keplerian at the inner 
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edge rin of the torus and at the pressure maximum rc located in 
the equatorial plane within a few gravitational radii. Inside rc 
rotation is faster than the Keplerian one, and the excess cen- 
trifugal force is balanced by an inwardly directed pressure gra- 
dient. 

Material is allowed to remain in stable circular orbits inside 
rms but outside the marginally bound orbit rmb. However, for 
rmb < r < rms, the binding energy, e, is reduced from its 
maximum value at rms, reaching zero at rmb. In general, then, 
thick tori will be less efficient converters of rest mass to radi- 
ation than thin accretion disks. 

A cusp forms at the inner radius rin, i.e., a critical equipo- 
tential surface which crosses itself. If material fills this equipo- 
tential surface, the cusp will act as a Lagrangian point in a 
mass-transferring binary, and dynamical mass loss through the 
inner edge will take place. The assumption of hydrostatic equi- 
librium clearly breaks down close to the cusp, where a tran- 
sition occurs from a subsonic inward drift to a supersonic, 
nearly radial free-fall. 

Close to the rotation axis hydrostatic equilibrium is not 
possible; a hollow axial region or funnel forms, with its walls 
supported by centrifugal acceleration. Matter in the vortex 
funnel (which becomes a paraboloid for a flow with / = const) 
will either fall into the hole on a dynamical time scale or will be 
expelled to infinity by radiation pressure. 

On the surface h(r) we have </>eff = 0, and the shape of the 
torus is found to be 

where B = 2 — 2g and we have neglected the thickness of the 
flow at the inner radius. The outer radius rout of the disk can be 
computed by solving h(rout) = 0. Rather than assuming a value 
for the exponent q, one can equivalently specify the outer edge 
of the torus. The shape h(r) will then be fully determined by 
specifying the inner and outer radii of our disk. 

We assume a barotropic equation of state p = Kpy, with 
K = const and p = pgas + prad. If ß denotes the ratio of gas 
pressure to total pressure, the distributions of density and tem- 
perature inside the torus are given by 

p(r, z) = 4.82 x 1012[/?4/(l - /We
3
ff(r, z) g cm"3 

and 

T(r, z) = 6.81 x 1011ß<l)e{{(r, z) K . (5) 

The assumption that the gravitational potential is deter- 
mined by the central massive object is valid only if the total 
mass of the disk Mdisk is less than the mass of the black hole M. 
The constraint Mdisk < M is found to be rather important in 
building self-consistent models (Abramowicz, Calvani, and 
Nobili 1980; Wiita 1982), actually providing more restrictions 
than the ones imposed by the onset of gravitational insta- 
bilities (which require the density in the disk at radius r to be 
much less than M/r3; Paczynski 1978). The total mass of the 
disk, in units of 108 M0, is given by 

JVout 
dr </>e

3ff(r, z)rdz . 
Tin JO 

(6) 

The gas is taken to be fully ionized, with p = j. A sequence 
of barotropic models can now be constructed by varying the 
ratio, ß, of the gas pressure to the total pressure. We assume ß 

to be constant throughout the torus (see also Wiita 1982; 
Abramowicz, Henderson, and Ghosh 1983). Radiation- 
pressure support implies ß < 1, subject to the constraints of 
self-consistency imposed by the conditions of hydrostatic equi- 
librium and negligible self-gravity. 

Radiation-pressure support and electron scattering opacity 
allow us to compute the flux radiated from the known surface 
of the torus. If the disk atmosphere is in radiative and hydro- 
static equilibrium, the critical flux emitted per unit area is 

Fr = -c/krgetf = -c/kji-Vÿ + a>2r), (7) 

where £eff is the effective gravity vector (including the centrifu- 
gal force) which is perpendicular to the surface of the disk, and 
co is the angular velocity. 

The radial dependence of the effective temperature is given 
by: 

c 
/Ct ß)\ 

G2M2 

(R - rGy 
+ Ir '4-6 2GM12 l1'2 

R(R - rG)VJ 

(8) 

where kT is the Thomson opacity. 
The total luminosity L is calculated by integrating equation 

(8) over the entire disk surface. It is possible to show that the 
ratio L/Le is proportional to the logarithm of the ratio Q = 
rout/rin (Abramowicz, Calvani, and Nobili 1980). For Q > 50, 
we derive 

L/LE » 3.8 log ß - 2.43 . (9) 

As the inner radius cannot change by much (2rG < rin < 
3rG), it is the outer radius that really matters. Also, the struc- 
ture of the disk at small radii is not sensitive to the disk struc- 
ture at very large radii. 

Within a thick torus there is no local energy balance because 
the generated heat can be transported both in the radial and in 
the vertical direction. However, there must be global mass, 
energy, and angular momentum conservation. To compute the 
luminosity generated in the torus we must integrate the total 
rate of dissipation in a cylindrical shell between the inner and 
outer radii, assuming dissipation and torques due to vertical 
shear to be negligible. The integration yields 

Lg AI[e-m Cout — (0OXit(l0\it 7in)3 • (1^) 

This formula is not symmetric with respect to the inner and 
outer edges because the torque at the inner edge vanishes, 
whereas it is nonzero at the outer edge. For large tori, 
^out ¿out 0 and rout 0, and one has approximately that Lg = 
Meln. Of course, as rin-*rmb, ein->0, and extremely large 
accretion rates are necessary to support a torus with a given 
luminosity. 

At this point one generally assumes that there are no addi- 
tional sources of energy (such as, e.g., nuclear burning), apart 
from viscous dissipation, and that negligible internal energy is 
advected in and out of the torus. In this case the local thin disk 
energy balance can be replaced by a global condition Lg = L 
and we can solve equation (10) for the accretion rate M. It 
turns out that, for a ~ 108 M0 black hole, the thickness of the 
flow at rin—and, consequently, the amount of internal energy 
swallowed by the hole—is small provided ß > 10"6 

(Abramowicz 1985). 
The knowledge of M allows us to give an a posteriori esti- 

mate of the kinematic viscosity, rj, which is necessary to drive 
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TABLE 1 
The Thick Accretion Disk Model: 

Characteristic Values 

L « 6Le 
M « 20 Mq yr“1 

e « 6% 
^a«23° 

Mdisk « 2.4 x 106 Mq 
<xc *4. x 10'7 

pc « 2. x 10-6 g cm“3 

Tc « 7.6 x 106 K 
Dynamical time scale at rc: td = In/co « 105 s 
Thermal time scale at rc : ith « tja. « 104 yr 
Viscous time scale at rc : ivi « tjih/r)1 ä íth 

a \jj = half-opening angle of the funnel. 

the accretion flow. Scaling rj such that 

r¡ = cc*pvsH , (11) 

where is the sound speed and H is the relevant length scale, 
the dimensionless viscosity parameter a* can be computed 
(Wiita 1982). 

Realistic thick accretion disks will resemble toroidal figures 
in dynamical equilibrium if the radial inward drift is dynami- 
cally unimportant, or, more in general, if departure from 
hydrostatic equilibrium is small. Because the disk is now geo- 
metrically thick, it is (h/r) « 1, and the condition of subsonic 
poloidal motion implies a tighter constraint on the magnitude 
of the viscosity: a* 1 (Jaroszynski, Abramowicz, and Pac- 

zyñski 1980). 

III. THE SPECTRUM 
A thick-disk model with parameters rin = 2.7rG, rout = 

500rG, M = 108 MQiß = 3 x 10“4 is investigated in the rest of 
the article. The actual size of the disk is then ~ 1016 cm, which 
is much smaller than the estimated radius, ~1017 cm, of the 
broad emission line region in quasars (Gondhalekar, O’Brien, 
and Wilson 1986). Table 1 summarizes the relevant quantities 
of the model. The subscript “ c ” denotes values computed at 
the pressure maximum rc « 8rG. In a thick disk, most of the 
energy is released around rc. The adopted value of the param- 
eter ß corresponds to a massive torus with a large optical 
depth. In this case the pressure scale height is much smaller 
than the disk thickness, and the atmosphere is very thin 
(Blandford 1985). The dimensionless accretion rate is m æ 100. 

As electron scattering provides most of the opacity inside 
the torus, the emergent photons are thermalized on the 
surface where the effective absorption optical depth t* = 
[Tff(Tff + tx)] 1/2 is unity, tx and % being the electron scattering 
and free-free optical depth, respectively. For sufficiently high 
frequencies, scattering dominates free-free absorption and the 
photosphere lies well below the last scattering surface, as 
shown in Figure 1. 

In Figure 2 the effective temperature distribution given by 
equation (8) is depicted. Similarly to what is found in thin disk 
models, the effective temperature has a sharp peak at a radius 
r « 4rG, which is well inside the funnel. It then decreases 
roughly as Teff oc /1/2r_3/4 in the region where the balance of 
forces is dominated by the centrifugal acceleration term, and 

Fig. 1.—Meridional cross section of a radiation torus with model parameters: rin = 2.7rG, rout = 500rG, M = 108 M0, ß = 3 x 10“4. The zero-pressure (dotted 
curve), last-scattering tt = 1 (solid curve), and thermalization t*(v) = 1 for v = kT/h (dashed curve) surfaces are plotted. Height and radius are in units of rG. The 
optical depth is evaluated as t = kpH, where k is the specific opacity and H is the pressure scale height : H = p/\\p\. 
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radius 
Fig. 2.—The effective temperature distributions for a radiation torus (solid curve) and for a thin accretion disk with the same values of M and M (dashed curve). 

The radius is in units of rG. Thin disk : Teff ccr~3/4-; radiation torus : Teff oc /1/2r“3/4, where the centrifugal force dominates, and Teff « const where gravity dominates 
and the isobars are almost spherical. 

finally becomes constant in the outer region, where pressure 
gradients balance against gravity and the isobars are almost 
spherical. For comparison purposes, the effective temperature 
distribution for a thin disk model with the same values of M 
and M is also shown. 

To include the effect of Thomson opacity on the spectrum, a 
homogeneous, isothermal atmosphere is assumed here 
(Shakura and Sunyaev 1973). Then, since kT > k{{(v), the emer- 
gent specific intensity (erg cm " 2 s “1 Hz _ 1 sr “x) is given by : 

Jv = 3.2 x 10"15TS
11/4[M1 - ß)V/2x3/2e-x(l - e-xy1/2 , 

(12) 

where x = hv/kTs. The total modified blackbody flux (ergs 
cm-2 s_1)is: 

F = 3.2 x 10-4TS
15/4[M1 - ß)V/2 • (!3) 

The surface temperature Ts derived by combining equations (7) 
and (13) is appreciably higher than the effective temperature 
Teff; the emitted spectrum is therefore harder than that of a 
simple sum-of-blackbodies. 

It is important to note the weak dependence of the tem- 
perature Ts on the parameters : 

Ts oc M~4/15/?-2/15 . 

Any change of ß will affect the temperature and density profiles 
(eq. [5]), and the location of the photosphere will vary as well, 
keeping the temperature Ts almost constant, independently of 
ß (cf. Begelman 1985). The scaling of the viscosity parameter a* 
with /? (a* oc /T4) is such that the temperature of the photo- 
sphere will be very weakly dependent on a*. 

A detailed analysis of the spectral regime can be performed a 

posteriori. Consider first the frequency v0 at which the scat- 
tering and absorption coefficients are equal : for x > x0 = 
hv0/kTs, electron scattering will modify the emission spectrum. 
For the model considered here it is x0 « 10“ 2, so scattering is 
indeed important over most of the spectrum. The frequency vc 

for which Compton upscattering of photons becomes impor- 
tant is defined by y(vc) = 1, where y(v) is the frequency- 
dependent Compton parameter (Rybicki and Lightman 1979): 

y(v) = 4kTsi:j(v)/(mc2) . (14) 

Here tt(v) is the electron scattering optical depth between 
emission and escape from the medium, so it is measured from 
an effective absorption optical depth, /^(v), of order unity. 
Comptonization will affect the emerging radiation significantly 
for x > xc = hvc/kTs; if xc 1, the inverse Compton will go to 
saturation point and a Wien peak will be produced around 
3/c7¡. For the model considered here it is xc > 1; thus, inverse 
Compton scattering may be neglected since the majority of 
photons undergo coherent scattering. 

For an observer at a distance D, the flux at frequency v from 
the disk is given by 

f v = ¿5 jYínX» • WZ , (15) 

where N is the outward normal to the surface area element 
dL = r[l + (dh/dr)2Y12 dr d(p, and n is the direction of the line 
of sight. We assume that the surface of the disk radiates iso- 
tropically, Iv(n) independent of w for /i • TV > 0. 

Let us specify a line of sight in the plane (p = tc/2 and denote 
with 90 the anêle between the line of sight and the rotation 
axis. Represented in the Cartesian coordinates (X, Y, Z), with 
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the Z-axis being the symmetry axis of the system, the unit 
vectors can be written as 

n=y sin + z cos % ; 

N = x sin & cos (p + y sin 8 sin (p z cos 8 , 

and we have Iv(n) = 0 for #i • TV < 0. 
The self-shadowing of the disk must be taken into account. 

Geometrical thicknesss causes, in* fact, occultation of the inner- 
most (and the hottest) regions for high-inclination systems. 
Consider the element of area at the point P0 = (r0, tt/2, z0) on 
the surface of the funnel, whose outward normal N0 is perpen- 
dicular to the line of sight, and denote with R the vector con- 
necting P0 to a generic point P = (r, <p, z) on the funnel walls : 

No = —y cos 8q -h z sin 80 ; 

R = xr cos cp y(r sin (p - r0) + z(z - z0) . 

The condition /? • 7V0 = 0 yields the range of integration over 
ç in equation (15), which is obviously limited by the eclipsing 
effect. The observed disk spectrum will then strongly depend 
on the viewing angle #0. 

The resulting spectrum is shown in Figure 3, where the spe- 
cific luminosity 4nD2Fv (ergs s"1 Hz-1) is plotted versus the 
frequency v for different inclination angles. As expected from 
Figures 1 and 2, disks seen more edge-on (S0 « 90°) look 
cooler and underluminous, the observed bolometric luminosity 
being only a fraction (about one-tenth) of the total energy 
output. Since the temperature in the outer parts of the disk is 
roughly constant, the spectrum is approximately that of a 
single-temperature modified blackbody. In the model con- 
sidered here it peaks at log v » 15.3 (1500 Â) and then falls off 
exponentially. The temperature of the outer regions, however, 
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does depend on the particular choice of the outer edge of the 
torus. The logarithmic enhancement of the emitted luminosity 
with increasing rout (eq. [9]) actually occurs mainly in the inner 
regions. The luminosity of the outer, spherical body of the 
torus is always close to about LE. The outer temperature then 
scales as 7^ut oc r~J/2. However a temperature T æ 30,000 K 
may represent a sort of minimum limiting temperature for the 
outer, radiation-dominated atmosphere (Blandford 1984). If 
the effective temperature is reduced below this value, the 
material opacity changes due to He recombination and the 
atmosphere cannot remain balanced. 

At smaller inclination angles, the funnel region becomes 
more and more visible. The hottest parts of the disk start con- 
tributing to the integrated spectrum, which therefore hardens 
and flattens at high frequencies, the spectral turnover always 
occurring between ~ 1500 and 1200 Â. The dependence on the 
inclination angle of the observed luminosity at a given fre- 
quency v is depicted in Figure 4 for log v = 15.5, 16, 16.5, and 
17. The self-shadowing of the disk has a dramatic effect at the 
highest frequencies. The curves rise steeply up to the point 
where the angle #0 is roughly equal to the funnel opening angle 
ij/ æ 23° and most of the innermost regions become visible, 
then flatten at smaller angles. Soft X-ray emission is observed 
only at inclination angles smaller than \¡j, the associated prob- 
ability P = 1 — cos ^ being equal to —8% for the model con- 
sidered. 

In these calculations we have neglected the relativistic effects 
on the propagation of radiation from the disk, namely the 
Doppler shift, the gravitational redshift, and the gravitational 
focusing effect. For a thin disk around a Schwarzschild hole 
these are minor effects except for an observer near the equator, 
who sees radiation from the innermost regions to be blue- 
shifted and strongly focused (Cunningham 1975). This 

Fig. 3.—Disk spectra for different angles, S0, of inclination between the rotation axis and the line of sight. Curves labeled a, b, c, and d are computed for S0 = 90° 
(edge-on view), 50°, 25°, and 0° (pole-on view), respectively. 
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inclination angle (deg) 
Fig. 4.—Dependence of the observed specific luminosity on the inclination angle. Curves labeled a, b, c, and d are computed for log v = 15.5, 16, 16.5, and 17, 

respectively. The break in the curves occurs for an angle ~ 20°, when most of the funnel becomes visible. 

enhancement cannot be directly observed in thick accretion 
disks because of the strong eclipsing effect at and near the 
equatorial plane. However, it will affect somewhat the flux of 
radiation falling on the funnel surface. The problem of scat- 
tered radiation will be discussed in detail in the next section. 

IV. THE REFLECTION EFFECT 

So far mechanical equilibrium between gravity, centrifugal 
force, and pressure of the outgoing radiation has been 
assumed. However, when we consider the funnel surface, the 
incoming radiation from the other parts of the funnel must be 
included in the balance of forces, the local effective gravity 
determining in this case the net radiative flux perpendicular to 
the surface (Sikora 1981). 

Within the funnel, in fact, each photon will in general scatter 
many times before escaping either to infinity or falling down 
into the black hole. As a result of multiple scatterings, the 
surface brightness will be much larger than the net flux. If the 
opening solid angle of the funnel is Q0, then the surface bright- 
ness will be enhanced by a factor < 2n/Q0. 

It is then important to include this reflection effect in our 
calculations, to get the correct angle-averaged radiation lumin- 
osity. In the following we will assume an empty funnel in which 
the radiation is scattered isotropically off the surface elements 
of the disk. This implies that the local thermal state of the 
emitting material at t* = 1 is not modified by thé incoming 
flux. This is a reasonable approximation because we have seen 
that, in the conditions envisaged, the Thomson opacity domi- 
nates at frequencies x > 10“2; hence, most of the photons are 
thermalized well below the last scattering surface. Low-energy 
incoming photons, however, will be absorbed in the upper 

atmospheric layers, and the local temperature of the emitting 
gas will increase. A Newtonian approximation will be also 
used in the following. 

The balance of forces normal to the surface is now given by 
the integral equation : 

Fe - Fi = (.c/kT)gc{f, (16) 

where Fe is the sum of the flux which is locally generated and of 
the flux which is scattered isotropically, and is the normal 
component of the incoming flux : 

FÍ = 1/ti J Fe(R • N)dCi . (17) 

Here dQ. is the element of solid angle associated with the direc- 
tion R within which the incoming radiation is seen at a given 
point. It is the integral term which takes into account the 
radiative interactions between different zones of the funnel. 

The distribution of emitted flux Fe has been obtained (see 
also Sikora 1981) by subdividing the surface of the funnel into 
a large, finite number of emitting rings and by approximating 
equation (16) as 

Fe,¡ - l/n X BijFej = (c/kT)gc(f,i ■ (18) 
j 

We have then to solve the set of linear algebraic equations 
which results from equation (18). The elements of the diago- 
nally dominant matrix represent the fraction of the radi- 
ation emitted from the jth ring which reaches the ith ring. 

Consider the points P, and Pj = (r7, cpp Zj), respectively, on 
the ith and jth ring and denote with Nt and Nj the outward 
normal vectors to the surface area elements at those points. We 
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can then write 

Ä) dQ, (19) 

where R is the vector connecting P¡ to Pj and Q0 is the solid 
angle within which an observer located at the ith ring sees the 
;th ring. The solid angle element is 

dCl = (jV; • *) 
l*|3 dZj = (NrR) 

\R\3 

1/2 
d(pAr , (20) 

where Ar is the mesh size. A grid of 350 points has been used to 
approximate equation (16). The integration over (p in equation 
(19) can be performed analytically using elementary functions. 
However, self-shadowing of the funnel surface, which again 
limits the range of integration over (p in equation (19), must be 
taken into account. 

A substantial increase of the surface brightness results, as 
may be seen in Figure 5 for the model of radiation torus con- 
sidered above. It is important to stress that the tangential com- 
ponents of the external radiative force are left unbalanced. This 
will have little effect on the equilibrium structure at large 
optical depths, but strict hydrostatic equilibrium will not be 
maintained in a surface layer of thickness <l/(pkT) 
(Nityananda and Narayan 1982). Upward acceleration of the 
funnel walls will occur; the outflowing matter will probably 
carry away, in the optically thin case, a particle luminosity 
< Le (Narayan, Nityananda, and Wiita 1983). 

We have assumed, in fact, that the mass outflow does not 
make the funnel optically thick and have ignored any modifi- 
cation of the radiation field by the moving walls. To compute 
how the multiple scatterings of photons modify the spectrum 

of the disk, equation (18) has to be solved at each frequency, 
the local specific intensity being given by equation (12). 

The resulting spectrum is shown in Figure 6 for different 
inclination angles; comparison with Figure 3 clearly shows the 
luminosity enhancement due to multiple reflections. The 
dependence of the observed specific luminosity on the viewing 
angle is depicted in Figure 7. The hard photons emitted in the 
innermost regions of the disk, regions which are shadowed for 
high inclination angles, will be scattered by the funnel walls 
into the line of sight. That is why the self-occultation effect at 
the highest frequencies is less pronounced than in Figure 4. In 
particular, soft X-ray emission will be observed now at viewing 
angles which are much larger than i¡/9 up to S0 » 50°. In this 
case we should expect to see a much higher fraction of soft 
X-ray emitting sources, about ~ 35%. 

The luminosity emitted per logarithmic frequency interval is 
plotted in Figure 8 in the case of the face-on view (d0 = 0°). In 
the same figure the emission spectra of a thin disk and of a 
radiation torus without the inclusion of the reflection effect are 
shown for comparison. 

v. DISCUSSION 
The nature and the shape of the ultraviolet continuum in 

quasars are debatable. There is strong evidence that a large 
fraction of the luminosity emitted by active nuclei is produced 
in the ultraviolet band, maybe well beyond the Lyman edge. 
Thermal emission from an accretion disk is an attractive, 
although not unique, explanation. 

Thin accretion disk models are very popular; spectral fits in 
the simple sum-of-blackbodies approximation have been per- 
formed by Malkan (1983), who has interpreted the steepening 
of the UV continuum shortward of 2 « 1500 Â as the exponen- 

radius 
Fig. 5.—The surface brightness (dashed curve) and effective gravity or net flux (solid curve) vs. radius in the funnel (in units of rG). Note the enhancement due to the 

reflection effect. 

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



19
8 

8A
pJ

. 
. .

32
7 

. .
11

6M
 

Fig. 6.—Disk spectra for different inclination angles. The effect of multiple scatterings off the funnel walls has been included. Curves labeled a, 6, c, and d are 
computed for $0 = 90°, 50°, 25°, and 0°, respectively. 

inclination angle (deg) 

Fig. 7.—Dependence of the observed specific luminosity on the inclination angle. The effect of multiple scatterings off the funnel walls has been included. Curves 
labeled a, b, c, and d are computed for log v = 15.5,16.16.5, and 17, respectively. 
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Fig. 8. Spectra at #0 - 0° (pole-on view) replotted in terms of luminosity per logarithmic frequency interval. Solid line: thick disk spectrum without reflection 
effect, dash-dotted line: same in the sum-of-blackbody approximation; dotted line: thick disk spectrum with reflection effect; and dashed line: thin disk spectrum with 
the same M, M, and size. 

tial cut-off of the thermal spectrum. However, the basic 
problem with this interpretation is that this portion of the 
spectrum coincides with the natural scale energy of atomic 
physics and strong absorption by the gas along the line of sight 
is likely to occur. 

In fact, IUE observations of moderate redshift (1 < z < 2) 
quasars (Bechtold et al 1984) show a redshift-correlated 
steepening in the continuum at about ~ 1200 Â, from a power 
law in the optical a « 0.5 to a ä 3 5 shortward Lya. This 
probably arises from Lyman-continuum absorption by inter- 
vening neutral H along the line of sight. 

Recent, high-resolution observations of very high z QSOs 
(z > 2.7; Steidel and Sargent 1987) indicate that the steepening 
in the continuum slope shortward Lya is not intrinsic to the 
quasar but is due to the effect of blanketing of Lya, Lyß, Ly- 
continuum absorption by a cosmological distribution of inter- 
vening, neutral Lya clouds. This is consistent with the absence 
of a turnover in z < 0.5 objects (Kinney et al 1985). The appar- 
ent steepening observed in IUE low-resolution spectra would 
then be completely unrelated to the intrinsic continuum of the 
hypothetical accretion disk; the inferred blackbody peak tem- 
perature T ä 30,000 K would be then too low and just reflect 
the absorption cut-off at Lya. 

In principle, it might be possible to use the observed relative 
strengths of optical and UV emission lines to infer information 
about the extreme-UV continuum shape (Krolik and Kallman 
1987). The problem with emission-line diagnostics is basically 
that the ionization parameter is much more important than the 
exact shape of the ionizing spectrum (provided it extends 
above the relevant ionization thresholds) in determining the 
line ratios. 

The observed UV spectrum might also be too steep and too 

faint to produce the total emission-line flux, as pointed out by 
Netzer (1985). An energy budget problem actually arises from 
standard photoionization models; apparently, the total line 
emission and Balmer continuum flux is about 8 times the Lya 
flux (in case B recombination, the number of Lya photons 
escaping the cloud equals the number of ionizing photons 
absorbed by it). Again, a much flatter intrinsic Lyman contin- 
uum (a < 0.4) might be required. 

Observational determinations of the frequency, where the 
thermal component peaks, are thus very uncertain. In this 
respect, the extreme cases of disk spectra extending up to the 
highest frequencies may be represented by those quasars (such 
as PG 1211 -F143, Mkn 335, Mkn 841) with a large excess of 
soft X-ray emission above the extrapolation of the >2 keV 
power-law spectrum. This soft X-radiation would be emitted 
from the innermost parts of the disk, while the optical/UV 
continuum would originate in the outer, cooler disk regions. 
The interpretation of this excess as the hot (T < 106 K) tail of 
the accretion disk spectrum, besides making this UV/X-ray 
feature dominate the luminosity of the source, requires high 
super-Eddington accretion rates. 

Opacity effects in more realistic thin-disk models have been 
recently explored by Czerny and Elvis (1987). These effects 
strongly modify the simple sum-of-blackbodies spectrum, 
making it harder and so alleviating the super-Eddington 
problem. These authors explain the observed spectral flat- 
tening at ~ 1500 Â as being due to the onset of electron scat- 
tering, and they also discuss the importance of occultation 
effects. However, these models still require L > LE; i.e., they 
imply an accretion regime in which radiation-supported tori, 
rather than thin accretion disks, are expected to form. 

We were then led to investigate a thick-disk model which 
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depends on the following parameters: the black hole mass M, 
the angular momentum distribution l(r) (which in turn deter- 
mines M), and the ratio of the gas pressure to the total pressure 
ß. We have computed the resulting thermal emission spectrum; 
opacity effects due to coherent electron scattering have been 
taken into account. More importantly, the self-shadowing and 
the multiple reflection effects have been included. 

A striking dependence of the spectrum on the viewing angle 
of the observer is found. Different inclinations result in a range 
of apparent luminosities and color temperatures, the UV con- 
tinuum being flatter for increasing luminosities. If the IR power 
law is a distinct component (as variability data suggest; see 
Cutri et al 1985) and it is emitted isotropically, the thermal-to- 
power-law flux ratio increases with the decreasing viewing 
angle, and an anticorrelation between the optical/UV lumin- 
osity and the IR/optical continuum slope is expected. The exis- 
tence of such a correlation has been recently suggested by 
Wandel (1987). 

Within this model, it is then natural to interpret optical/UV 
bumps peaking at A < 1500 Â as due to thermal emission from 
thick accretion disks seen almost equator-on (S0 « 90°). Soft 
X-ray emission would be observed at small inclination angles. 

As a result of multiple scatterings of photons off the funnel 
walls, the surface brightness in the funnel is greatly enhanced 
(Sikora 1981). The distribution of luminosity at infinity is such 
that, along the rotation axis, the effective luminosity exceeds 
the Eddington limit by more than a factor of 20, which is 4 
times the luminosity averaged over all angles (see Fig. 9). At 
inclination angles which are smaller than the funnel opening 
angle i¡/9 luminosities of order 1047 ergs s_1 will be observed 
from thick accretion disks orbiting a black hole of mass only 
~5 x 107 M0. 

Some of the implications of an anisotropic ionizing contin- 

uum for photoionization models of the BLR have been recent- 
ly discussed by Netzer (1987). Generally speaking, line-emitting 
clouds at small inclination angles would be subject to a stron- 
ger ionization flux and so emit mostly high-excitation lines 
compared with clouds near the equatorial plane, which would 
emit mainly low-excitation lines. The angular dependence of 
the ionization parameter and of the covering factor would be a 
critical feature of the model. Physical parameters of the BLR 
could differ crucially from previous standard estimates. 

The strong soft X-ray emission observed nearly pole-on 
could actually inhibit the very formation of clouds near the 
disk rotation axis. In the standard two-phase instability model 
(Krolik, McKee, and Tarter 1981) a steep soft X-ray spectrum 
would not lead to the formation of a two-phase medium, with 
cold (~ 104 K) line-emitting clouds being pressure-confined by 
a hot (~ 108 K) intercloud medium, the hot-phase temperature 
being determined by the balance of Compton heating and 
cooling (Guilbert, Fabian, and McCray 1983). Now, if one 
assumes power-law emission in the X-ray band to be spher- 
ically symmetric, cooling dominates heating at small angles 
and no two-phase medium is formed. A BLR would thus form 
only at high inclination angles (Fabian et al 1986; Bechtold et 
al 1987). 

Soft X-ray excesses have been observed in radio-quiet, opti- 
cally bright QSOs. It has already been suggested by Blandford 
(1984) that in a simplified unified scheme for different types of 
active galaxies, controlled by the parameters m-M, radio-quiet 
QSOs may be identified with supercritical accreting tori. The 
geometrical effect of the absorption of primary ionizing 
photons by a toroidal thick configuration has been invoked for 
radio-quiet QSOs as a possible explanation for the presence of 
strong nuclear Fe n optical lines (Boroson, Oke, and Persson 
1985). Basically, radio-quiet QSOs (and compact flat spectrum 

inclination angle (deg) 

Fig. 9.—The distribution of bolometric luminosity at infinity, as a function of the inclination angle from the rotation axis 
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objects) have stronger Fe n emission lines than steep-spectrum 
extended radio quasars. 

A possible explanation is that the optically thick torus which 
we suggest may power the radio-quiet QSOs (and which may 
produce and collimate a radio-emitting outflow at, say 
m > 100, in the case of flat-radio sources) shadows the outer, 
line-emitting material from the inner source of hard, ionizing 
radiation. The softer ionizing flux observed closer to the equa- 
torial plane would allow a lower ionization stage of the iron, 
thus increasing the strength of the optical Fe n emission. Sub- 
critical thin accretion disks would instead be characterized by 
a higher flux of ionizing radiation which can get out into the 
surrounding material; this would ionize iron and reduce the 
Fe ii emission lines. 

AROUND BLACK HOLES 127 

If this picture is correct, an obvious test is to check for the 
presence of strong Fe n emission lines in the spectra of the 
objects which show a soft X-ray excess. 

The idea of a strong and anisotropic far-UV continuum may 
then have many important consequences. A discussion of such 
possibilities needs more careful modeling and will be the 
subject of future work. 
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