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ABSTRACT

We review observations and theoretical models of X-
ray /~y-ray spectra of radio-quiet Seyfert galaxies and
of Galactic black-hole candidates (in the hard spec-
tral state). The spectra observed from the two classes
of objects share all their basic characteristics: an un-
derlying power law with a high-energy cutoff above
~ 200 keV, a Compton-reflection component with an
Fe Ko line, and low-energy absorption by intervening
cold matter. The X-ray energy spectral index, «, is
typically in the range ~ 0.8-1 in Seyfert spectra from
Ginga, EXOSAT and OSSE. The hard-state spectra of
black-hole candidates Cyg X-1 and GX 339-4 from si-
multaneous Ginga/ OSSE observations have o =~ 0.6—
0.8. The Compton-reflection component corresponds
to cold matter (e.g., inner or outer parts of an accre-
tion disk) covering a solid angle of ~ (0.4-1) x 27 as
seen from the X-ray source. The broad-band spec-
tra of both Seyferts and black-hole sources are well
fitted by Compton upscattering of soft photons in
thermal plasmas. Our fits yield the thermal plasma
temperature of ~ 100 keV and the Thomson optical
depth of 7 ~ 1. A fraction of the luminosity emitted
nonthermally appears to be small and it can be con-
strained to < 15% in the Seyfert galaxy NGC 4151.
All of the spectra are cut off before 511 keV, which
is most likely due to a thermostatic role of e* pair
production in constraining the temperature and op-
tical depth of the sources. The source geometry is
compatible with a patchy corona above a cold disk
in most Seyferts, but not in Cyg X-1. In the latter,
the relative weakness of reflection is compatible with
reflection of emission of a hot inner disk from outer
disk regions.

Keywords: galaxies: nuclei — galaxies: Seyfert — X-
rays: galaxies — gamma-rays: observations — radia-
tion mechanisms: thermal - stars: individual: (Cyg
X-1, GX 339-4)

1. INTRODUCTION

Seyfert galaxies are the first class of objects in which
we are able to directly probe the gravitational poten-
tial near a black hole. This has been achieved thanks
to the discovery by the ASCA observatory (Tanaka,
Inoue & Holt 1994) of broad Fe Ka lines from sev-
eral Seyfert 1s (Tanaka et al. 1995; Fabian et al. 1995;
Iwasawa et al. 1996). The width of the lines, ~ ¢/3
or more, requires that the lines originate in large part
at radial distances of 6GM/c? or even less (Iwasawa
et al. 1996). The peak energies of the narrow cores of
the lines are close to 6.4 keV, which shows that the
lines are emitted by cold and dense media, with Fe
being at most mildly ionized.

The lines originate when X-rays irradiate cold mat-
ter. Photons with energies above the Fe K edge, 2 7
keV, are able to ionize the K shell of an Fe atom or
ion. Since the L shell is occupied (unless for He-like
and H-like Fe ions), the ion becomes excited. The
deexcitation proceeds in most cases through an L-
to-K transition. The transition energy, > 6.4 keV,
goes into either an ejection of an outer shell (Auger)
electron, or into emission of a Ka photon. The prob-
ability of the latter process is about 50% (e.g., George
& Fabian 1991). The resulting fluorescent Ka line is
broadened by the Doppler effect and by gravitation.

A very important process associated with the flu-
orescent formation of Fe Ka lines is Compton re-
flection (White, Lightman & Zdziarski 1988; Light-
man & White 1988). In this process, X-rays and
v-rays (hereafter Xvy) irradiating the cold matter
get Compton-scattered (in one or more scattering
events) back to the observer. Compton reflection
of a power-law spectrum typical for Seyferts forms
a characteristic continuum peaked (in vF,) around
30 keV. Below the peak, bound-free absorption be-
comes important and incident photons are likely to
get absorbed. The bound-free cross section of cosmic-
composition matter increases (except at ionization
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edge energies) with decreasing energy, and it becomes
larger than the Thomson cross section below ~ 10
keV. Above the peak, Klein-Nishina effects become
important. Namely, a photon loses a substantial part
of its energy in a scattering, which occurs preferen-
tially forward, and its cross section decreases with
energy. These effects result in a steep cutoff of the re-
flected spectrum above ~ 100 keV. The presence of a
Compton-reflected spectral component has been dis-
covered in the spectra of Seyferts by Ginga (Pounds et
al. 1990; Nandra & Pounds 1994). The relative nor-
malization of the reflected component with respect to
the direct one in the spectra of Seyfert 1s corresponds
to the solid angle of the reflector close to 2m (Nan-
dra & Pounds 1994; Zdziarski et al. 1995; Gondek et
al. 1996). This strongly suggests that the reflector
is a cold accretion disk. This conclusion is further
supported by the fits to the Ka line profiles by emis-
sion of relativistic disks (extending to the minimum
stable orbit, e.g., Tanaka et al. 1995) and the large
equivalent widths of the Ka lines, EW~ 200 eV on
average (Nandra et al. 1996).

Thus, the results of both ASCA and Ginga lead to
a picture in which the X+ emission in Seyfert 1s is
typically taking place above the surface of an accre-
tion disk. Thanks to those results, we understand
relatively well the reflected, secondary, component of
the emission. On the other hand, the origin of the
incident, primary, radiation is much less understood.
In order to understand its origin, we need to study
broad-band, X+ spectra of Seyferts. In X-rays, the
intrinsic spectra turn out to be simple power laws (see
§2 below), which only weakly constrain their origin.
A key observable needed to understand the origin of
the primary spectra is the spectral shape at high en-
ergies, in particular any spectral break or cutoff, or
a spectral feature. This key information can be pro-
vided by soft y-ray observations by OSSE (Johnson
et al. 1993) aboard Compton Gamma Ray Observatory,
as well as future soft y-ray experiments, e.g., INTE-
GRAL (Winkler 1994). In this work, we review the
available X spectra from Seyferts and discuss result-
ing constraints on physical processes in the radiation
sources (see also reviews by Svensson 1996; Zdziarski
et al. 1996).

We also discuss the spectral properties of Galactic
black-hole candidates in the hard (so-called ‘low’)
state (see Nowak 1995). We consider spectra of GX
339-4 and Cyg X-1. The spectra are very similar to
those of Seyferts and consist of an underlying power-
law, a Compton reflection component, and a high-
energy cutoff at ~ 200 keV. This remarkable sim-
ilarity between Seyfert and stellar-mass black-hole
sources appears to reflect the shared origin of the
emission from an accretion flow onto a black hole.
We find that the intrinsic power laws with the cutoff
in both Seyferts and black-hole binaries are well mod-
eled by thermal Compton upscattering in mildly rel-
ativistic plasmas of moderate Thomson optical thick-
ness (kT ~ 100 keV, 7 ~ 1).

2. SPECTRA OF IC 4329A AND OF AVERAGE
SEYFERT SAMPLES

As yet, relatively few broad-band, X< spectra of
Seyferts are available. Those include the spectrum
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Figure I: The broad-band Xy spectra of Seyfert 1s.
(a) The ROSAT/ Ginga/OSSE spectrum of IC 4329A.
(b) The average spectrum (cmsse]s:g of 5 radio-quiet
Seyfert 1s detected by both OSSE and Ginga. The
upper limits here and in figures below are 2-0. The
dashed curves represent the best-fit thermal Comp-
tonization spectra of PS96. The dotted curves repre-
sent the absorbed reflected component including the
fluorescent Fe Ka line. The solid curves give the sum.

of IC 4329A (a Seyfert 1) from ROSAT, Ginga, and
OSSE (Madejski et al. 1995). The data are shown in
Figure la. They can be fitted by an underlying power
law with the energy spectral index of a = 0.9440.03
and a reflection component corresponding to the solid
angle of /21 = 0.74%377 (assuming the viewing
angle of 30° in angle-dependent reflection Green’s
functions of Magdziarz & Zdziarski 1995 and us-
ing the elemental abundances of Anders & Grevesse

1989). The power law cuts off above ~ 200 keV hav-

ing an e-folding energy E. = 0.3703 MeV. (We use

XSPEC, see Arnaud 1996, for spectral fitting, and the
quoted errors are for 90% confidence limit based on
a Ax? = 2.7 criterion.)

A similar cutoff above ~ 200 keV is seen in the av-
erage spectrum of 5 radio-quiet Seyfert 1s observed
25 times by Ginga and 14 times by OSSE (Gondek
et al. 1996), shown in Figure 1b. The parameters of
a fit with an e-folded power law are a = 0.90 & 0.05,
Q/27 = 0.76 £ 0.15, and E, = 0.7%5:3 MeV (assum-
ing the abundances of Anders & Ebihara 1982). A
very similar average spectrum is also obtained for 7
radio-quiet Seyfert 1s observed 41 times by EXOSAT
and 18 times by OSSE (Gondek et al. 1996).

A major question for our understanding of the AGN
phenomenon is the origin of the underlying cut-off
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power law spectrum. Models with synchrotron emis-
sion predict IR /optical variability simultaneous with
that in X-rays, which is not observed (Done et al.
1990; Hunt et al. 1994). Also, the cutoff above 200
keV would then require a fine-tuned sharp cutoff in
the distribution of the emitting relativistic electrons.
The most likely physical process responsible for the
underlying spectra appears to be Compton scatter-
ing in a thermal plasma. The formation of power-law
spectra in this model is due to superposition of curved
scattering profiles from subsequent orders of scatter-
ing (e.g., Svensson 1996). The spectral index is a
function of the optical depth and temperature of the
plasma, and there is high-energy cutoff in the spec-
trum at energies above a few times k7. The plasma
in Seyfert 1s is not optically thick (Zdziarski et al.
1994), which precludes the use of formulae of Sun-
yaev & Titarchuk (1980). Until recently, there have
been no ready-to-use, accurate, formulae for spectra
of 7 $ 1 plasmas (as discussed in Poutanen & Svens-
son 1996, hereafter PS96). Instead, power-laws with
exponential cutoffs have been commonly used (see
above).

Here, we use the iterative-scattering code of PS96 for
thermal Comptonization in active regions above the
surface of a disk. The active regions are assumed to
have the form of hemispheres (with the radial opti-
cal depth equal 7) above the disk surface. The code
gives highly accurate results, which agree with those
obtained with a Monte Carlo method (Stern et al.
1995; PS96). Here, we use this code to fit IC 4329A
(see also Poutanen, Svensson & Stern 1997) and the

average Ginga/OSSE spectrum of Seyfert 1s (Gondek

et al. 1996). Our preliminary fits give 7 = 1.370%,

kT = 100710 keV, and 7 = 1.279§ and kT = 1107}3°
keV, respectively. The model spectra are shown by
the curves in Figures la, b.

The statistics of the OSSE data of the two above
spectra is relatively limited, and thus the cutoff is not
very well constrained. Therefore, we also consider
the co-added spectrum of all Seyfert 1s (except NGC
4151) detected by OSSE through 1995 (McNaron-
Brown et al. 1997). The sample consists of 29 ob-
servations of 12 Seyfert 1s. NGC 4151, whose flux in
the OSSE range is an order of magnitude higher than
that of other Seyfert 1s, is excluded in order to avoid
the dominance of the spectrum by a single object.
That spectrum, shown in Figure 2a, has the shape
indistinguishable from that of the co-added OSSE
spectra of Gondek et al. (1996). By this we hereafter
mean that the two spectra can be fitted with the same
model with Ax? < 2.7 with respect to the sum of x?
for the two individual fits. The present OSSE spec-
trum shows a clear high-energy cutoff above ~ 150
keV. However, the OSSE spectrum starts at 50 keV
only and it does not allow to determine the X-ray
spectral index and the normalization of the reflection
component, which quantities are both are important
for determining the plasma temperature. Therefore,
while fitting the average OSSE spectrum we constrain
the shape of the X-ray spectrum to be the same as of
the average Ginga spectrum of Gondek et al. (1996),
see above. Our preliminary fit results are very sim-

ilar to those shown in Figure 1, 7 = 1.2707§ and

ET = 110179 keV (shown by the curves in Figure
2a).
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Figure 2: The average spectra (crosses) of radio-quiet
Seyferts detected by OSSE (McNaron-Brown et al.
1997). The dashed curves represent the best-fit ther-
mal Comptonization spectra of PS96. The dotted
curves represent the reflected component. The solid
curves give the sum. Note that the model spectra do
not show effects of X-ray absorption, which is impor-
tant below a few keV in Seyfert 1s, and below ~ 50
keV or less in Seyfert 2s. (a) The Seyfert 1 sample
(excluding NGC 4151). (b) The Seyfert 2 sample.
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We compare now the average OSSE spectrum of
Seyfert 1s with that of Seyfert 2s detected by OSSE
(8 objects observed 19 times through 1995; McNaron-
Brown et al. 1997). We find that the spectrum,
shown in Figure 2b, is statistically indistinguishable
from that of Seyfert 1s above, and it again shows a
cutoff above ~ 200 keV. When we fit it with the con-
straints at X-rays as those obtained by Gondek et al.
(1996) for Seyfert 1s (except that the disk viewing an-
gle, important for reflection, is fixed at 60°, compat-
ible with the AGN unified model, Antonucci 1993),
we obtain 7 = 1.1792 and kT = 130133 keV (corre-
sponding to the curves in Figure 2b). The fact that
these fits give results virtually identical to those of
Seyfert 1s strongly supports the unified AGN model,
according to which Seyfert 1s and 2s differ only by
orientation with respect to the observer (Antonucci &
Miller 1985; Antonucci 1993). It also shows that the
characteristic column densities of the obscuring me-
dia in the considered sample are such that photons at
50 keV are not strongly absorbed, which corresponds
to Ng < 10%% cm™2.

The plasma inferred here to exist in Seyferts has
7 ~ 1 and kT ~ 100 keV, i.e., it has larger opti-
cal depth and lower temperature from the parame-
ters considered before, e.g., by Zdziarski et al. (1994)
and Stern et al. (1995). The former authors fitted
the spectrum of IC 4329A by an e-folded power law
with reflection, and only then found the plasma pa-
rameters corresponding to the best fit. However, the
actual shape of the high-energy cutoff from thermal
Comptonization is not described by an e-folded power
law, and thus that procedure led to an underestimate
of 7 and an overestimate of ¥T". On the other hand,
Stern et al. (1995) considered models with hot, pure
et-pair, plasma regions attached to the disk surface
and compared the results with the distribution of X-
ray spectral indices in Seyfert 1s of Nandra & Pounds
(1994). This implied that 7 < 0.3 correspond to hot
plasmas in Seyferts. This disagrees with the present
results, which implies that some of the assumption
of Stern et al. are not satisfied. Most likely, the ac-
tive regions are located at some height above the disk
surface rather than attached to the disk (Svensson
1996). Also, the plasma not necessarily consists of

pure et pairs (see §6 below).

3. NGC 4151 AND LIMIT ON NONTHERMAL
PROCESSES

As mentioned above, the brightest radio-quiet Seyfert
is NGC 4151, observed by OSSE 10 times during
1991-96 (Johnson et al. 1997). Its X-ray spectrum
is strongly absorbed by Ny ~ 10%® cm~2. There-
fore, it is difficult to determine the form of the in-
trinsic X-ray spectrum. X<y observations before 1991
showed hard intrinsic X-ray spectra, with a ~ 0.3—
0.8 and no detectable Compton-reflection component
(e.g. Yaqoob et al. 1993). On the other hand, con-
temporaneous Xy observations in 1991-93 June show
the object in a soft state, with a ~ 0.80+0.05 (when
fitted with thermal Comptonization, Zdziarski, John-
son & Magdziarz 1996, hereafter ZJM96). This X-ray
spectral index is within the 1-o range of those ob-
served on average in Seyfert 1s, (@) = 0.95, 0 =
0.15 (Nandra & Pounds 1994). Furthermore, the
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Figure 8: The Xy spectra of NGC 4151 observed by
(a) ROSAT, Ginga and OSSE in 1991 June/July and
(b) by ASCA and OSSE in 1993 May (ZJM96). The
dot-dashed curves show the unabsorbed spectrum
(without the Fe Ko line and the separate soft X-
ray component, dominant below 1 keV). The dashed
curves represent the best-fit thermal Comptonization
spectra of ZJM96. The dotted curves represent the
absorbed reflected component. The solid curves give
the total model spectra.

Ginga/OSSE observation of 1991 June/July shows
the presence of a Compton-reflection component with
/27 ~ 0.4 £+ 0.2, see Figure 3a (ZJM96). Also,
the OSSE spectra of NGC 4151 are statistically not
distinguishable from the average OSSE spectrum of
Seyfert 1s (ZJM96). The corresponding plasma pa-
rameters (using a model of a uniform sphere) deter-
mined by ZJM96 are 7 ~ 1.3, kT ~ 60 keV. Thus,
the only characteristic distinguishing the soft state
of NGC 4151 from other Seyfert 1s appears to be a
large absorbing column.

The simultaneous ASCA/OSSE spectrum of 1993
May (ZJM96) does not allow a determination of
the strength of Compton reflection, which leads to
some ambiguity in determining the intrinsic spec-
trum. If the same amount of reflection as for the
Ginga/OSSE observation is assumed, the intrinsic
spectrum is the same within statistical uncertain-
ties as the Ginga/OSSE spectrum, see Figure 3b
(ZIM96).

OSSE observations of NGC 4151 yield spectra rel-
atively constant in shape, and with the normaliza-
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Figure 4: The average OSSE spectrum of NGC 4151
Johnson et al. 1997). The solid curve gives the best-
t of the thermal Comptonization model of PS96.

The dotted curve corresponds to the spectrum with

the largest allowed fraction, 15%, of nonthermal pro-

cesses in the source. See text.

tion varying within a factor of ~ 2 (ZJM96; Johnson
et al. 1997). Thus, the co-added spectrum is rep-
resentative of time-resolved spectra but with an ad-
vantage of much better statistics, especially at high
energies. The spectrum is shown in Figure 4. The
plasma parameters for the average spectrum of NGC
4151 fitted with the thermal Comptonization model
of PS96 (hemispheres of hot plasma; see §2 above)
are 7 = 2.0%52. kT = 62713 keV. Those parameters
imply that the average spectrum of NGC 4151 above
50 keV is softer than those of the average spectrum of
other Seyfert 1s (§2), but the difference is relatively
small. Indeed, we obtain Ayx? = +3.7 only for a fit
with the model of PS96 of the two spectra assuming
both having the same 7 and kT with respect to the
sum of x2 for two independent fits. This again ar-
gues that NGC 4151 is a relatively average Seyfert 1
rather than a peculiar object.

We see in Figure 4 that the average OSSE spectrum
of NGC 4151 shows a cutoff well-fitted by the ther-
mal Comptonization model. We can use this spec-
trum to constrain the presence of nonthermal pro-
cesses in the X+ source in NGC 4151. We consider
a model in which a fraction of the available power is
used to accelerate selected electrons (or et pairs) to
relativistic energies, and the rest is distributed ap-
proximately equally among the remaining electrons,
i.e., it heats the plasma. Such a model for NGC 4151
was proposed by Zdziarski, Lightman & Maciolek-
Niedzwiecki (1993). The presence of nonthermal ac-
celeration gives rise to a tail on top of the thermal
spectrum. This tail is due to both Compton scatter-
ing by the relativistic electrons as well as due to an-
nihilation of e* pairs from the resulting pair cascade
(see Svensson 1987; Lightman & Zdziarski 1987). We
repeat the calculations of Zdziarski et al. (1993) for
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Figure 5: An X+ spectrum of GX 339-4 observed
simultaneously by Ginga and OSSE and fitted by
the thermal Comptonization model of ZJM96 (short
dashes) and Compton reflection (dotted curve). The
long dashes correspond to a soft component due to
blackbody disk emission. The solid curve gives the
sum.

the average OSSE spectrum of NGC 4151 (Johnson et
al. 1997). We find that the presence of a nonthermal
tail improves the fit to the spectrum only marginally.
The 90% confidence limit on the nonthermal fraction
is 0.15. The spectrum corresponding to this limit is
shown in Figure 4 in dotted line.

4. GALACTIC BLACK-HOLE CANDIDATES IN
THE HARD STATE

It is very intriguing that some Galactic black-hole
candidates observed in the hard (so-called ‘low’) state
have high-energy spectra virtually identical to those
of Seyfert 1s. One example is the hard-state spec-
trum of GX 339-4 observed simultaneously by Ginga
and OSSE in 1991 September (Ueda et al. 1994;
Grabelsky et al. 1995). The spectrum, re-analyzed
and fitted with the thermal Comptonization model
of ZJM96, is shown in Figure 5. The spectral param-
eters are virtually identical to those of NGC 4151,
with kT ~ 70 keV, a = 0.8 (corresponding to a uni-
form sphere with 7 ~ 1.2), and a Compton reflection
component corresponding to /27 ~ 0.4.

The archetypical black-hole candidate Cyg X-1 was
observed four times by Ginga and OSSE simultane-
ously in 1991 June (Gierliniski et al. 1996; 1997).
The spectra correspond to the hard (‘low’) state of
this source. They show a ~ 0.6, a reflection com-
ponent, and a high-energy cutoff above ~ 150 keV
similar to that of AGNs. However, that cutoff is
sharper than one possible to obtain with a uniform
thermal plasma. Gierliniski et al. (1997) fitted that
spectrum with the sum of Comptonization spectra in
two spherical plasma clouds with 7 ~ 1, kT' ~ 140
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Figure 6: An X+ spectrum of Cyg X-1 observed simul-
taneously by Ginga and OSSE and fitted by the sum
of a power law with an exponential cutoff (dashed
curve), Compton reflection (dotted curve), and an
additional thermal-Compton component from an op-
tically thick plasma (dot-dashed curve). The solid
curve gives the sum. From Gierlinski et al. (1997).

keV and 7 ~ 7 and kT =~ 50 keV, respectively. The
first component has the parameters very similar to
those obtained above for Seyferts. It may well be that
high-energy cutoffs in Seyferts are also complex, but
the limited statistics of Seyfert spectra precludes con-
straining fits more complex than those correspond-
ing to uniform plasma in the vicinity of cold matter.
The similarity between the X7y spectra of Seyferts
and Galactic black hole sources is, in fact, expected
due to scale-free character of both disk accretion and
two-body processes.

5. GEOMETRY

We can constrain the geometry of thermal Comp-
tonization sources by considering energy balance.
There are two main conditions. First, electrons in
a cloud of hot plasma will upscatter incident soft,
seed, photons into the X+ range, in which process
the incident soft photon flux will get amplified by
an amplification factor, A, dependent on 7 and kT
Thus,

Ly, = A(r, KT) LIz,

The factor A follows from spectral fitting, and for
sources with hard spectra (with & < 1), A > 1. Sec-
ond, the Xv flux irradiating cold matter will get re-
processed and reradiated mostly as soft photons (the
integrated albedo for Compton reflection is small,
a ~ 0.1-0.2, e.g., Magdziarz & Zdziarski 1995). For
an isotropic X~ source,

d
Lok "o = (@/2m)(1 - a) Lxy,
(where 2 is the solid angle subtended by the re-
flecting and reprocessing medium, as in Sections
above). From observations, & ~ 27 (see above).

Thus, LI%rocessed s [incident when 4 > 1. This

rules out a homogeneous corona geometry (in which

[reprocessed o yincident Taardt & Maraschi 1993) for
objects with hard spectra (o S 1).

Note that the above result is different from that of
Haardt, Maraschi & Ghisellini (1994), who pointed
out that Lyy > Lx often observed in Seyferts (Wal-
ter & Fink 1993) also rules out the dissipative, ho-
mogeneous, corona model, in which the two quanti-
ties are predicted to be similar. These observations
require that dissipation takes place in the cold mat-
ter (presumably an accretion disk), not only in the
corona (as assumed in Haardt & Maraschi 1993).

A geometry that can solve both of the problems
above is a patchy corona, in which the hot plasma
forms small active regions above the disk surface.
The ratio of the size of an active region to its aver-
age height above the disk determines what fraction of

the reprocessed photons (with LI%Pr°°®**¢%) returns to

the active region, and thus becomes Lingident (Stern
et al. 1995; Svensson 1996). For the characteristic pa-
rameters of compact objects found here (7 ~ 1 and
kT ~ 100 keV), active regions located above the disk
surface at a height similar to the size of the active
region satisfy the energy balance (Fig. 2 in Svens-
son 1996). On the other hand, the UV luminosities
in Seyferts are often much larger than the X+ ones,
which requires that the active regions cover a rela-
tively small fraction of the disk surface. That frac-
tion is determined by both the luminosity ratio and
the ratio of the dissipation rate in the corona to that
in the disk (Haardt et al. 1994).

Thus, patchy coronae provide a good model for
sources with @ ~ 27 (as determined by the Comp-
ton reflection fits). The reflecting (and reprocessing)
disks and their patchy coronae in Seyferts often ex-
tend to the minimum stable orbit, as indicated by
the observations of broad Fe Ka lines by ASCA (e.g.,
Fabian et al. 1995). If Q « 27 (as seems to be the
case in Cyg X-1 and NGC 4151, see above), the hot
sources cannot be located above a disk. A possible
geometry is then a hot inner disk and a cold outer
disk (as discussed for Cyg X-1 by Gierlinski et al.
1997). This is also compatible with the narrowness
of the Fe Ka line in Cyg X-1 (Ebisawa et al. 1996).

6. ELECTRON-POSITRON PAIRS

The next issue we consider is the presence of e* pairs
in the sources. The role of pair production is qual-
itatively different in sources with and without non-
thermal processes. When nonthermal processes dom-
inate, Compton upscattering of seed soft photons by
nonthermal, relativistic, electrons can easily produce
photons well above the threshold for et pair pro-
duction, 511 keV. The photons with energies > 511
keV can be absorbed in photon-photon interactions,
which leads to a prediction of a cutoff in the spectrum
above 511 keV. The produced pairs can be relativistic
as well and further Compton upscatter the seed pho-
tons to energies above 511 keV, which gives rise to a
pair cascade (Svensson 1987; Lightman & Zdziarski
1987). The pairs annihilate, however, only after loos-
ing most of their energy and having joint the low-
energy, thermal, electron distribution. Therefore, the
annihilating pairs have typically energies much lower
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than the energies of electrons that lead to the pair
production process. Thus, a common prediction of
nonthermal models is the presence of a strong e*
pair annihilation feature around 511 keV (e.g., Svens-
son 1987; Lightman & Zdziarski 1987). Such features
have not been observed in AGNs. The average OSSE
spectrum of NGC 4151 constrains the power chan-
neled into nonthermal processes (which could lead
to a pair annihilation feature, see Figure 4), to less
than 15% (§3). Also, no annihilation feature is seen
in the spectra of the Galactic black-hole source Cyg
X-1 (Phlips et al. 1996). Therefore, acceleration of
electrons to relativistic energies appears to play at
most a minor role in black hole accretion flows.

On the other hand, good fits to the spectra of com-
pacts objects are obtained with thermal models (see
§§2-4). In thermal sources, pairs and electrons have
a Maxwellian distribution. Compton scattering of
seed photons by the pairs and electrons determines
the X+ spectrum, which may extend above 511 keV.
The pair production rate follows then from the shape
of the spectrum. The pair annihilation rate depends
mostly on the optical depth of the source. In pair
equilibrium, the two quantities are equal, which con-
dition determines the compactness parameter,

L= laT/rmec3

(where ! and r are the luminosity and size, respec-
tively, of an active region, and ot is the Thomson
cross section), at which the source is made entirely
of pairs in steady state (Svensson 1984). This rep-
resents the upper limit to the actual compactness,
which can be lower if there are some ionization elec-
trons in addition to e* pairs. The compactness re-
quired for pair-domination is also lower if some frac-
tion of the luminosity is channeled into nonthermal
processes (e.g., ZJM96). The plasma parameters in-
ferred for most of the sources considered in this re-
view are 7 ~ 1 and kT ~ 100 keV, for which the
maximum ¢ ~ 300 (see Fig. 3 in Svensson 1996).
Such a compactness is possible for sources accreting
at a fraction of the Eddington limit.

Note that even if a thermal source is made entirely
of e* pairs, no distinct pair annihilation feature
around 511 keV is visible in the spectrum (Maciolek-
Niedzwiecki, Zdziarski & Coppi 1995). Thus, the lack
of detection of annihilation lines in the spectra of
compact objects is still compatible with their com-
position of thermal e* pairs.

The way pair production constrains source param-
eters in thermal sources is not by pair absorption
(important above 511 keV in nonthermal sources).
Rather, pair production leads to an increase of the
number of particles in the source. If the total power
supplied to the particles is fixed, this leads to a de-
crease of the average energy per particle, i.e., the tem-
perature. The lowered temperature leads to fewer
photons upscattered above 511 keV, which in turn
lowers the pair production rate. The fact that the
X spectra of compact objects are cut off close to
511 keV (at ~ 200 keV, see above), strongly suggests
that this pair thermostat operates in Seyferts and
black-hole binaries. The typical plasma temperature
of 100 keV found here is such that the sources are
just at the onset of copious pair production.
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7. CONCLUSIONS

Our main new result is that the plasma parameters
in Seyferts and in Galactic black-hole candidates in
the hard state are 7 ~ 1 and kT ~ 100 keV. This has
been obtained by direct fitting the available X+ spec-
tra with thermal Comptonization models. In par-
ticular, we fit the average spectra of Seyfert 1s and
2s from 5 years of monitoring by OSSE. All of the
presented here spectra are cut off at energies below
the electron rest energy, which indicates that e* pair
production is an important process. Nonthermal pro-
cesses appear to play at most a minor role, as shown
t())ys é‘i‘cs to the average spectrum of NGC 4151 from
E.

The presence of Compton-reflection components
shows that there is cold matter subtending a sub-
stantial solid angle as seen from the X7 source. In
Seyferts, a patchy corona above a cold accretion disk
is consistent with the data. On the other hand, this
geometry is not compatible with the spectrum of Cyg
X-1, in which the cold matter subtends a relatively
small solid angle, consistent with reflection from an
outer disk. This is also consistent the lack of detec-
tion of broad Fe Ka lines in black-hole sources, which
argues against the presence of cold matter close to the
innermost stable orbit.
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