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INTRODUCTION

ABSTRACT

We have obtained the average 1-500 keV spectrum of radio-quiet Seyfert 1s using data from
EXOSAT, Ginga, HEAO-1 and GRO OSSE. The spectral fit to the combined average EXOSAT
and OSSE data is fully consistent with that for Ginga and OSSE, confirming results from an
earlier Ginga/OSSE sample. The average spectrum is well fitted by a power-law X-ray
continuum with an energy spectral index of o« = 0.9 moderately absorbed by an ionized
medium and with a Compton reflection component. A high-energy cut-off (or a break) in the
power-law component at a few hundred keV or more is required by the data. We also show that
the corresponding average spectrum from HEAO-1 Al and A4 is fully compatible with that
obtained from EXOSAT, Ginga and OSSE. These results confirm that the apparent discre-
pancy between the results of Ginga (with a = 0.9) and the previous results of EXOSAT and
HEAO-1 (with o = 0.7) is indeed due to ionized absorption and Compton reflection first taken
into account for Ginga but not for the previous missions. Also, our results confirm that the
Seyfert 1 spectra are on average cut off in y-rays at energies of at least a few hundred keV, not
at ~40 keV (as suggested earlier by OSSE data alone). The average spectrum is compatible
either with emission from an optically thin relativistic thermal plasma in a disc corona, or with
a non-thermal plasma with a power-law injection of relativistic electrons.

Key words: accretion, accretion discs — galaxies: active — galaxies: Seyfert — gamma-rays:
observations — gamma-rays: theory — X-rays: galaxies.

Seyfert 1s used in Z95 are not simultaneous and that sample consists

The average X-ray/y-ray (hereafter Xvy) spectra of Seyfert 1s and 2s
observed by both Ginga and GRO OSSE have recently been
obtained by Zdziarski et al. (1995, hereafter Z95). The main
result of that study for Seyfert 1s is that their average spectral
high-energy cut-off is around several hundred keV. This is thus
similar to the cut-off of IC 4329A, a bright Seyfert 1 (Madejski et al.
1995; Zdziarski et al. 1994, hereafter Z94). Z95 also found that the
average spectrum of radio-quiet (hereafter RQ) Seyfert 1s has an
energy spectral index of o = 0.9 as well as a Compton reflection
component, as previously obtained for Ginga spectra alone
(Pounds et al. 1990; Nandra & Pounds 1994, hereafter NP94).
However, since the 23 Ginga and eight OSSE observations of RQ
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of only four objects, there is a clear need to confirm those results
using enlarged and independent samples.

Here, we test and confirm the results of Z95 using spectra of
RQ Seyfert 1s from EXOSAT, HEAO-1, Ginga and OSSE.
[Discussion of the average Xy properties of radio-loud Seyferts
is given in WoZniak et al. (in preparation).] We obtain the average
spectrum of RQ Seyfert 1s detected by both EXOSAT and OSSE,
a sample which consists of seven objects. The objects were
observed 41 times by EXOSAT and 18 times by OSSE. Averaging
these large numbers of observations is expected to compensate for
the lack of simultaneity of the observations. We also obtain the
corresponding average spectrum from HEAO-I Al and A4.
Furthermore, ‘we analyse the Ginga/OSSE sample enlarged by
new OSSE observations of NGC 5548 and with the addition of
NGC 7469.
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After presenting the spectra, we study physical processes that
can be responsible for the observed X+ emission. We consider both
thermal and non-thermal plasmas.

2 THE DATA

We use EXOSAT spectra from the HEASARC archive with the
quality flag 3 or higher (which indicates observations with
relatively reliable background subtraction) of RQ Seyfert 1s
detected by OSSE. We exclude the Seyfert 1s that are brightest
in X-rays, NGC 4151 and IC 4329A, in order to avoid their
dominance of the co-added spectrum. The usable EXOSAT
energy range is from 1.2 to 8 keV (channels 6-31). The spectra
above 8 keV suffer from relatively inaccurate global background
subtraction [as opposed to local background subtraction used by,
e.g., Turner & Pounds (1989)]. The individual spectra include a 1
per cent systematic error. The spectra from EXOSAT (as well as
Ginga and HEAO-1) are co-added with the weights correspond-
ing to the length of time of each observation. Both the counts and
the response matrices for each EXOSAT observation are added
using a procedure (specially written for EXOSAT data) in the
FTOOLS data processing package.

The OSSE spectra take into account an estimated systematic
error correction to the spectra [see, e.g., Zdziarski, Johnson &
Magdziarz (1996) for details]. We use the OSSE response matrix as
revised in 1995, which results in 50-60 keV fluxes about 20 per
cent higher than in the earlier response (used, e.g., in Z95).

The EXOSAT/OSSE sample consists of seven RQ Seyfert 1s
[41, 18] (the numbers in brackets give the number of EXOSAT and
OSSE observations, respectively): MCG —-6-30-15 [4, 2], Mrk 509
[3, 2], NGC 3783 [4, 1], NGC 5548 [11, 6], MCG 8-11-11 [10, 2],
ESO 141-G55 [2, 2], and NGC 7469 [7, 3].

We also use the average spectrum in the 2—180 keV range from
observations by HEAO-1 Al and A4 (Wood et al. 1984; Roths-
child et al. 1983). [We do not use HEAO-1 A2 data because the
normalization of archival spectra is not known (Weaver, Arnaud
& Mushotzky 1995).] The A4 spectra of individual objects have
been recreated using the current version of the instrument soft-
ware. In the 2—-10 keV energy range, we use the HEAO-1 Al data
as published by Wood et al. (1984). Since that detector provides
no spectral information and only instrumental counts are given in
Wood et al. (1984), we have obtained the 2—10 keV fluxes using
the counts-to-flux conversion as given for the Crab. In order to get
an estimate of the 2-10 keV average spectrum, we use the
average overall slope in that range of o = 0.7 (see Section 4
below).

Our Ginga data are the same as those for Seyfert 1s in Z95
except for the addition of NGC 7469 (NP94). The Ginga/OSSE
sample thus consists of five RQ Seyfert 1s [25, 14] (the numbers
in brackets give the number of Ginga and OSSE observations,
respectively): MCG -6-30-15 [4, 2], Mrk 509 [4, 2], NGC 3783
[1, 1], NGC 5548 [14, 6], and NGC 7469 {2, 3]. We have obtained
the average spectra for both the top-layer and the mid-layer Ginga
data (Turner et al. 1989). However, we have found that the mid-
layer spectrum above 10 keV is systematically softer than the
corresponding top-layer spectrum. Since the mid-layer calibration
is much more uncertain than that of the top layer (Turner et al.
1989), we use in this paper only the top-layer data. We use the
energy range of 1.7-18 keV (channels 4-31), for which the
instrumental background subtraction is accurate. As in Z95, a 0.5
per cent systematic error correction has been applied to the co-
added Ginga spectrum.
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3 MODEL

In our fits, we use the XSPEC spectral fitting package version 9.0
(Arnaud 1996). As in Z95, we model the underlying continuum as a
power law with an exponential cut-off at an energy E.. Z95 found
that ionized low-energy absorption is necessary to explain the
average Ginga spectrum of Seyfert 1s. Thus we model absorption
as due to an ionized medium with the abundances from Anders &
Ebihara (1982) and the ion opacities of Reilman & Manson (1979)
except for the Fe K-edge energies, for which the results of Kaastra
& Mewe (1993) are used. The absorber temperature is assumed to
equal T = 10° K (Krolik & Kallman 1984), its column density is
Ny, and an ionization parameter is defined by £ = Li(nr*). Here Lis
the 5 eV-20 keV luminosity in a power-law spectrum with an
average energy index of 0.7, and » is the density of the absorber
located at distance r from the illuminating source. Model para-
meters are given at the average redshift for each sample, (z). In
addition to the ionized absorber, we include a fixed neutral absorber
at z =0 with Nyg equal to the average Galactic value for each
sample.

The underlying continuum irradiates cold matter, e.g., an accre-
tion disc, and gives rise to a Compton reflection spectral component
(Lightman & White 1988). Differently from Z95, who used the
reflection spectrum averaged over all the angles of the reflected
photons (Lightman & White 1988), we assume a viewing angle of
30° [corresponding to an orientation close to face-on expected in
type 1 AGNs (Antonucci 1993)]. We use the angle-dependent
reflection Green’s functions of Magdziarz & Zdziarski (1995).
The luminosity intercepted by the reflecting medium equals R
(the relative contribution of reflection) times the luminosity emitted
outward, i.e., 2mR gives the solid angle subtended by the absorber
as seen from the source of the incident radiation. The continuum
reflection is accompanied by emission of a fluorescent Fe K line,
which we model here as a Gaussian at an energy Ep, and width og.

4 RESULTS

We first study the Ginga/OSSE average spectrum, using the sample
enlarged with respect to that in Z95 (see Section 2). The data and
the best-fitting model are shown in Fig. 1(a). The fit parameters
are given in Table 1. We obtain e = 0.90 £0.05 and the e-folding
energy between ~0.4 and 2.7 MeV, which is in agreement with
795. The relative contribution of reflection, R = 0.76 £0.15, is
about 2/3 of that found by Z95, which is explained by the angle-
dependent reflection spectrum at 30° both having a higher normal-
ization with respect to the underlying continuum and being harder
in the ~10-30 keV range than the angle-averaged reflection
spectrum (Magdziarz & Zdziarski 1995). [Note that this effect
will also reduce large values of angle-averaged R obtained by
Weaver et al. (1995) for Seyfert 1s observed by HEAO-1 A2.]
Our values of « and R are in agreement with the average values
for Ginga of NP94, « = 0.95 with a dispersion of 0.15 and
R ~0.5-0.7. The equivalent width of the Ko line is 12075 eV,
which agrees with the value expected from fluorescence in the
reflecting medium at our R (George & Fabian 1991). We have
also confirmed that our results are only weakly dependent on the
(relatively uncertain) elemental abundances. When the abun-
dances of Anders & Ebihara (1982) are replaced by those of
Anders & Grevesse (1989) (with higher abundances of metals, in
particular with about 40 per cent more Fe), our results change
only slightly. For example, marginally more Compton reflection
is obtained, R = 0.80701$ (x* = 71.8/72 dof).
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Figure 1. The average spectrum (crosses) of RQ Seyfert 1 galaxies from
Gingal/OSSE (a) and EXOSAT/OSSE (b). The upper limits here and in
figures below are 20. The dashed curves represent power-law spectra with
exponential cut-offs and bound—free absorbed at low energies, and the
dotted curves represent Compton reflection including the Fe Ko line. The
solid curves give the sum.

Next we consider the EXOSAT/OSSE sample: see Fig. 1(b).
Since the usable EXOSAT spectrum extends only to 8 keV,
Compton reflection is not constrained. Therefore we fix R at the
value obtained from the Ginga/OSSE average. The equivalent
width of the Ka line obtained, 10013 eV, is consistent with this
assumption. (The best-fitting line energy is 5 per cent less than that
for Ginga, which is due to a gain inaccuracy of EXOSAT.)
Furthermore, we find that there is an apparent soft X-ray excess
present in the average spectrum below 2 keV, a feature common in
Seyfert 1 spectra (Wilkes & Elvis 1987; Turner & Pounds 1988).
Rather than add a separate spectral component (which would be
poorly constrained by our data), we fit only the spectrum above 2
keV. We show, however, the spectrum below 2 keV in Fig. 1(b).

We find that the fit parameters of the EXOSAT/OSSE average
spectrum are virtually identical to those for the Ginga/OSSE
average. The two spectra are compared in Fig. 2. We thus confirm

that the average value of the e-folding energy in the spectra of
Seyfert 1s is several hundred keV rather than ~40 keV (Johnson et
al. 1994). The latter value was obtained using narrow-band OSSE
data only, neglecting Compton reflection, using a spectral model
implying X-ray power laws much harder than observed, as well as
with the old OSSE response. Those factors fully explain the
discrepancy.

We point out that the OSSE spectra of individual Seyferts appear
more uniform (Johnson et al. 1994) than their X-ray spectra, for
which the 1o dispersion of « is 0.15 £ 0.04 (NP94). If indeed AGNs
with different o have similar y-ray spectra, there will be a positive
correlation of E, with «, rather than a constancy of E. among
objects with different « (because harder X-ray spectra will need to
be cut off more strongly than softer ones in order to yield similar
spectra above 50 keV). The range of E, among individual
AGNs will be then larger than that given in Table 1, which
range corresponds to our average X-ray spectrum, with
o =0.90+0.05. This appears to be confirmed for NGC 4151, a
bright Seyfert with a hard X-ray spectrum. Zdziarski et al. (1996)
have found no statistical difference between the shape of the spectra
of NGC 4151 from four OSSE observations during 1991-93 and the
average OSSE spectrum of the Seyfert 1s observed by EXOSAT.
However, the e-folding energy for NGC 4151 is E, = 150 keV
(below the range of E_ in Table 1) as a consequence of « = 0.7 [for
the cut-off power-law model with reflection fitted to the 1991 June
Ginga/OSSE observation (Zdziarski et al. 1996)].

The agreement between the average EXOSAT and Ginga spectra
confirms that the average value of « = 0.7 for Seyferts found based
on EXOSAT observations (Turner & Pounds 1989) is indeed an
artefact of assuming neutral absorption and not including Compton
reflection. When both effects are included, the average o = 0.9 for
both EXOSAT and Ginga.

A similar average spectral index of a=0.6-0.7 was also
obtained by HEAO-1 (Rothschild et al. 1983; Mushotzky 1984).
Here, we obtain the average HEAO-1 Al1/A4 spectrum for the
objects in the EXOSAT/OSSE sample (see Section 2), shown as
dotted symbols in Fig. 2. We see that apart from a small difference
in the normalization the two spectra are fully consistent with each
other. Thus the spectra of Seyfert 1s from EXOSAT and HEAO-1
are compatible with an intrinsic power law with o =0.9. Our
average HEAO-1 spectrum is almost the same as that obtained for a
larger sample of Seyfert 1s by Maisack, Wood & Gruber (1994).

Fig. 2 also shows the upper limits on emission of all Seyferts
observed by COMPTEL (Maisack et al. 1995). The corresponding
upper limits for the EXOSAT/OSSE sample of RQ Seyfert 1s are
about 3—4 times higher. We see that even the limits for all Seyferts
do not provide additional constraints on our average spectrum. The
upper limits on ~y-ray emission of Seyferts were also obtained by
GRO EGRET for energies above 100 MeV (Lin et al. 1993). The
weighted 20 upper limit for the EXOSAT/OSSE sample corresponds
to EFg < 0.004 keV cm™2 57! at 100 MeV. This is much above our
extrapolated models. However, that upper limit does rule out an

Table 1. Parameters of the spectral fits to the average RQ Seyfert 1 spectrum. The Ginga/OSSE and EXOSAT/OSSE samples are denoted by ‘GO’ and ‘EO’,
respectively. The symbols are explained in the text. Parameters with no error ranges are fixed. Ny is in units of 10?! em™%; E,, Eg, and oy, are in keV. Errors are
for 90 per cent confidence limits based on a Ax? = 2.7 criterion (Lampton, Margon & Bowyer 1976).

Data (2) a E, R
GO 0.017 0.90+002 7304150 0.764013
EO 0.020 0.90700; 510153° 0.76

Ny £ Ere OFe x’/dof
3219 5307319 632013 0331028 74.1/72
162 1407330 6.0193 03723 73.3/67
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Figure 2. Comparison of the estimates of the average spectrum of RQ Seyfert 1s obtained with various instruments. The solid-line data are from EXOSAT and
OSSE. The solid and dashed curves are the best-fitting models for the EXOSAT/OSSE and Ginga/OSSE samples, respectively. Note that the two curves have the
actual normalizations from the fits. The agreement between the two spectra confirms that the X-ray variability of the AGNs is indeed fully compensated by the
sizes of the samples. The dotted symbols represent the average HEAO-1 Al and A4 spectrum, which is in agreement with the Ginga/EXOSAT/OSSE spectrum.
The thick-line upper limits are for combined emission of all Seyfert galaxies observed by COMPTEL (Maisack et al. 1995).

extrapolation of the o = 0.9 power law without a break up to 100
MeV, at which energy the extrapolated power-law spectrum would
be a factor of ~5 above the upper limit. Thus the EGRET results
provide a confirmation of the existence of a high-energy spectral
break in Seyferts, independent of the OSSE results.

5 PHYSICAL PROCESSES IN SEYFERTS
5.1 Thermal models

Exponentially cut off power laws (used here to fit the average
Seyfert 1 spectrum) can be used to approximate spectra due to
Comptonization in thermal, optically thin, mildly relativistic
plasmas (e.g., Z94). The parameters, « and E,, can be related to
the Thomson optical depth, 7, and temperature, T. For E, = 400
keV, which fits both our average spectra and IC 4329A, 794 find
E. = 1.6kT (implying kT = 260 keV). Z94 also provide an expres-
sion for «(7,kT) in a slab geometry, which yields 7=0.1 for
a =0.95, E; = 400. Thus optically thin, mildly relativistic plas-
mas can explain the observed spectra of Seyfert 1s. The large
values of E; obtained here rule out models with Comptonization in
optically thick plasmas (Sunyaev & Titarchuk 1980), used in the
past to fit Seyfert 1 spectra (e.g., Miyoshi et al. 1988). We stress,
however, that we have not fitted here Comptonization spectra with
7 < 1 to the data, but instead used an e-folded power law. The latter
becomes a poor approximation to the former at 7 comparable to
unity.

Haardt & Maraschi (1993) have proposed that the hot plasma in
Seyferts forms a corona above the surface of an accretion disc, and
that most of the energy dissipation occurs in the corona. Then the
plasma temperature can be determined from the disc—corona
energy balance, which makes the model more self-consistent. The
disc—corona model also accounts for the Compton reflection
spectral components in the spectra of RQ Seyfert 1s. Z94
found that the best-fitting parameters of the Xy spectrum of IC
4329A satisfy that energy balance, i.e., the hard corona emission

© 1996 RAS, MNRAS 282, 646652

reprocessed by the disc self-consistently provides the seed of soft
photons (in the UV range) for Compton upscattering into the hard
spectrum.

Those results have recently been confirmed by a more sophisti-
cated treatment of the radiative transfer in Stern et al. (1995;
hereafter S95). We apply their results on homogeneous slab
coronae to our average spectrum of RQ Seyfert 1s. The spectrum
has a = 0.9 and the overall 2-18 keV spectral index o,_;5 = 0.7
(including the reflection component). For that ;5 and assuming a
pure e corona, S95 obtain 7 = 0.05 and kT = 330 keV (roughly
corresponding to E. = 500 keV) in agreement with E, obtained
from our fits (see Table 1). This agreement supports the dissipative
corona model of Haardt & Maraschi (1993).

On the other hand, Haardt, Maraschi & Ghisellini (1994) point
out that, since the UV fluxes in many Seyfert 1s are much larger
than the X-ray fluxes (Walter & Fink 1993), the model of Haardt &
Maraschi (1993), with most of the dissipation occurring in the
corona, is ruled out. In that model, the UV emission is due to
reprocessing of the X+ emission directed towards the cold disc, and
values of EFg in the UV and in X-rays are expected to be of the
same order of magnitude. In contrast, EF(1375 A)EF £(2keV)
[from the best-fitting values in Walter & Fink (1993)] for our RQ
sample equals 0.8, 36, 0.2, 4.2, 19, 17, and 12 for MCG 8-11-11,
NGC 3783, MCG -6-30-15, NGC 5548, ESO 141-G55, NGC 7469,
and Mrk 509, respectively. We see that the ratio is > 10 for four
objects. These large ratios can be explained if the corona is patchy
rather than homogeneous and the corona dissipation dominates the
disc dissipation only in the vicinity of an active region (a ‘patch’),
not globally (Haardt et al. 1994).

We also point out that a pure e* pair corona would not form a thin
slab above the disc surface (which was assumed by Haardt &
Maraschi 1993). Hydrostatic equilibrium implies H./R4 = (2r®)"?
for a pure pair, gas-pressure-dominated, corona, where H, is the
corona scaleheight, Ry is the disc radius, rERdc2/(2GM), and
O =kT/(mec*). Thus H./Ry = 1 for Or = 1 and the assumption of
a slab geometry breaks down.
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S95 also provide one more argument against homogeneous slab
coronae based on pair equilibrium. They calculate the maximum
local compactness, €, = LlaT/(Hcmec3), at which the homogeneous
corona can be in pair equilibrium. Here L; is the luminosity from a
characteristic local volume, H>, in the corona. For 0,13 =0.7 of
the Ginga/OSSE sample, S95 obtain €; < 0.4. The maximum value
is achieved in a pure pair corona, and a presence of ionization
electrons lowers the equilibrium value of €;. S95 point out that this
is in conflict with the AGN variability data (Done & Fabian 1989).
On the other hand, S95 show that higher €, are possible for patchy
coronae. For oy _j5 = 0.7 of the Ginga/OSSE sample, €; < 15 for an
active region in the form of a hemisphere. That compactness
appears compatible with the compactnesses estimated from X-ray
variability (Done & Fabian 1989). The plasma parameters of RQ
Seyfert 1s implied by thermal Comptonization are 7=0.2 and
kT = 0.7 MeV in the case of pure pairs (see fig. 1 in S95); this kT is
compatible with our fitted values of E,.

However, we point out that the results of S95 need to be modified
to account for the difference between the local compactness (used
to compute pair equilibria) and the global compactness,
£ =Lop/(Rymec®) (where L is the Xy luminosity). The latter
(rather than the former) compactness is constrained from the
variability data by Ry < cAr (Done & Fabian 1989) in the homo-
geneous corona model. Using the formalism of Svensson &
Zdziarski (1994) for the scaleheight of the corona, assuming
® = 0.5, and using the constraint on the size of the X-ray-producing
region of r = 20 (Fabian et al. 1994; Tanaka et al. 1995; Mushotzky
et al. 1995), we obtain € = 40(1 + n+/np)_”2€l, where n, and n,
are the positron and proton density, respectively. Thus, € >> €; is
possible in coronae. This largely resolves the conflict between the
small local compactness required by pair equilibrium in a homo-
geneous corona and the variability data. Thus the main argument
against homogeneous coronae remains the large UV fluxes (Haardt
et al. 1994), rather than pair production (S95).

More evidence against homogeneous coronae in Seyfert 1s is,
however, provided by X-ray variability. Czerny & Lehto (1996)
find that some variability light curves from EXOSAT are truly
stochastic rather than due to a deterministic chaos, which implies
X-ray emission by multiple active centres rather than by a single
extended source.

We note that studies of thermal pair plasmas in pair equilibrium
predict no distinct pair annihilation even from pair-dominated
plasmas (Maciotek-NiedZwiecki, Zdziarski & Coppi 1995). A
future detection of such a feature would indicate either that the
plasma is non-thermal with a hard electron injection (see Section
5.2) or that there is a strong pair wind and pair annihilation takes
place in a region spatially different from the hot corona (e.g.,
Maciotek-NiedZwiecki et al. 1995).

5.2 Non-thermal models

In non-thermal models, electrons are accelerated to or injected with
a non-thermal distribution extending to relativistic energies. The
electrons Compton upscatter UV seed photons to the Xy energy
range, and the y-rays may produce relativistic pairs, supplementing
the primary injection of non-thermal electrons. We use here a
numerical model by Lightman & Zdziarski (1987) with modifi-
cations given in Zdziarski, Coppi & Lamb (1990a). We also take
into account Compton reflection and absorption, for which best-
fitting parameters for models below are almost the same as for the
cut-off power-law model, in Section 4. We fit the Ginga/OSSE data
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Figure 3. The average spectrum of RQ Seyfert 1s from Ginga and OSSE
modelled by non-thermal plasmas. (a) Two examples of rejected models.
The solid curve corresponds to a model with power-law electrons injected
with an index I' = 1.85 and with negligible amounts of both pair production
and repeated Compton scattering. The dotted curve corresponds to a model
with monoenergetic injection of electrons and a saturated pair cascade
(Zdziarski et al. 1990b). (b) Non-thermal models with power-law injection
of electrons, providing fits as good as the best-fitting thermal model. The
solid curve represents the best-fitting model with I' = 5.0 and negligible pair
production. The dotted curve represents a model with I' = 2.5 and moderate
pair production. See Section 5.2.

only since they provide more stringent constraints on the continuum
parameters than the EXOSAT/OSSE data (see Section 4).

The simplest non-thermal model consists of power-law electrons
with a steady-state index of p = 2« + 1 = 2.8 that singly scatter
some soft seed photons in the Thomson regime, yielding a power-
law photon distribution with a = 0.9 and a high-energy cut-off at
E > 511 keV (Blumenthal & Gould 1970). If the relativistic
electrons lose energy in the Thomson regime and thermalize
within the source, the index, p, corresponds to injection of rela-
tivistic electrons with an index less by one (Blumenthal & Gould
1970), " = 2« = 1.8. Since the model gives no high-energy cut-off
in the hundred-keV range, it fits our data worse than the thermal
model (represented by a cut-off power law, Section 3).

The best fit of such a model to the Ginga/OSSE data shown by the
solid curve in Fig. 3(a) corresponds to a low non-thermal compact-
ness, € = 0.1 (implying negligible ¢* pair production), a compact-
ness in blackbody photons 20 times the non-thermal compactness
(assuring that the X+ spectrum is entirely due to the first-order
Compton scattering), and a best-fitting I' = 1.85. We see that the
model is above the data at ~150-350 keV, which results in
Ax* = +4 with respect to the thermal model. Increasing the non-
thermal compactness steepens the Xvy spectrum (Svensson 1987;
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Lightman & Zdziarski 1987) and further worsens the fit. For
example, £ =20, I' = 1.8 yield Ax? = +8 with respect to the
thermal model. Thus we reject the (I' = 1.8)-injection model.

On the other hand, Zdziarski et al. (1990b) have proposed that the
X-ray spectral index of o = 0.9-1 of Seyfert s is due to a non-
thermal model with dominant pair production. The primary elec-
trons are injected monoenergetically, which implies & = 0.5 in the
absence of pair production (Blumenthal & Gould 1970). Then,
saturated non-thermal pair production yields the X-ray spectral
index of & == 1 in the limit of € > 10 (Svensson 1987; Lightman &
Zdziarski 1987), which can explain the X-ray spectra of Seyfert 1s.
However, this model also predicts a steepening of the spectrum
at a few tens of keV due to downscattering of hard X-rays and soft
y-rays by thermalized, optically thick, pairs (Sunyaev & Titarchuk
1980). This model was ruled out for IC 4329A by Z94, whose
conclusion we extend here to the average Seyfert 1 spectra. The
dotted curve in Fig. 3(a) shows the best fit of this model (€ = 30).
We see that the model lies below the ~50—-150keV spectrum, which
results in an unacceptable Ax* = +25 with respect to the best-
fitting thermal model.

However, we find that some non-thermal models intermediate
between the two models rejected above fit our data satisfactorily (as
also shown by Z94 for IC 4329A). We consider here models with a
power-law electron injection (between the Lorentz factors of 1.3
and 10%), and pair production, and allowing for repeated Compton
scattering. This yields ' = 5.075¢ with the same x* as for the
thermal model. The spectrum of the best-fitting model [€ = 130; the
solid curve in Fig. 3(b)] is due to repeated Compton upscattering by
both the non-thermal and the thermal parts of the electron/pair
distribution (Zdziarski et al. 1990b; Ghisellini, Haardt & Fabian
1993). Note the similarity of the spectrum to that of the thermal
model (Fig. 1). This non-thermal model yields no distinct pair
annihilation feature. The annihilation feature becomes stronger
with decreasing TI', illustrated by the dotted curve in Fig. 3(b) for
I' =25 =30; sz = +1.6). Note that the annihilation features
in Figs 3(a) and (b) are allowed the OSSE data and do not constrain
the models by themselves. Decreasing I' also decreases the impor-
tance of repeated Compton upscattering. The spectrum for the
lowest allowed I' (= 1.4) is dominated by the first-order non-
thermal Compton scattering by both the injected non-thermal
electrons and non-thermal pairs (these pairs steepen the X-ray
spectrum from o = I'/2 = 0.7 to the observed value of o = 0.9).

6 CONCLUSIONS

We have obtained the average spectral parameters of RQ Seyfert 1s
in X-rays and y-rays based on samples of objects observed by both
Ginga and OSSE and by both EXOSAT and OSSE. The estimates
of the average spectrum from both samples are fully consistent
with each other. Furthermore, they are consistent with the results of
HEAO-1 Al and A4. The average spectrum contains an underlying
power law with «=0.9. There is also a Compton reflection
spectral component corresponding to cold matter covering a
solid angle of ~1.57 as seen from the Xy source. The power
law continues to soft y-rays and it breaks or it is cut off with an
e-folding energy of =250 keV. The range of the e-folding energy
obtained for our average spectra is fully consistent with that of IC
4329A (Z294; Madejski et al. 1995). The average e-folding energy is
not 40-50 keV, which was reported earlier based on the OSSE data
alone.

Our average spectrum agrees well in X-rays with the average
spectrum of all Seyfert 1s observed by Ginga (NP94). The intrinsic
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dispersion in the spectral index and the contribution of reflection in
Seyfert 1s are given by NP94. On the other hand, the limited
statistics of our OSSE spectra allow us to provide only the range of
the e-folding energy for the average spectrum with o« = 0.90 = 0.05.
The value of the e-folding energy in individual AGNs appears to
correlate positively with the X-ray spectral index (Zdziarski et al.
1996).

The average spectra of RQ Seyfert 1s can be modelled by
Comptonization models with either thermal or non-thermal elec-
trons. The Comptonizing plasma in thermal models is optically thin
and relativistic. The plasma is likely to form a patchy corona above
the surface of an accretion disc. Some models with relativistic non-
thermal electrons predict the presence of an annihilation feature
around 511 keV, which can be tested in the future by the
INTEGRAL observatory (Winkler 1994).
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