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ABSTRACT
We discuss in detail the broadband X-ray variability expected in Seyfert galaxies in the framework of

a Compton-cooled corona model, computing spectral indices in the 2È10 keV range and Ñuxes in the
medium (2È10 keV), hard (30È100 keV), and soft (0.1È0.4, 0.9È2 keV) X-ray bands, for di†erent hypothe-
ses concerning variability ““ modes.ÏÏ In all cases the soft photons responsible for the cooling are assumed
to be proportional to the Comptonized Ñux (Ðxed geometry), and the plane-parallel limit is adopted.
Variations in the optical depth q of the corona cause spectral changes in the Comptonized emission in
the sense that the spectrum steepens and the temperature decreases with increasing q. If the corona is
pair dominated, q is determined by the compactness (proportional to luminosity for Ðxed size). This
yields a deÐnite relation between spectral shape and intensity, implying a variation in intensity of a
factor 10 for a change of 0.2 in the 2È10 keV spectral index. For low pair density coronae, no deÐnite
prediction is possible. If, for instance, q varies while the luminosity remains approximately constant, the
Compton spectrum shows a pivoting behavior around ^10 keV. In both cases, the coronal temperature
decreases for increasing spectral index. In the absence of substantial changes in the structure of the
corona, the soft thermal component correlates with the medium and hard Comptonized components.
Although the correlation must hold globally, that is, for the integrated power of the two components, the
observed intensity in the soft X-ray band is extremely sensitive to the temperature of the thermal com-
ponent that may vary as a result of variations in luminosity and/or area of the reprocessing region(s).
Examples are computed using the ROSAT response matrix, showing that for eV the spectrumkT [ 60
in the ROSAT range softens with increasing intensity while the opposite is true for larger temperatures.
Current observations of NGC 5548 and Mrk 766 showing di†erent behaviors can therefore be reconciled
with the model. The spectral behavior of Mrk 766 strongly suggests that the coronal plasma in this
source is not pair dominated. The possibility of constraining models through simultaneous observations
in the soft, medium, and hard X-ray ranges is discussed.
Subject headings : accretion, accretion disks È galaxies : Seyfert È X-rays : galaxies

1. INTRODUCTION

The observations of OSSE on the Compton Gamma Ray
Observatory showing a break or an exponential cuto† in the
high-energy spectrum of some Seyfert galaxies et(Maisack
al. et al. et al. coupled1993 ; Johnson 1993 ; Madejski 1995)
with the X-ray observations of GINGA have had a strong
impact on our theoretical understanding of the X-ray and
c-ray emission processes in these objects. Although they do
not rule out pure nonthermal eB pair models (Zdziarski,
Lightman, & Maciolek-Niedzwiecki thermal or1993),
quasi-thermal Comptonization models are favored (e.g.,

& Titarchuck & MaraschiSunyaev 1980 ; Haardt 1991,
hereinafter and respectively ;1993, HM91 HM93, Ghisellini,

Haardt, & Fabian & Mastichiadis1993 ; Titarchuck 1994 ;
et al. see for a recentZdziarski 1994, 1995 ; Svensson 1996

review).
The origin of the Comptonizing electrons is at present

unknown. They could be related to an accretion disk

1 Institute for Theoretical Physics, University of California at Santa
Barbara, Santa Barbara, CA 93106.

2 Present address : Università degli Studi di Milano, 20133 Milano,
Italy.

corona heated by magnetic dissipation processes, and/or
they may be electron-positron pairs produced by photon-
photon collisions (see, e.g., and referencesFabian 1994,
therein). The electron temperature can be constrained by a
thermal balance equation, where the heating rate is the total
(direct plus reprocessed) luminosity and the cooling mecha-
nism is Comptonization of soft photons.

The hot corona is probably coupled to a cooler optically
thick gas layer (presumably the accretion disk itself), which
has three major roles : (1) it reprocesses a Ðxed fraction of
the Comptonized radiation into a soft blackbody com-
ponent ; (2) a Ðxed fraction of the reprocessed blackbody
photons crosses the hot region, acting as seed photons for
the Comptonization process ; (3) it reÑects medium-energy
X-rays, giving rise to the so-called reÑection component and
Fe line emission. This picture is suggested(HM91; HM93)
by the presence of the Compton reÑection hump et(Pounds
al. and by the relatively small dispersion in the dis-1990)
tribution of spectral indices of Seyfert 1 galaxies &(Nandra
Pounds In fact, if X-ray reprocessing contributes soft1994).
photons proportionately to the mediumÈhard X-ray lumi-
nosity, the ““ feedback ÏÏ e†ect keeps a quasi-constant X-ray
spectral shape, weakly dependent on the source luminosity.
The broadband spectra derived from this model are consis-
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tent with the average Seyfert spectrum derived from OSSE
observations et al. et al.(Zdziarski 1995 ; Gondek 1996).

It is fair to point out that the best studied object, NGC
4151, shows (at least in low state) an unusually Ñat X-ray
spectral index (a ^ 0.5) and a low temperature (kT ^ 60
keV) implying a Comptonized-to-thermal luminosity ratio

far from the limit obtained in aL C/L s
Z 10, L C/L s

^ 2
plane-parallel geometry. This may be accounted for by a
special geometry, for instance, if the high-energy emission
originates in localized nonplanar active blobs as in the
model proposed by Maraschi, & GhiselliniHaardt, (1994 ;
hereinafter HMG).

Alternative models involving a mirror reÑection of the
observed radiation et al. or reprocessing in(Poutanen 1996)
clouds along the line of sight & Magdziarz(Zdziarski 1996)
may also apply for this special object.

In Comptonization models the spectral shape in the
X-ray range is mainly determined by the combination of the
temperature # \ kT /mc2 and the optical depth of the scat-
tering electrons q, while the cuto† energy is related essen-
tially to #. Simultaneous measurements of the spectral
index a and of the cuto† energy can therefore determine the
physical parameters of the Comptonizing region.3

““ Spectral dynamics,ÏÏ i.e., the variation of the spectral
shape with intensity, is an additional basic diagnostic tool
(see, e.g., Turner, & George that can test theNetzer, 1994)
model and provide insight into the way the corona is heated
and cooled. Some of the questions that could be answered
are the following : Is the optical depth of the corona domi-
nated by e`e~ pairs? How do the optical depth and elec-
tron temperature vary with luminosity? Are the reprocessed
components proportional to the Comptonized component
during variations? For instance, a careful analysis of
EXOSAT spectra of Seyfert galaxies showed that the
observed spectral variability is difficult to reconcile with
nonthermal pair models Done, & Urry .(Grandi, 1994)

Another important prediction of the model is the pres-
ence of a thermal component that should be proportional
to the Comptonized component in the limit of a constant
geometry. Its temperature, however, is not completely con-
strained by the model and could range from UV to soft
X-rays. The presence of a ““ soft excess ÏÏ in the X-ray spectra
of AGNs has been detected by di†erent experiments
(EXOSAT , ROSAT , and, more recently, ASCA) (e.g.,

et al. et al. & ElvisArnaud 1985 ; Pounds 1986 ; Wilkes
& Pounds Wilkes, & McDowell1987 ; Turner 1989 ; Elvis,

et al. et al. &1991 ; Comastri 1991 ; Saxton 1993 ; Walter
Fink George, & Mushotzky et1993 ; Turner, 1993 ; Brandt
al. et al. It has been interpreted in some1994 ; Done 1995).
cases as a genuine thermal component that is possibly due
to reprocessing (see, e.g., et al. or as the high-Leighly 1996)
energy tail of the UV bump (e.g., & Fink whileWalter 1993),
in other cases it is viewed as an artifact of the residuals that
is due to incomplete absorption (warm absorber ; see, e.g.,

et al. Instruments with improved energyDone 1995).
resolution in the soft band are needed to clarify the interpre-
tation of the ““ soft excess ÏÏ that may even involve more than

3 The exact relation between a and q depends on the geometry of the
scattering region. The optical depth can therefore be deducted from
observations only ““ modulo geometry. ÏÏ On the other hand, Ðtting the data
assuming a simple homogeneous sphere gives a value of q that is also a
good estimate of the average (over all directions) scattering optical depth
for any other possible geometry.

one component. However, a distinctive point between dif-
ferent models is the predicted correlation between the soft
and medium X-ray intensities. On this aspect of the
problem useful data obtained from extensive observations
of some Seyfert galaxies with ROSAT and/or ASCA already
exist, and more will surely become available in the near
future.

We are therefore motivated to examine in detail the
broadband spectral variability expected in the accretion
disk with hot corona model developed in previous papers

We will concentrate on extra-(HM91; HM93; HMG).
galactic objects such as Seyfert 1 galaxies. The issue is com-
plicated for several reasons. A quantitative analysis requires
spectral simulations since ““ second-order e†ects ÏÏ are impor-
tant (see . However, the main uncertainty is our poor° 3)
knowledge of the physics of the corona. For instance, do the
active coronal regions vary in size and/or height above the
reprocessing disk? And how is the heating rate related to
the optical depth?

In the following we chose the simple case in which the
active and reprocessing region(s) can vary in area but main-
tain a Ðxed ratio between Comptonized and soft cooling
photons. In particular, we choose the limit of a plane-
parallel geometry characterized by a Comptonized-to-soft
ratio This is not inconsistent with an inhomoge-L C/L s

^ 2.
neous picture in which each active region can be approx-
imated as being plane parallel. With these restrictions we
compute explicitly the expected relations between
““ observable quantities,ÏÏ e.g., the variation of the 2È10 keV
spectral index (including reÑection) with temperature and
intensity, and the variation of the soft intensity ““ S ÏÏ (0.1È2
keV) with medium ““M ÏÏ (2È10 keV) and hard ““H ÏÏ (EZ 30
keV) intensity.

The plan of this paper is as follows. In we describe the° 2
model and the methods used for the computation of the
spectra and for the derivation of the ““ observable ÏÏ quan-
tities. Since the key parameter driving spectral variability in
the medium band is q, while spectral variability in the soft
band is essentially related to we found it convenient toTBB,discuss relations between spectral and Ñux variability in the
two bands separately. For this reason, in we deal with° 3
the expected spectral variability in the medium and hard
X-ray bands, using the 2È10 keV spectral index, the 2È10
keV intensity, the temperature of the hot corona, and the
30È100 keV intensity, while in we compute the intensity° 4
and spectral variations of the soft reprocessed blackbody
component for di†erent variations of the system param-
eters. The results are converted into count rates and hard-
ness ratios in the 0.1È0.4 and 0.9È2 keV bands using the
ROSAT response matrix and a standard neutral hydrogen
column. We discuss the expected correlations between
variability in the soft and medium energy bands and
compare the results to available observations in An° 5.
exhaustive summary and Ðnal conclusions are presented
in ° 6.

2. THE DISK-CORONA MODEL

We follow a scenario originally proposed by Liang
and revived by and in which the acc-(1979), HM91 HM93,

retion Ñow is illuminated by the hard X-ray source (as the
observed reÑection spectrum indicates). A large fraction
(about 80%È90%) of the incident power is expected to be
thermalized in the disk and reemitted as thermal repro-
cessed radiation, which is in turn Comptonized in the
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corona producing the X-rays. If the reprocessed radiation
energy density dominates over the local disk thermal emis-
sion, the Compton y parameter is forced to be ^1 indepen-
dently of the coronal scattering opacity. This in turn ensures
that the Comptonized radiation exhibits a spectral index
close to 1. One possible conÐguration that satisÐes the
above condition is a plane-parallel corona above an accre-
tion disk. In this case the condition y ^ 1 is achieved only if
the entire available gravitational power is released in the
hot corona. In this case the reprocessed thermalized radi-
ation coincides with the UV bump, and the reprocessed
reÑected radiation forms the 30 keV Compton hump.

The same condition can be satisÐed if there are several
such smaller regions above the disk, rather than a single
smooth corona In the latter case only a fraction of(HMG).
the available energy needs to be released in the hot corona.
However, being localized in hot spots, the reprocessed ther-
malized radiation can still dominate the cooling. The under-
lying accretion disk can contribute to most or at least part
of the total luminosity in the UV band as in the standard
Shakura-Sunyaev disk model & Sunyaev(Shakura 1973).
As in the uniform corona case, the reprocessed reÑected
radiation forms the 30 keV Compton hump, while the rep-
rocessed thermalized radiation is probably emitted in hot
spots in the EUVÈsoft X-ray band Therefore, the(HMG).
emission in the EUVÈsoft X-ray band should be closely
connected to the hard X-ray radiation.

In the present paper we assume that the cooling time of
the electrons in the corona is shorter than the timescale of
variation of the heating rate, so that we can consider spec-
tral and Ñux variability as a succession of stationary states.
The Comptonized spectra are computed in plane-parallel
geometry for di†erent inclination angles 0. A quadrature
scheme was implemented to solve the radiation Ðeld for
successive scattering orders, taking into account anisotropic
Compton emission for the Ðrst scattering distribution

The single-scattering photon distribution is(Haardt 1993).
computed by means of the fully relativistic kernel for iso-
tropic unpolarized radiation & Blandford(Coppi 1990).
This ensures that the exponential rollover of the spectrum is
correctly modeled as we tested against Monte Carlo calcu-
lations. The present numerical spectra are therefore in much
closer agreement with recent detailed calculations by

& Svensson than the approximated treat-Poutanen (1996)
ment of An extensive discussion of the method weHM93.
used can be found in Haardt (1994).

The downward Compton Ñux (i.e., the X-ray Ñux leaving
the corona with an angle 0 [ n/2) is averaged over the solid
angle and then reÑected by an inÐnite neutral layer (which
mimics the accretion disk) with solar metal abundances.
The angular distribution of the reÑected spectrum is com-
puted in the approximated way described in Ghisellini,
Haardt, & Matt (see and(1994) Burigana 1995 Magdziarz
& Zdziarski for detailed calculations). The angle-1995
dependent reÑected spectrum is then Comptonized in the
corona and added to the primary continuum. The
““measurable ÏÏ spectral index in the [2È10] keV band is
obtained by Ðtting with a power law to the composite spec-
trum and disregarding the goodness of the Ðt. The photon
Ñux (i.e., number of photons per unit time per unit surface)
in interesting bands is readily obtained by integration over
energy.

Concerning the soft photon input, we consider cases in
which the reprocessed radiation is isothermal and has a

temperature between 10 and 300 eV. This scenario canTBBbe regarded as a uniform corona located above the very
inner part of the accretion disk or, alternatively, as a blobby
structure in which the overall X-ray emission is dominated
by few blobs with similar properties.

With our approximations the interesting quantities can
be computed with good accuracy and quickly. A more
detailed treatment of the full radiative transfer problem in
the same context, including free-free radiation, double
Compton scattering, detailed pair balance, and polarized
scattering, can be found in & SvenssonPoutanen (1996).

3. VARIABILITY IN THE MEDIUM AND HARD X-RAY

DOMAINS

3.1. T he a-q Relation
Since the model constrains the Compton parameter to be

almost constant, one expects that the spectral index of the
Comptonized spectrum is fairly constant, too, and does not
depend on the three parameters of the system (i.e., q, #, and
TBB).The above argument is valid, however, only as a Ðrst-
order approximation, in particular, in the case of a disk-
corona system, where the scattering anisotropy is important
and when we consider the actually observed spectrum that
includes the reÑection hump. We therefore computed the
spectral index of the total spectrum in the [2È10] keV range

as described in the previous section for di†erenta*2h10+values of the coronal parameters and of the inclination
angle. Comptonization of the reÑected spectrum is also
included.

The results are shown in Figures and where is1 2, a*2h10+plotted versus the optical depth and the temperature of the
corona, respectively, for two values of the inclination angle
and two values of the temperature of the soft photons. In
order to show the e†ect of reÑection on the total spectrum,
in we plotted, as a function of q, the di†erenceFigure 3
between the spectral index of the intrinsic continuum alone
and that of the total spectrum (continuum ] reÑection).

FIG. 1.ÈTotal (direct power law] Comptonized reÑection) spectral
index in the [2È10] keV range is plotted against the coronal scat-a*2~10+tering optical depth q. Open symbols connected by dashed lines refer to
spectra computed with eV. Closed symbols connected by solidkTBB\ 100
lines are for eV. Squares indicate that a face-on line of sight iskTBB\ 50
assumed, and triangles signify a 60¡ inclination.
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FIG. 2.ÈTotal (direct power law] Comptonized reÑection) spectral
index in the [2È10] keV range is plotted against the coronal electrona*2h10+temperature kT . Symbols as in Fig. 1.

The optical depth was varied between 0.1 and 1, corre-
sponding to an equilibrium temperature of the hot corona
in the range 30È300 keV, as suggested by observations

et al. et al. et al.(Maisak 1993 ; Johnson 1993 ; Madejski
1995).

The important points to note are the following :

1. Changes in q give rise to signiÐcant spectral variability
despite the fact that the ratio is constant in the model.L C/L sIn the plane-parallel limit considered here is found toa*2h10+be in the range [0.5È1.5] for q varying between 0.1 and 1.

2. Steeper spectra are produced as q increases approach-
ing unity.

3. An increase of the spectral index is accompanied by a
decrease of the coronal temperature, i.e., spectral index and

FIG. 3.ÈDi†erence between the spectral index of the [2È10] keV intrin-
sic continuum and that of the [2È10] keV total spectrum
(continuum] reÑection) is plotted vs. the optical depth q. Symbols as in
Fig. 1.

coronal temperature are anticorrelated. The actual values of
a and kT in refer to however, the anti-Figure 2 L C/L s

^ 2 ;
correlation between spectral index and the electron tem-
perature is a general feature common to models based on
Compton cooling with Ðxed For higher values ofL C/L s

.
a similar curve would be obtained, but with values ofL C/L sa shifted downward. As shown in the dispersionFigure 2,

of the versus kT relation is larger at higher tem-a*2h10+perature.

A physical understanding of these results involves several
e†ects :

1. For any given q the temperature has to adjust to main-
tain an almost Ðxed ratio and for increasing q theL C/L s

,
temperature decreases. The resulting average spectral index
(i.e., the spectral index averaged over the total solid angle)
is, for the plane-parallel geometry adopted here, slightly
larger than 1 for any value of q Comptonization(HM93).
theory implies that, in order to keep a constant ratio L C/L s

,
a spectral index steeper than 1 must increase with decreasing
# (i.e., increasing q). This can be understood by noticing
that the extrapolation to low energy of the Compton power
law must intercept the peak of the injected blackbody soft
photon distribution. Since for a [ 1 the integral over the
energy of the power-law spectrum mainly depends on the
lower integration limit a shiftE1P (16#2] 4#] 1)kTBB,to lower energy of (i.e., a decrease of #) keeping a con-E1stant would result in a larger ratio Therefore, inL C/L s

.
order to keep the ratio constant, the spectral index is forced
to steepen (for the same reason, if a \ 1, a reduction of #
implies a further Ñattening, rather than a steepening, of a).
The steepening of a halts when a further decrease of # does
not cause a shift of to lower energy, i.e., whenE116#2] 4# > 1, say For even smaller16#2] 4# [ 0.5.
temperatures the spectral index must Ñatten (and hence
there is a maximum in the a vs. # curve) since, although E1is constant, the upper integration limit (P#) decreases
anyway. In terms of q, since in our adopted geometry the
Compton parameter y ^ (16#2] 4#)q is ^0.6 (HM93;

& Svensson the ““ turning point ÏÏ occurs forPoutanen 1996),
q^ 1. Note that for a \ 1 there is a monotonic(L C/L s

Z 2)
Ñattening of a as # decreases. The e†ect discussed here is
independent of the particular geometry adopted. In brief, a
Ðxed ratio does not imply an exactly constant spectralL C/L sindex (e.g., see Fig. 2 in & Haardt here-Ghisellini [1994 ;
inafter for the simplest possible geometry, i.e. aGH94]
homogeneous spherical source, where this e†ect is present).

2. The outgoing Compton spectrum in plane-parallel
geometry is a function of the emission angle because of the
Compton rocket e†ect Flatter spectra are(Haardt 1993).
seen for lower inclinations, and the importance of the aniso-
tropic Compton emission decreases with decreasing coronal
temperatures. Anisotropic Compton emission is the main
cause of the reduction of for small q. This e†ect goesa*2h10+in the same direction as that discussed in point 1 above but,
contrary to it, depends on the adopted geometry (e.g., it is
absent in GH94). The larger dispersion of the versusa*2h10+kT relation at high temperature (see is due to theFig. 2)
increasing importance of anisotropic Compton emission for
increasing kT (see for details).Haardt 1993

3. The contribution of the reÑected Compton hump to
the emitted spectrum is Pe~q@k, where k is the cosine of the
inclination angle, so it is smaller for larger q (for Ðxed incli-
nation angle) and can be boosted by anisotropic Compton
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scattering for high temperatures. As long as(HM93) qZ
0.4, the contribution of reÑection to the [2È10] spectrum is
marginal For lower q the electron(*a*2h10+ ^ 0.05È0.08).
temperature is high enough for anisotropic Comptonization
to boost reÑection. The e†ect, for Ðxed q, is larger for larger
k and larger (see Again, this is an e†ect forkTBB Fig. 3).
which the net result is to Ñatten the total spectrum as q
decreases.

4. Finally, we discuss the e†ect on a of a change in InTBB.fact, the Compton y parameter depends not only on L C/L sbut also (only weakly when on the mean energy ofy [ 1)
the soft photons. This can be easily understood by consider-
ing that the higher the energy of the soft photons injected in
the corona, the lower the number of scatterings needed to
reach an energy DkT . When y > 1 the (low) cooling is due
only to the Ðrst scattering, so that The relationL C/L s

^ y.
between and y does not depend on any other param-L C/L seter, but as soon as y increases higher order scatterings
become important in the cooling process. The asymptotic
limit for y ? 1, i.e., when all the photons reached thermal
equilibrium, is where is the dimension-L C/L s

\ 4#/x0, x0less soft photon mean energy For this^2.7kTBB/mc2.
reason, for a given q the equilibrium temperature necessary
to sustain a given is (only slightly for y ^ 1) higherL C/L s(and hence the Compton spectrum Ñatter) for higher TBB(for a visualization of how y varies with see inTBB Fig. 1

Lightman, & Eardly Large changes inShapiro, 1976). TBB,
unlikely to occur in a given source, are required to produce
signiÐcant changes in a. However, this e†ect could be rele-
vant when comparing di†erent classes of sources (e.g., Sey-
ferts and QSOs) where the di†erence between the average
values of can be large enough to inÑuence the value ofTBBthe spectral index of the hard X-rays. As we will discuss in

variations of in a particular object, even if small, can° 4, TBBplay an important role in the observed variability in the soft
X-ray band.

As discussed in is a simple least-squares Ðt to° 2, a*2h10+the total spectrum, which is not a perfect power law
(because of, e.g., anisotropy and inclusion of reÑection). In
order to quantify the di†erences between the computed
spectra and a power law, we associated a Ðxed percentage
error to each of our 10 computed spectral points. By
varying the error until a reduced s2 of unity was obtained in
the least-square Ðts, we estimated a minimum observational
precision required to detect the spectral distortions. For the
most distorted spectra (those at low inclination and low q)
an observational error would result in a reduced s2[2%
larger than unity. The typical maximum error allowed is
[1%.

We now discuss the relation between and thea*2h10+X-ray luminosity on the basis of two alternative limits.L CThe Ðrst case corresponds to a pair-dominated corona
where the optical depth is determined by the compactness.
In the second case the relation between q and is essen-L Ctially unknown, and we will consider the limit case in which
q varies with constant luminosity.

3.2. T he a-Flux Relation in a Pair-dominated Corona
If the corona is pair dominated, which is plausible in the

case of compactness wherelCZ 10, lC \ (L C/R)(pT/me
c3)

and R is the typical size scale of the emitting region (see
for an exact deÐnition of compactness inSvensson 1996

di†erent geometries), the optical depth of the hot phase is

FIG. 4.ÈTotal spectral index is plotted vs. the photon Ñux in thea*2h10+[2È10] keV band (arbitrary normalized) in the case of a pair-dominated
corona. Squares connected by a solid line refer to a case with a face-on line
of sight, and triangles connected by a dashed line to an inclination of 60¡.

eV in both cases.kTBB \ 100

determined by the compactness alone. As discussed in
once the ratio and the absolute value of areHM91, L C/L s

lCspeciÐed, there exists a univocal correspondence of these
parameters with q, on the assumption that pairs dominate
the scattering opacity over normal plasma. Thus, if varia-
tions of the compactness are due to variations of the dissi-
pated luminosity the optical depth and hence the actualL C,value of depend on the intensity of thea*2h10+, source.4

From the versus q relation computed previouslya*2h10+we can therefore derive for a pair-dominated corona(Fig. 1)
an versus intensity relation. This is shown ina*2h10+ Figure 4
for two values of the viewing angle. It is quite clear (see also
Fig. 2 in et al. that noticeable variations ofStern 1995)

(say occur as the luminosity (anda*2h10+ *a*2h10+^ 0.3)
hence the compactness) varies by at least a factor of 20.
Thus for a pair-dominated corona the spectral index must be
essentially constant during ““ normal ÏÏ AGN X-ray variability
(i.e., Ñux variations within a factor of 2 or so). Modest spec-
tral steepening can occur during very large intensity
increases.

On the other hand, spectral steepening also implies a
decrease of the coronal temperature (see also(Fig. 2)

& Krolik Since an observational determi-Pietrini 1995).
nation of the latter with the instrumentation available at
present is not easy, we also computed the variation in the
hard photon intensity ([30È100] keV) that would be associ-
ated with a variation in the [2È10] keV intensity. This is
shown in where we also report values ofFigure 5, a*2h10+corresponding to di†erent values of the intensity. The two
intensity scales are arbitrary, but their ratio is not. As a
result of the temperature decrease for increasing luminosity,
the intensity in the hard band varies less than that in the
medium band. However, the two are positively correlated.

et al. and more recently & Svensson and4 Stern (1995), Poutanen (1996)
Svensson (1996), pointed out that the exact relation between the rate of
pair production and the heating and cooling rates depends on the details of
the calculations. We have taken the compactness vs. q curve given by

in order to compute the photon Ñux in the [2È10] keVSvensson (1996)
band.
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FIG. 5.ÈThe photon Ñux in the [30È100] keV band is plotted vs. the
photon Ñux in the [2È10] keV band in the case of a pair-dominated
corona. Normalization is arbitrary. Curves are for eV; squareskTBB\ 100
indicate a face-on line of sight, and triangles signify a 60¡ inclination. The
value of the total spectral index in the [2È10] keV range is indicateda*2h10+for some of the spectra.

Because of the large overall luminosity variation, the
steeper and cooler spectrum does not cross the Ñatter,
hotter one except at very high energy.

Di†erent conclusions hold if variations of are due tolCvariations of the linear dimension of the source R rather
than to variations of the intrinsic luminosity. Such a cir-
cumstance can occur if the corona is formed by many active
regions rather than being homogeneous. In this case signiÐ-
cant spectral variations could occur without large varia-
tions in the output. Strong e†ects on the soft X-ray
spectrum are expected since the temperature of the repro-
cessed radiation scales as 1/R2. A detailed discussion will be
presented in ° 4.

3.3. T he a-Flux Relation in a L ow Pair Density Corona
If the compactness is the corresponding pair optical[10,

depth is et al. The main contribution to[0.1 (Stern 1995).
the optical depth then comes from ““ normal ÏÏ electrons, the
number of which is not related to the source luminosity in a
simple and easily predictable way. We therefore consider
the case in which the optical depth changes while the dissi-
pated luminosity does not vary substantially.

In we show the total spectra for some choices ofFigure 6
input parameters. It is evident from the Ðgure that, despite
the fact that the total luminosity in the spectra is the same
(when integrated over all the emission angles), the Ñux in the
[2È10] keV band varies. The spectral index versus the
photon Ñux in the [2È10] keV band is shown in Figure 7.
We can see that small observed variations of the count rate
can be accompanied by signiÐcant spectral variations.
Another important result, only weakly dependent on
details, is that as long as it correlates to thea*2h10+[ 1,
photon Ñux, i.e., the spectrum softens with increasing inten-
sity, while for steeper spectra the two quantities are anti-
correlated.

From it is also evident that the Ñux above 50Figure 6
keV will decrease for increasing spectral index. The decre-
ment is relatively modest as long as since most ofa*2h10+[ 1

FIG. 6.ÈComptonized spectra for di†erent values of (q, #) equilibrium
values [(0.63, 0.11), (0.32, 0.21), (0.2, 0.3), (0.1, 0.5)]. is set to 100 eV,kTBBand a face-on line of sight is considered.

the power is carried by the few high-energy photons, but it
becomes large as Combining the spectral indexa*2h10+ Z 1.
intensity relation shown in with the spectral indexFigure 7
temperature relation, we can compute the intensity in the
hard X-ray band ([30È100] keV) versus the [2È10] keV
intensity. This is shown in For theFigure 8. a*2h10+Z 1
emission in the [2È10] keV band is positively correlated
with the emission in the c-ray band : small increments in the
X-ray Ñux are accompanied by larger increments in the
c-ray Ñux. For the correlation is in the oppositea*2h10+[ 1
sense and is less strong : small increments in the medium
X-ray emission relate to small decrements of the Ñux in the
c-ray band. Around the turning point a ^ 1 we have the
largest variation of the c-ray Ñux for the smallest variation
of the X-ray Ñux.

In brief, the model predicts that if noticeable spectral
variability is observed while the luminosity variation is less

FIG. 7.ÈSame as but in the case of q variations with constantFig. 4,
luminosity. Squares connected by solid lines are for a face-on line of sight,
and triangles connected by dashed lines for a 60¡ inclination.
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FIG. 8.ÈSame as but in the case of q variations with constantFig. 5,
luminosity. Squares connected by solid lines indicate a face-on line of sight,
and triangles connected by dashed lines a 60¡ inclination.

than factor of D2, then the scattering optical depth of the
corona is not (or weakly) related to the intrinsic coronal lumi-
nosity. This may lead to two possible conclusions :

1. Pairs are not important as a source of scattering
material.

2. If pairs dominate the opacity, the linear dimensions of
the source must vary ; i.e., the compactness varies while the
luminosity stays approximately constant.

In the latter case the temperature of the soft reprocessed
photons must vary, increasing when the medium-energy
X-ray spectrum steepens. In any case, strong spectral varia-
bility can well occur during ““ normal ÏÏ (within a factor of 2)
Ñux variations.

We caution here that in order to measure a variation in
luminosity one should measure the intensity up to the high-
frequency cuto†, that is, up to the 100 keV range. In the
absence of such information one can estimate the luminosity
variation from the known medium-energy intensity and the
expected high-energy cuto†.

4. VARIABILITY IN THE SOFT X-RAY DOMAIN AND

CORRELATIONS TO THE MEDIUM BAND

One of the basic features of the model is that a fraction of
the Comptonized X-rays is reprocessed into soft thermal
photons, which are in turn responsible for the cooling of the
corona. This fraction is Ðxed for Ðxed geometry ; therefore,
the model predicts a ““ perfect ÏÏ correlation between the
Comptonized luminosity and the soft reprocessed one.
Observationally, the latter component could be identiÐed
with the soft excess observed in Seyfert galaxies, although
there is no general consensus on the very nature of the soft
component. The soft X-ray emission has been identiÐed as
the high-energy tail of the UV bump & Fink(Walter 1993),
but this claim and, in general, whether or not the soft X-rays
are correlated to the UV emission is still controversial (see,
e.g., et al. & MolendiLaor 1994 ; Ulrich-Demoulin 1996a,

The low ROSAT PSPC energy resolution does not1996b).
allow us to constrain the spectral shape of the excess, and
usually a steep power law is fairly adequate to Ðt the data

Rouillon-Foley, & Kellet Higher(Gondhalekar, 1996).

resolution ASCA data seem to support a thermal origin of
this component (e.g., et al. although absorp-Leighly 1996),
tion features which are due to highly ionized gas along the
AGN line of sight could be responsible for (at least of part)
of the excess of residuals in the single power-law Ðts (e.g.,

et al. Indeed, some recent ASCA data are con-Cappi 1996).
sistent either with an emission thermal component or with
absorption which are due to highly ionized gas (IC 4329A,

et al. NGC 3227, et al. In severalCappi 1996 ; Ptak 1995).
objects both a warm absorber and a thermal emission com-
ponent seem to be present (NGC 5548, et al.Done 1995 ;
NGC 4051, et al. see also Turner,Guainazzi 1995 ; Netzer,
& George Elvis, & Wilkes argued1994). Mathur, (1995)
that a highly ionized, high-velocity outÑowing gas
responsible for X-ray and UV absorption might be a
common component in quasars and should be located
outside the broad emission line region.

At least for NGC 5548 there are indications that the soft
emission and the power law vary in a correlated fashion,
but the correlation is nonlinear ; i.e., the soft component
varies more et al. et al. In one(Nandra 1993 ; Done 1995).
case a 30% increase of the soft counts observed with
ROSAT was not accompanied by a signiÐcant variation in
the estimated power-law component. This event suggested
that at least soft X-ray ““ Ñares ÏÏ may well have a di†erent
origin than reprocessing of hard X-rays et al.(Done 1995).

We wish to stress here that the behavior of the observed
soft X-ray intensity depends strongly on the spectrum, i.e.
the temperature of the reprocessed emission The latterTBB.depends on the absolute luminosity of the X-ray emission
(we recall that in the model it equals roughly half of the
total power produced via Comptonization) and on the size
of the radiating surface. Unfortunately we do not know
whether and how these two quantities are related with each
other. As a Ðrst guess we may expect that both R and L
scale with the mass of the source. This may determine a
mean value of L /R2 for a given source ( sources with smaller
masses would have hotter soft components) ; however, how
the ratio varies when the luminosity varies in a given source
remains highly unpredictable. Furthermore, the amplitude
of variations in Ðxed energy bands can be di†erent ; e.g., the
hardness ratios can change substantially when the response
of a particular detector is considered. Comparison with
observations can then be made by only ““ Ðltering ÏÏ simu-
lated light curves through the actual response matrix of
existing experiments.

In brief, although there is a one-to-one correspondence
between the Comptonized and reprocessed emission, this
holds on global scale, i.e., considering the integrated total
luminosities. What is actually observed as a ““ count rate ÏÏ in
the given bands can be very di†erent from what is expected
on this simple basis. In the following we compute the
expected behavior of the soft X-ray intensity in response to
variations of the medium-energy intensity in two limiting
cases, for varying luminosity and Ðxed size of the reprocess-
ing region and for constant luminosity and varying size.
Since most of the observational data available at present
derive from ROSAT , we explicitly compute intensities and
hardness ratios in the most commonly used ROSAT bands.

4.1. Simulated ROSAT L ight Curves
We performed simulations of variability patterns accord-

ing to selected rules that will be described in the following.
The time-dependent broadband spectra were then Ðltered
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through a Galactic neutral absorber assuming NH \ 2
] 1020 cm~2 and were folded with the ROSAT response
matrix. We divided the ROSAT band in three intervals,
deÐning a ““ hard count rate ÏÏ as the count rate in the [0.9È
2] keV band it should be kept in mind that in all(C*0.9h2+ ;the other sections the ““ hard ÏÏ band refers to energies Z30
keV) and a ““ soft count rate ÏÏ as the count rate in the [0.1È
0.4] keV band We then computed the hardness(C*0.1h0.4+).ratio deÐned as This quantity pro-HR\ C*0.9h2+/C*0.1h0.4+.vides direct spectral information in the ROSAT range.

It is important to realize that the dependence of HR on
the temperature of the soft component is not monotonic.
This is shown in for two cases with regard to theFigure 9a
power-law component (both with 0¡ inclination), one corre-
sponding to low optical depth q\ 0.1 (resulting in a Ñat
spectral index see the second toa*2h10+^ 0.5È0.6 ; Fig. 1),
higher optical depth q\ 0.65 (yielding to a*2h10+ ^ 1.2È1.3)
For a pair-dominated source these values of q would imply
a large di†erence in compactness, roughly 103 larger for the
high q case (see Intermediate cases must beSvensson 1996).
included between the two curves. The relation is indepen-
dent of the actual mechanism causing the variations of TBBbut depends somewhat on the parameters deÐning the hard
power law.

The behavior of HR versus is easily understandable.kTBBFor low temperatures, only the exponential tail of the
Planck distribution falls in the ROSAT band. In this regime
a temperature increase leads to a large increase of the count
rate in the soft band only : the spectrum becomes softer. The
softening stops when the peak of the blackbody distribution
is within the band, and the exponential tail starts to a†ect
the intensity in the [0.9È2] keV band. In the latter regime
when the temperature increases the spectrum becomes
harder. The transition occurs for around 60 eV.kTBBIn order to compute the relation between and theTBBcount rate in the ROSAT band, we have to specify the

FIG. 9.È(a) Hardness ratio in the ROSAT band plotted vs. temperature
of the reprocessed component. Squares refer to spectra computed with
q\ 0.1, # \ 0.5, while triangles with q\ 0.63, # \ 0.11. (b) Hardness ratio
is plotted vs. total count rate in the ROSAT band for a case of pure
luminosity variations. Squares and triangles same as (a). Dashed lines
connect spectra having equal (c) Same as (b), but for pure variationskTBB.of the emitting area.

mechanisms leading to the temperature variations. We have
considered two di†erent ideal ways in which can vary,TBBthe Ðrst corresponding to variations in luminosity for Ðxed
size, the second to variations in size for Ðxed luminosity,
and discuss them in turn.

In all the cases discussed in this section the reprocessed
thermal component is superimposed to a standard multi-
color disk emission arising from a 107 black hole radi-M

_ating at 10% of the Eddington limit. The X-ray luminosity
is taken as 0.3 of the disk emission, and a face-on line of
sight is assumed. We checked that our results are only mar-
ginally sensitive to disk parameters. For rather extreme
cases such as a 106 black hole accretion disk radiatingM

_at the Eddington limit with an X-ray luminosity of only
10% of the UV disk emission, the ROSAT band is still
dominated by the reprocessed X-rays as long as the tem-
perature of the latter component is eV. The net e†ectZ20
of increasing the inclination angle is to reduce the ampli-
tude of variations of the count rate in the soft band.

4.2. Variations of Intrinsic L uminosity
Suppose the luminosity of the source in the power-law

component changes (i.e., changes), while q and # remainL Cconstant. In this case an increase in luminosity produces an
increase in temperature of the thermal component, and
hence a correlation between medium and soft X-rays is
expected.

The hardness ratio plotted in can now beFigure 9a
plotted as a function of the intensity that would give rise to
the considered temperature variation. This requires a very
large intensity range, a factor 107 for in the rangekTBB10È316 eV , implausible for the same source. Thus, a single
source will be conÐned to some restricted interval in inten-
sity, while di†erent sources could fall in di†erent regions of
the plot. The results are shown in The two curvesFigure 9b.
correspond to the same coronal parameters used in Figure

Clearly the count rate scale is arbitrary, but the absolute9a.
value of the hardness ratio is meaningful, being independent
of the source luminosity for a given spectral shape. For
reference, we plot along each curve discrete points corre-
sponding to an increase in luminosity by a factor 2, i.e., to
an increase of 20% in with respect to the preceding one.TBBThe exact value of relative to each point can be easilykTBBread from where the same discrete points areFigure 9a
marked.

The count rates in the two bands are always correlated,
although the correlation is not linear. Even though the tem-
perature only varies as L 1@4, as long as the temperature is

eV, the number of soft photons emitted in the ROSAT[60
band changes signiÐcantly for even modest variations of
temperature. This regime corresponds to the decreasing
branches of the curves in Along this branch anFigure 9b.
increase in luminosity produces an exponential increase of

while the increase of is linear, beingC*0.1h0.4+, C*0.9h2+dominated by power-law photons. The hardness ratio is
clearly anticorrelated to the count rate. The total count rate
shows large variations, being dominated by the lowest
energy channels.

The behavior is very di†erent when the peak of the black-
body spectrum is well within the ROSAT band, i.e., for

eV. The hardness ratio is constant as long as thekT Z 60
exponential tail of the Planck distribution does not a†ect
the [0.9È2] band. When this happens, respondsC*0.9h2+exponentially to *L , while varies almost linearly.C*0.1h0.4+
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The total count rate is almost linear with *L , so the spec-
trum becomes harder.

The case of a steep power-law component is qualitatively
similar but less extreme. The variations of the hardness
ratio are smaller in both branches.

In a pair-dominated source luminosity variations with
constant coronal parameters are, strictly speaking, not
allowed. States with di†erent luminosity belong to curves
with di†erent values of q. However, since the separation of
the two curves for constant (dotted lines) corresponds toTBBan increase of of a factor ^103, the shift corresponding tolCa factor 2 is clearly negligible.

4.3. Variations of L inear Dimensions
We consider the case of a constant output radiating from

a varying surface area, while q and # remain constant. This
may represent a case in which the primary hard emission
occurs at a constant rate in an expanding (and/or
contracting) corona, or blob, or if the emission occurs at
di†erent time in blobs with roughly the same luminosity but
di†erent sizes.

Although the luminosity of the hard and soft components
is constant, the temperature of the thermal photons will
change, giving rise to observable e†ects in the soft X-ray
domain. To study the problem we varied the linear size R of
the emitting region, so that the resulting blackbody tem-
perature covers the range 10È316 eV. Notice that under the
assumption adopted, the intrinsic number of photons
emitted scales as R1@2, while the temperature varies as
1/R1@2. Therefore, the highest intrinsic photon emissivity
occurs at the lowest temperatures. The relation between
hardness ratio and count rates for constant luminosity and
varying area is shown in The two curves corre-Figure 9c.
spond to the same coronal parameters used in Figures 9a
and The same discrete points plotted in Figures and9b. 9a

are also marked, corresponding to a decrease of R of9b
30% (and hence resulting in an increase of of 20%) withTBBrespect to the preceding one.

The behavior of HR is similar to that seen in the previous
section. As long as eV, the soft counts increase,kTBB [ 60
while the hard counts are much less variable. This regime
corresponds to the decreasing branches of the curves in

Although HR is anticorrelated to the total countFigure 9c.
rate independently of the coronal parameters, the hard and
soft count rates can be both correlated or anticorrelated,
depending on whether the hard power law is steep or Ñat,
respectively.

The behavior of HR versus the total count rate is very
di†erent when eV. Since the total luminosity iskTBBZ 60
constant, the total count rate is basically constant when the
peak of the blackbody distribution is within the ROSAT
band. This regime corresponds to the almost vertical
branches of the curves in HR dramaticallyFigure 9c :
increases at almost constant total count rate. In this regime
the peak of the blackbody spectrum moves from the soft
band to the hard band. The net result is that the two count
rates are anticorrelated : as increases, increasesTBB C*0.9h2+while decreases.C*0.1h0.4+If the corona is pair dominated, variations of R should
not occur with constant coronal parameters. A reduction in
the radius by a factor ^10 (which roughly corresponds to
four successive points counting from left to right along the
curves in causes an increase in the opacity andFig. 9c)
hence a reduction in the coronal temperature. For kTBB [

60 eV the variations of HR will be smaller with respect to
cases with constant q and #. For larger values of thekTBBsituation is similar to what was seen before : a sharp increase
of the hardness ratio with a constant count rate.

In the case of a low pair density corona described in ° 3.2,
the coronal parameters can vary without any change of size
or luminosity of the soft component. In terms of ROSAT
count rates, this is represented by the dashed lines in Figure

Those lines connect points relative to spectra with di†er-9c.
ent coronal parameters, but the same and luminosity. If,TBBfor example, an increase of q occurs, the ROSAT count rate
increases as long as eV, slightly decreases forkTBB[ 60
higher blackbody temperatures The hardness ratio(Fig. 9c).
shows a slightly simpler behavior : for low temperatures it
decreases and for eV it increases, tending tokTBBZ 30
become constant at higher temperatures.

5. SPECTRAL AND FLUX CORRELATIONS : COMPARISON

WITH OBSERVATIONS

We now compare the results discussed in the present
sections with some of the current observations of soft and
hard X-ray variability in Seyfert galaxies.

The two recently studied cases of NGC 5548 and Mrk
766 observed with ROSAT and/or ASCA provide the most
detailed available information on spectral and Ñux variabil-
ity of Seyfert 1 galaxies in the X-rays to date and also seem
to indicate opposite behaviors. We should warn the reader
that Mrk 766 is a rather extreme case, not representative of
the Seyfert 1 class. Indeed, this source is classiÐed as a
narrow line Seyfert 1 (NLS1). Sources of this subclass tend
to show rapid X-ray variability, unusually steep ROSAT
spectra, and strong Fe II emission & Brandt(Pounds 1996).

We now compare those observations with the analysis
developed in the previous sections. We do not aim to ““ Ðt ÏÏ
any data, but simply to interpret (whenever possible) the
general variability features in the context of the reprocess-
ing scenario.

5.1. NGC 5548
The soft X-ray variability of NGC 5548 observed by

ROSAT has been deeply analyzed by et al.Done (1995).
The soft and hard counts seem to go up and down together,
but not in a linear way. In general, the source softens (in the
ROSAT band) as it brightens. The hardness ratio roughly
doubles (from 0.03 to 0.06) for a count reduction by a factor
of 3. Also a state where only the counts in the ROSAT soft
band varied was observed. No simultaneous observations
in the hard X-rays are available. Old GINGA data showed a
power-law index close to the canonical value 0.9 plus a
reÑection hump & Pounds(Nandra 1994).

The source requires a highly variable soft component and
a more steady hard one. This can be roughly interpreted
assuming that variability in the soft band is due to varia-
tions in size of the emitting area, as in the case discussed in

(see The temperature of the thermal com-° 4.3 Fig. 9c).
ponent should be less than 60È70 eV, which is not inconsis-
tent with that found by et al. The intrinsicDone (1995).
luminosity of the source should be roughly constant. We
may notice that the lower value of the observed hardness
ratio (0.03) is lower that the minimum value consistent with
the reprocessing hypothesis (see The discrepancyFig. 9).
may be due to the value of for this sourceNH (NH \ 1.65
] 1020 cm~2 ; et al. which is lower than thatDone 1995),
used throughout our calculations cm~2),(NH \ 2 ] 1020
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but it may also indicate that part of the reprocessed thermal
Ñux does not contribute to the cooling of the corona, or,
alternatively, as suggested by et al. that there isDone (1995),
another soft component unrelated to the hard one, possibly
much broader than a single-temperature blackbody.

5.2. Mrk 766
Mrk 766 has been observed by ROSAT and ASCA, pro-

viding a full coverage of the X-ray domain from 0.1 to 10
keV. The ROSAT data have been analyzed by Molendi,
Maccacaro, & Schaeidt & Maccacaro(1993), Molendi

and recently by et al. who also(1994), Leighly (1996),
analyzed the ASCA data. ROSAT data show that the
source hardens as it brightens and can be roughly described
by an almost steady soft component plus a variable hard
one. In the ASCA band the source shows evidence of spec-
tral variability above 1 keV (*a^ 0.4) ; the steepest state is
brighter than the Ñat state in the ASCA band by a factor of
^2. The power law pivots at an energy close to 10 keV. If
the power law extends up to a few hundred keV, then the
hard (and weaker in the ASCA band) state is actually more
luminous than the soft state.

Observations indicate that varies between 0.6 anda*1h10+1, while the total luminosity changes by factor of 2 at most.
This indicates that either pairs are not dominant or, if pairs
dominate, that the linear size of the emitting region is
varying. In the latter case the required change in com-
pactness is roughly a factor 10. Since the overall X-ray lumi-
nosity of the hard state is estimated to be 2 times larger than
that of the soft state (see below), the region responsible for
the soft spectrum should be 20 times smaller than that
responsible for the hard one. The soft state, although fainter
by a factor 2, should then be characterized by roughlyTBB3È4 times larger than that relative to the hard state. Data
are consistent with a reduction of the excess normalization
by a factor 2 as the power law steepens, but an increase of
3È4 times of in the soft state is not supported by theTBBdata.

We therefore conclude that the spectral variability in
Mrk 766 could be due to changes of the scattering opacity
of the corona without large variations of the intrinsic lumi-
nosity. The opacity of the corona is probably not domi-
nated by electron-positron pairs. A variation of q from
^0.3È0.4 to ^0.1È0.2 can explain the hardening of the
power law and possibly (part of) the decrease in the ASCA
count rate. We predict that the hard state is characterized
by a coronal temperature ^150È200 keV (and hence an
exponential cuto† with an e-folding energy E

C
^ 300È400

keV should be present), while the soft state should have
kT ^ 80È100 keV (corresponding to keV).E

C
^ 150È200

The total X-ray luminosity of the hard state would then be 2
times larger than that of the soft state.

Finally, we note that the value of hardness ratio in the
ROSAT band computed by & MaccacaroMolendi (1994)
ranges from ^0.5 to ^1. According to this wouldFigure 9a
imply a temperature of the soft component of ^130 eV, in
agreement with the observed hardening with increasing
intensity in the ROSAT band and with the ASCA results.

6. SUMMARY AND DISCUSSION

6.1. Summary
We have examined the expected spectral variations

within a model involving a hot corona emitting medium to

hard X-rays by Comptonization, coupled to a cooler opti-
cally thick layer which (1) provides the input of soft photons
for Comptonization by the hot corona and (2) intercepts a
Ðxed fraction of the Comptonized photons and reprocesses
them into soft thermal photons. The fraction of hard
photons that are reprocessed and the fraction of soft
photons that are Comptonized have been held Ðxed to the
standard values of and 1, respectively, which refer to a12Ñattened, sandwich-like geometry. These values may be
somewhat di†erent in di†erent sources but could be con-
stant on ““ short ÏÏ timescales, over which the structure of the
emitting region is not expected to vary substantially.

Even with these restrictions, the spectral variability is
rather complex and depends on two main issues : the impor-
tance of pairs as a source of opacity, and the expansion/
contraction of the active regions in the corona possibly
associated with luminosity variations.

The main point that emerges is that intrinsic spectral
variations are governed by changes in opacity (steeper
spectra for larger q as long as For Ðxed thisq[ 1). L C/L simplies that a steepening of a should correspond to a decrease
of the temperature. This is a robust prediction of Compton-
cooled models with Ðxed geometry and could be tested by
the recently launched XT E and SAX satellites. Should an
opposite behavior be found, the concept of a quasi-
stationary corona above an accretion disk should be sub-
stantially revised in the sense of a much more chaotic
situation.

The relation between spectral shape and intensity is univ-
ocal in the case of pair-dominated coronae. In this case
large changes in compactness (luminosity and/or size) are
required for modest spectral variations. These should
appear as either large changes in the 2È10 keV intensity or
large changes in the temperature of the soft reprocessed
component. The case of Mrk 766 (which may be anomalous
among Seyfert 1 galaxies) seems to exclude a pair-
dominated corona.

In the case of negligible pairs the relation between lumi-
nosity and opacity is essentially unknown. Opacity varia-
tions could occur with little variations in luminosity and
give rise to a pivoting of the medium-energy spectrum
which can yield little correlation and even anticorrelation
between the hard and medium X-ray Ñuxes. For constant
luminosity and Ñat spectral indices the hard(a*2h10+ [ 1)
photon Ñux varies less and is anticorrelated with the photon
Ñux in the medium-energy band.

The integrated luminosity in the soft reprocessed emis-
sion is always proportional to the Comptonized luminosity.
However, its contribution to the counts in the band between
the galactic absorption cuto† and the carbon edge depends
strongly on the temperature, which increases with increas-
ing luminosity (for Ðxed size). This can give rise to anom-
alous observed behaviors with larger variations in the soft
band than in the medium one.

6.2. Discussion
From a more observational point of view, it may be

useful to discuss in more detail what can be deduced about
the intrinsic properties of the source from a given set of
““ observables.ÏÏ To this end we indicate the [0.1È2] keV
band as the ““ soft S band, ÏÏ the [2È10] keV band as the
““ medium M band,ÏÏ and the band above 30 keV as the
““ hard H band.ÏÏ We deÐne four observable quantities
describing the continuum variability of a source in the
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X-ray domain : variation of the [2È10] keV spectral index
*a, variation of the [0.1È2] keV count rate *S, variation of
the [2È10] keV count rate *M, and variation of the hard
count rate *H. The four quantities deÐned are in principle
independent, and hence all the possible variability behav-
iors can be described by a combination of possibilities. We
will examine the most interesting ones.

The main relevant property of an observed X-ray light
curve is whether Ñux variability in the M band occurs
keeping a constant spectral index, or, instead, if it is accom-
panied by spectral variations. The two possibilities, together
with simultaneous observations in the S band, lead to very
di†erent conclusions regarding the very nature of the
observed variability.

As discussed in spectral variations in the medium° 3,
band require a negligible number of pairs in the corona or,
for large compactness, variations of the source linear size R.
Observations in the soft band can discriminate between the
two possibilities since the latter case would imply variations
of and hence variations of the soft counts. Hence, in caseTBB*S ^ 0 the intrinsic luminosity of the X-ray source and the
dimensions of the reprocessing region must not vary ; the
hard variability in Ñux and spectral index is due to varia-
tions of optical depth of the corona, with a negligible contri-
bution of pairs. The model predicts that whenevera*2h10+,steeper than 1, is anticorrelated to the medium count rate. A
positive correlation holds if instead The tem-a*2h10+[ 1.
perature of the corona decreases for increasing spectral
index, and the Ñux in the H band is correlated to that in
medium band if and is anticorrelated ifa*2h10+Z 1 a*2h10+ [1. The case with is similar, but the observed varia-*S D 0
bility properties can be due both to variations of the intrin-
sic luminosity of the corona and/or to variations of the
linear size of the reprocessing region. If the corona is pair
dominated, the model predicts that the soft-component
temperature is correlated to and is anticorrelated toa*2h10+#. In the case in which pairs are unimportant, it is not
possible to draw any predictable relation between a*2h10+and the medium or soft count rates. A full coverage through
the X-rays to the c-rays can determine in principle if the
intrinsic luminosity of the source varies. In the case of negli-
gible luminosity variations, changes in must occur toTBBproduce a nonnull *S. On the other hand, if intrinsic lumi-
nosity variations were detected, they alone could give raise
to the observed variability in the soft band without associ-
ated variations of In principle, the nature of variabilityTBB.
in the soft band (variations of intrinsic Ñux or variations of
temperature) can be tested by high spectral resolution
observations.

Di†erent conclusions can be drawn if the variability in
the medium band occurs with a constant spectral index. The
main result is that the intrinsic luminosity of the source
must vary, but not the properties of the hot corona. This
can happen in a pair-dominated source if the variations of
compactness are An observation of with a[2. *M Z 10
constant spectral index would imply that some mechanism
di†erent from pair balance works to keep the coronal
optical depth constant. In any case, the model predicts that

The total counts in the soft and hard bands are*S D 0.
positively correlated, and much stronger variations occur in

the soft band than in the medium one. The quantity #
should not vary noticeably, while the Ñux in H band follows
the variations of the M band. If *S ^ 0, the model can be
ruled out since any variation of the hard power law with a
constant spectral index must be accompanied by an observ-
able variation in the luminosity of the soft component. If
this does not occur, the soft component cannot be due to
local reprocessing of part of the hard X-rays.

It should be mentioned that, although the model con-
sidered in the paper constrains the ratio to be con-L C/L sstant (^2), in principle di†erent behaviors are possible if
instead the ratio is allowed to vary. This can occur ifL C/L sthe height-to-radius ratio of the scattering region(s) is of
order unity or larger (see, e.g. , and et al.HMG Stern 1995).
GH94 showed that in the case of a pair-dominated homoge-
neous plasma with an increase of (and hence a# [ 1, L C/L sdecrease of a) would result in a lower temperature (and
hence a relevant increase in q must occur), contrary to the
case of q-driven spectral variations with constant L C/L s

.
Thus, at least in principle, broadband observations could be
used to check the stability of the Compton-to-soft ratio
during spectral variations and, hence, the role played by
reprocessing.

Finally, we wish to mention one aspect of the model
neglected so far, namely time lags between di†erent bands.
In the most basic picture of Comptonization models, the
hard X-rays respond to variations of the soft photon Ñux,
and hence variations in the hard band should follow varia-
tions of the soft thermal photons, exhibiting also a steeper
power spectrum (see, e.g., the discussion in &Papadakis
Lawrence Data in this Ðeld are sparse and often con-1995).
tradictory (see et al. and referencesTagliaferri 1996,
therein). EXOSAT data of NGC 4051 seem to indicate that
more power at high frequency is radiated by means of high-
energy photons & Lawrence contrary to(Papadakis 1995),
what is expected from the basic Comptonization theory.

The above considerations assume that spectral variability
is due to variations of the primary soft photon input. In the
model under investigation here, however, the soft photons
are supposed to be generated by mere reprocessing of a
fraction (^50%) of the primary hard X-rays. Variations of
the physical conditions occur primarily in the corona. For
example, we may expect that a rapid variation of the
heating rate appears in the Comptonized photons roughly
at the same time at every energy, and eventually in the soft
component. The situation appears to be extremely compli-
cated, and we believe that the interpretation of data cannot
avoid dealing with such complications (see, e.g., &Nowak
Vaughan In view of forthcoming better timing data1996).
in a work in progress, we aim to perform a detailed analysis
of the timing properties of an active Comptonizing corona.
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