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Flares like solar X-ray corona
Galeev et al. 1979

Analogy between AGN and
solar corona?
Hot accretion flow (ADAF) for low
accretion AGNs

Fig. 6. Suggested geometries for an accretion disk and Comptonizing corona for
predominantly spectrally hard states. The top figure is referred to as a “slab” or
“sandwich” geometry; however, it tends to predict spectra softer than observed.
The remaining three show “photon starved geometries” wherein the corona is less
effectively cooled by soft photons from the disk. The middle two geometries are
often referred to as “sphere+disk geometries”, while the bottom geometry is often
referred to as a “patchy corona” or “pill box” model [140].

interest in such mechanisms [118,108,150].

The simplest such model is one where the corona sandwiches the accretion
disk [151–154]. For a uniform and plane parallel corona and disk, the basic
energetics of this geometry can be obtained from conservation principles. Let
us decompose the radiative flux into that from the corona Fc and that from
the optically-thick part of the disk Fd. The coronal flux is comprised of two
parts, an outward component, F+

c , and an inward component, F−
c , which will

be intercepted and reprocessed by the accretion disk. The total flux from the
disk, F t

d, is comprised of any intrinsic dissipation within the disk, F i
d, plus the

flux intercepted from the corona. Thus F t
d = F i

d +F−
c . The total flux from the

corona, F+
c + F−

c , is comprised of any intrinsic dissipation within the corona,
F i

c , plus the total outward flux of the disk. By definition, this is set equal
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X-ray reflection emissivity profiles in AGN 1291

point in the power-law form is determined by the outer extent of
the source, while the existence of X-ray sources within this radius
causes the profile to be flattened off within this part before steepen-
ing, once again, over the inner regions of the disc.

3.5 Jet sources

X-ray-emitting jets of collimated particles accelerated to relativistic
velocities are observed in a number of galactic black hole binaries
such as Cygnus X-1. It is conceivable that it is the X-rays from this
jet that illuminate the accretion disc giving rise to the reflection-
dominated component of the spectrum. A vertically collimated
X-ray source could also represent, for example, the X-ray emission
from a vertically collimated jet of particles accelerated up along the
rotation axis of the black hole in a radio galaxy.

Fig. 11 shows the accretion disc emissivity profiles due to illu-
mination by point sources moving radially at a constant velocity
up the rotation axis (the point sources are assumed to be isotropic
in their instantaneous rest frames) compared to a stationary source.
The emissivity profiles are computed, as before, by constructing
the tetrad basis vectors in the instantaneous rest frame of the X-ray
source, now moving radially.

Gravitational light bending and blueshifting of rays still enhance
the emission reaching the very inner part of the disc; however, the
highly relativistic radial motion of the sources causes the emission
to be beamed in front of the motion, greatly reducing the emission
behind the jet that reaches the middle region of the accretion disc
(Fig. 12). The emission reaching the accretion disc drops dramati-
cally by 1.5−2 orders of magnitude on the middle parts.

The very steep fall-off in the emissivity profile, the form of the
profile greatly differing from observed emissivity profiles and the
low fraction of the initial radiation that is reflected suggest that rela-
tivistically moving jet sources are not responsible for the significant
reflection components observed in AGN and galactic black hole

Figure 11. Theoretical accretion disc emissivity profiles due to a ‘jet’ com-
ponent moving radially up the rotation axis. The moving point source is
taken to be at a height of 5rg and is assumed to be isotropic in its in-
stantaneous rest frame. Velocities are quoted in the global Boyer–Lindquist
coordinates (dr/dt) as well as those measured by a stationary observer at
the same location (V). The rays propagating backwards, towards the black
hole, are still focused on to the inner parts of the accretion disc, however as
the relativistic motion of the source outwards causes emission to be beamed
away from the accretion disc causing a sudden drop in the emission reaching
the disc over the middle region.

Figure 12. Relativistic motion of the jet source causes the emission to be
beamed into the forward direction of motion. The black hole still focuses
the backward emission on to the innermost regions of the accretion disc;
however, X-rays are now beamed away from the accretion disc, reducing
reflection from the middle region.

binaries, rather these more likely occur from a more slowly moving
corona.

Accelerating jets of particles do, however, raise the possibility
that the observed X-ray continuum and reflected component could
be disconnected, with a fairly constant reflection component from a
steady base of a jet or extended corona, while the observed variable
continuum radiation is dominated by fast moving particles in the
jet accelerated by a variable mechanism. Weaker variation of the
reflection component that is uncorrelated with the variation in
the primary continuum was observed by Vaughan & Edelson (2001)
and Fabian & Vaughan (2003) in MCG–6-30-15. Such disconnec-
tion of the observed continuum and reflection also relaxes the con-
straint on the relative fluxes observed in the continuum and reflection
components of the spectrum if they are no longer dominated by the
same component.

3.6 Black hole spin

The most significant effect of varying the spin of the black hole is
to change the location of the innermost stable circular orbit (ISCO).
For a maximally rotating black hole (a = 0.998) in the Kerr space–
time, the ISCO lies at a radial coordinate of 1.235rg while for a
non-rotating, Schwarzschild black hole, the ISCO moves out to
6rg. The accretion disc cannot exist stably within the ISCO since
material is unable to maintain a stable orbit here and will plunge
into the black hole, reducing the density in this region causing little
or no reflection to be seen within the ISCO.

Fig. 13 shows theoretical emissivity profiles for the accretion disc
around black holes with varying (dimensionless) spin parameter, a,
for both an axial and orbiting ring sources. It can be seen that the
spin parameter has little effect on the emissivity at specific locations
upon the disc, with the only notable change in the profiles being the
truncation of the disc at greater radii as the spin parameter decreases.
As such, the steepening over the inner part of the accretion disc is
only seen for rapidly spinning black holes, with no steepened inner
part seen for a ≤ 0.8, though this is due to the lack of reflector at
small radius where the spin is low rather than an intrinsic effect of
the black hole spin. In the case of the source orbiting with the same
angular velocity as the disc element below, reflection is slightly
enhanced from the innermost regions for lower values of the spin
owing to the angular velocity of a circular orbit being greater for
smaller values of the spin parameter, increasing relativistic beaming.

This is, of course, only accounting for the propagation of
X-rays around the black hole and assuming ‘idealized’ reflection
off of a razor thin accretion disc extending as close to the black
hole as it is able to as defined by the innermost stable orbit. It may
be that the accretion disc does not extend this far inwards, in the
case of a truncated accretion disc with an advection-dominated hot
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Figure 2. The effective area of successive annuli in the accretion disc,
which is the total value (per dr) by which the photon count in the radial bin
from the ray-tracing simulation is divided in order to obtain the emissivity
profile in equation (11). The classical area, r dr of the annulus is compared
with that in the Kerr space–time for a stationary area element as well as an
orbiting element, multiplying by the Lorentz factor, γ , to take into account
Lorentz contraction as observed by a stationary observer. Finally, the effect
of redshift on the rays is accounted for. It is noted that the relativistic effects
on the area of the disc element exactly cancel one factor of the redshift, g,
such that the fully relativistic result is equal to r dr/g.

Figure 3. The geometry of an isotropic point source located on the rotation
axis above the black hole for which theoretical emissivity profiles are initially
computed.

one factor of redshift, so in practice the effective area of the annulus
is given by dividing the classical area (r dr) by one factor of the
redshift. This function is also plotted for comparison.

3.2 Axial X-ray sources

The simplest, idealized case is that of an isotropic point source, sta-
tionary upon the rotation axis (Fig. 3). This will allow us to explore
the effects of ray propagation in the Kerr space–time on the emis-
sivity profile of the accretion disc, with the fewest free parameters
and assumptions about the nature of the source itself. A localized
source, however, may be expected if the X-ray emission results from
magnetic reconnection events within the corona (Galeev, Rosner &
Vaiana 1979; Merloni & Fabian 2001).

Theoretical emissivity profiles for isotropic point sources, sta-
tionary upon the rotation axis, at varying heights above the black
hole are shown in Fig. 4.

In all cases, the profile tends to a power law with an index slightly
steeper than 3 over the outer regions of the disc (from 3.1 for a source

at height of 10rg to a steeper index of 3.3 for a source height of 3rg),
with the power-law indices steepening as high as 6 ∼ 7 over the
innermost parts.

It can be seen that as the source is moved higher up the rota-
tion axis, further from the black hole, the region over which the
emissivity profile is flattened increases (the region where r ≪ h).
The outer break point in the power-law form of the profile moves
to coincide approximately in radius with the height of the source
(Fig. 5) for sources at heights greater than 12rg with the outer break
at a radius slightly greater than the height of the source for lower
sources (due to the requirement for the break being r ≫ h which
requires a greater increment in r for smaller h).

As the source is moved closer to the black hole, the steepening
over the inner regions is greatly enhanced as more photons are
focused on to the inner regions of the disc while rays are bent
towards the central black hole, until the source is as low as 3rg

at which point the steepening is so significant that it masks the
classically predicted flattened region of the profile (now constrained
to a much smaller region of the disc where r ≪ h). The emissivity
profile more closely resembles a once-broken power law which in
the extreme case of a source at only 1.235rg above the black hole
has a very steep power-law index of around 8 out as far as a radius
of 5rg before tending towards an index around 3.5 over the outer
regions of the disc.

3.3 Orbiting sources

While it is conceivable that X-rays originate from a stationary point
source close to the rotation axis, one might also consider the case of
a point source located elsewhere in the corona. The concept of a sta-
tionary object in the corona (if not on the rotation axis) is somewhat
unphysical, given that the AGN is considered to have formed from
the gravitational collapse of material towards the galactic centre, a
process in which it is likely to rotate, conserving angular momen-
tum. Furthermore, without rotation, the material will just fall into
the black hole and will not survive for long as a corona (unless it
is replenished). Due to the axisymmetry of the Kerr space–time, a
point source in orbit at a given radius is equivalent to a continuous
ring source of that radius (which may be relevant when considering
the total emission from many localized flaring events when looking
at time-averaged X-ray spectra).

We again consider the idealized case of an isotropic point source
to explore the observed effects in the emissivity profile due to ray
propagation to the accretion disc in general relativity with the min-
imum number of free parameters. Orbiting point sources at various
locations in the corona will be the building blocks for extended
X-ray sources.

Theoretical emissivity profiles for isotropic point sources as
shown in Fig. 6, orbiting the rotation axis at varying radii at a
height h = 5rg above the disc plane, are shown in Fig. 7. The
sources are ‘corotating’ with the element of the accretion disc at the
same radius, i.e. a source at a distance x from the rotation axis as
measured along a plane parallel to the accretion disc below is taken
to be orbiting at the same velocity as the element of the disc in a
(relativistic) Keplerian orbit at radius x. Where the orbiting source
is close to the disc, this serves as an approximation to the orbital
velocity; however, if the X-ray source originates from flaring due to
magnetic reconnection in poloidal field lines anchored to the ion-
ized accretion disc, it may also be expected that the coronal material
will move along with the orbiting disc.

As for the case of an axial source, the profiles are steepened from
the classical case due to gravitational light bending, focusing more
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Figure 4. (a) Theoretical accretion disc emissivity profiles due to a stationary isotropic point source located at varying heights above the black hole on the
rotation axis. (b) The emissivity profiles scaled by r3, illustrating the steepening of the emissivity profile over the inner disc (where the plot decreases) before
the profile flattens (plot increasing) and then tends to a constant power-law index of around 3 over the outer disc (plot approximately constant). The plot styles
in the two plots correspond to one another.

Figure 5. Observed location of the outer break point between the flattened
region of the emissivity profile and the power law of constant index around
3 over the outer part of the accretion disc (where r ≫ h) for axial point
sources of increasing height above the disc.

Figure 6. The considered geometry of an isotropic point source orbiting
the rotation axis above the plane of the accretion disc.

rays on to the inner region of the disc as well as the blueshifting
of photons as they travel towards the innermost regions. These
calculations show that the power-law index of the emissivity profile
over the innermost regions of the disc ranges from 7 for sources
close to the rotation axis and black hole, within 5rg, to 6 where

Figure 7. Theoretical emissivity profiles for isotropic point sources orbiting
the rotation axis at varying radii at a height h = 5rg above the disc plane.
The sources are ‘corotating’ with the element of the accretion disc at the
same radius.

the source located further out between 20 and 25rg (this central
steepening of the emissivity profile is almost entirely due to the
blueshifting of photon energies and arrival rates as the rays travel
towards the black hole now the source is located away from the
inner parts of the disc). The index of the emissivity profile for the
outer disc is 3.2 in each case.

The emissivity profiles are flatter over the middle region than for
axial sources, owing to the source being located further out from the
rotation axis, so the classical region where h ≫ r giving a constant
flux at the disc is not masked by the relativistic effects steepening
the profile over the inner disc.

Since an X-ray source close to the innermost stable orbit will be
travelling at relativistic speeds if in a Keplerian orbit, emission will
be ‘beamed’ into the forward direction of source motion. This will
enhance the flux in front of the source and (to a lesser extent) on the
region of the disc directly below the source locus while reducing
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the flux received outside of this region. This will serve to further
flatten the emissivity profile.

Following this reasoning, increasing the radius of the ring source
flattens the profile out to a larger radius. Where the source height
is less than or of the order of the source’s radius, a small peak
is observed in the emissivity profile below the source, where the
proximate regions of the disc subtend a large solid angle at the
source so a large number of rays are intercepted by this region of
the disc before they are able to propagate further out.

3.4 Extended sources

While it is instructive to consider the case of isotropic point sources
in the corona to illustrate the factors affecting the emissivity profile
of the accretion disc from X-ray reflection, in reality, the source is
likely to be extended over a region of the corona where particles are
heated and accelerated, upscattering seed photons to the observed
X-rays.

In the simplest case, an extended X-ray source can be considered
as the sum of point sources assuming that the corona is optically
thin to the emitted X-rays such that emission from any part of the
source can escape without interacting with other parts (as one might
expect for an optically thin corona of hot, accelerated electrons that
inverse Compton scatter photons). This simple model will illustrate
the behaviour of such systems in determining the accretion disc
emissivity profile.

A vertically extended source of X-ray emission can be con-
structed by summing isotropic point sources at regular intervals.
This will allow the emissivity profiles of sources of finite height
above the disc plane to be investigated. The emissivity profile result-
ing from a stationary, vertically extended source whose luminosity
is constant along its length is shown in Fig. 8. These profiles take an
almost constant power-law index all the way out on the disc as the
profiles from sources at successive heights sum together, masking

Figure 8. Theoretical accretion disc emissivity profile due to a vertically
extended stationary source on the rotation axis, extending from 2rg to 20rg.
The emissivity profile compared to those of point sources located at either
end of the extended source, illustrating that the overall emissivity profile
combines the effects of the more extreme steepening over the inner disc
from the source closer to the black hole, with the slight outer break point
corresponding to that in the emissivity profile of the highest source (though
the effect of summing the sources up the axis is to steepen the middle
region of the profile, making the break points in the power-law form less
pronounced).

Figure 9. Extended X-ray source defined by a lower and upper height from
the disc plane as well as an inner and outer radius.

the flattened part of each. There is steepening due to relativistic
blueshift on the innermost parts and a very slight break to the out-
ermost index of around 3 corresponding to the break point in the
emissivity profile of the uppermost extent of the source.

Spatially extended X-ray sources may be studied in more detail
through Monte Carlo ray-tracing simulations. Rays are started at
random locations (with a uniform probability density function such
that all locations are equally likely) within an allowed cylindrical
source region (defined by a lower and upper height from the disc
plane as well as an inner and outer radius) and are assigned random
initial direction cosines cos α and β, again with uniform probability
density (Fig. 9). This will simulate the effect of an X-ray source
of finite spatial extent that is, again, optically thin to the X-rays it
emits. Each local region of the source is taken to be corotating with
the element of the accretion disc in a relativistic Keplerian orbit at
the same radius. To account for the variation in source luminosity
across its extent, the rays reaching the disc can be weighted by power
laws in the height and radius of their origin in the source (or in-
deed weighted by other functions) allowing for simple non-uniform
sources to be modelled, however as this introduces a number of
free parameters that will not be constrained by the current quality
of observations, the simplest case of constant luminosity sources is
taken here to explore the effects of spatially extending the source.

Modelling a radially extended source at a height of 10rg and
extending radially to 25rg produces an emissivity profile as shown
in Fig. 10 and, for reference, is compared to a single point source
located at the outer extent. It can be seen that the outermost break

Figure 10. Theoretical accretion disc emissivity profiles due to an extended
disc of emission located at a height of 10rg above the disc plane and extend-
ing radially to 25rg from the rotation axis, compared to that arising from a
point source orbiting on the outermost edge of this source.

C⃝ 2012 The Authors, MNRAS 424, 1284–1296
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS



Alexander+11

Spectra slope evolves with Eddington ratioHybrid Comptonization model for accreting SMBHs 3341

Figure 12. Dependence of the spectral slope on the Eddington ratio. The red diamonds mark LINERs (compilation from Satyapal et al. 2005; González-Martı́n
et al. 2009b). Other symbols correspond to the data on Seyfert galaxies and quasars: magenta crosses (Zhou & Zhao 2010), blue squares (Zhou & Zhang
2010) and green triangles (Vasudevan & Fabian 2009), offset up by 0.2 to correct for reflection. The black filled circles show the averaged data (binned into
intervals of one decade in L/LEdd) with the corresponding dispersion. The black solid line shows the result of our simulations with parameters f 0 = 2 and β =
1 from equation (23) and τ 0 = 1.0 and θ = 0.5 from equation (17). The dashed line corresponds to f 0 = 3 and β = 1 and the constant optical depth τ = 1.0
(corresponding spectra and electron distributions are shown in Fig. 11).

We note, however, that Seyferts demonstrate spectral variations
with varying flux. The dependence between the X-ray spectral slope
and the X-ray flux for individual objects can often be fitted with a
power law (Chiang et al. 2000; Done, Madejski & Życki 2000;
Shih, Iwasawa & Fabian 2002; Chiang & Blaes 2003; Lamer et al.
2003). Similar correlations were found for GBHs, for example,
in Cyg X-1 (Zdziarski et al. 2002). If we interpret the observed
correlation in terms of the varying disc contribution f (L) given by
equation (23) and assume that the spectral slope is determined by
the accretion rate only (within small uncertainties corresponding
to specific parameters of the system), the data require β ! 2. This
implies a strong dependence of the inner radius of the accretion disc
on the mass accretion rate.

More recently, Sobolewska & Papadakis (2009) presented the
statistical analysis of the correlation for 10 AGNs. The average
α–F correlation was shown to be less steep than that for each
individual object. This effect might be caused by the fact that the
same spectral slope in their data correspond to different Eddington
ratios in different objects. Thus, a tight correlation for any individual
object is somewhat smeared out when considering an ensemble of
sources. The reason for this smearing might be the badly determined
mass of the central object. A similar slope–luminosity (in Eddington
units) correlation is also observed in a large sample of Seyferts and
quasars (Vasudevan & Fabian 2009; Zhou & Zhao 2010; Zhou &
Zhang 2010) as shown in Fig. 12. We can interpret this correlation in
terms of the varying contribution from the disc to the total luminosity
and an increasing role of the disc photons for Comptonization. The
dependence of the spectral slope on the Eddington ratio is shown
in Fig. 12. Two cases are considered: (1) varying optical depth
τ = (L/LEdd)1/2 with the disc luminosity fraction f = 2(L/LEdd);
and (2) the constant optical depth τ = 1.0 with f = 3(L/LEdd) (the
spectra and electron distributions for this case are shown in Fig. 11).
In both cases, a strong correlation α–L/LEdd was found. The best-
fitting relation α ∝ 0.3log (L/LEdd) found by Zhou & Zhao (2010)
matches well the corresponding lines from our simulations. Thus,
at high luminosities, L/LEdd ! 3 × 10−2, the observed spectral
softening can be explained by the motion of the inner radius of the
accretion disc towards the black hole and the increasing role of the
accretion disc in supplying soft seed photons for Comptonization
in the X-ray-emitting region (corona or inner hot flow).

4.3 Narrow-line Seyfert 1 galaxies and quasars

NLSy1s seem to form a distinct class of Seyferts. They are identified
by narrow optical permitted and forbidden lines. The UV properties
are unusual for the presence of both low- and high-ionization lines.
Their X-ray spectra are on average steeper than those of NLSy1s
(Middleton, Done & Gierliński 2007), with commonly observed
strong soft excess and frequently detected high-amplitude variabil-
ity. The Eddington ratios are on average higher than in broad-line
Sy1s (e.g. Komossa 2008). The power spectral density (PSD) spec-
trum of the NLSy1 NGC 4051 is similar to the PSD of the soft
state of Cyg X-1, but shifted to lower frequencies (McHardy et al.
2004). Similar to the soft state of GBHs, one can expect that the two
Seyfert classes differ by the presence of the accretion disc close to
the compact object. If the disc extends very close to the SMBH, most
of the energy is radiated in the UV range and completely ionizes
the medium around. Hence, the lines in NLSy1s can be produced
only in the region far away from the central object, where the gas
velocities are relatively low (Brandt et al. 1994).

Soft excess is an ubiquitously observed feature in the 0.4–1 keV
range in NLSy1s and radio-quiet quasars. It can be modelled by a
cool Comptonization component (Pounds et al. 1995; Vaughan et al.
2002); however, its position in the spectrum seems to be independent
of the central black hole mass, temperature of the accreting disc
and luminosity of the object. Gierliński & Done (2004) proposed
an alternative formation scenario where the excess arises from the
smeared absorption of the highly ionized oxygen and iron present in
the hot wind from the accretion disc. For the quasar PG 1211+143,
they obtained the slope of the intrinsic spectrum of α ≈ 1.7 in
the range 0.4–10 keV. This spectrum can be well reproduced by
our model where the luminosity of the seed photons from the disc
exceeds by 10 times the power injected to electrons (see Fig. 13).
This results in a soft, power-law-like spectrum in the X-ray band
produced by non-thermal Comptonization. In this model, no cut-off
is expected up to high (≫100 keV) energies.

5 C O N C L U S I O N S

We have studied the spectral formation in hot non-thermal plasmas
under the conditions relevant to the vicinities of SMBHs in AGNs,
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Figure 5. Plot of Kbol against λ. A typical error is shown in
the upper left corner: the green solid error bar is the statistical
error, the red dashed one corresponds to the total error on λ
(which includes the uncertainty related to the virial method used
to estimate the black hole masses). The solid line represents the
OLS best fit relation. Blue triangles are the binned data.

We compute the ordinary least-squares (OLS) fit for the
correlation Γ− λ and we obtain

log Γ = 0.25 log λ+ 2.48 (10)

with an error of ±0.05 on the slope, and the bisector from
which

log Γ = 0.75 log λ− 2.77 (11)

with an error of ±0.04 on the slope.

4.2 Bolometric correction Kbol

We find a significant correlation between Kbol and λ (robs =
0.33, P = 0.42%, Fig. 5), while the correlation between
Kbol and Ṁ is only marginally significant (robs = 0.27,
P = 2.14%).

By using the equation (8) to correct the correlation co-
efficient of Kbol − λ correlation, we obtain ri = 0.52 which
suggests that ∼ 25% of the variance on Kbol is explained by
λ. We compute the ordinary least-squares (OLS) fit for the
correlation Kbol − λ and we obtain

logKbol = 0.18 log λ+ 1.61 (12)

with an error of ±0.06 on the slope, and the bisector from
which

logKbol = 0.72 log λ− 2.32 (13)

with an error of ±0.05 on the slope.
The slope obtained using the bisector method

(0.72±0.05) is in good agreement with that presented in
Lusso et al. (2012) (0.75±0.04) while the OLS slope is sig-
nificantly (∼2.5σ) flatter (0.18 versus 0.39). The discrepancy
is slightly reduced if we fit the data on the same range of
Kbol observed in Lusso et al. (2012) (we find 0.24 ± 0.11).
Again, we have verified that the observed correlations are
not due to the exclusion of the elusive AGNs.

In conclusion, the results show that both the spectral
index Γ and the bolometric correction Kbol depend signifi-
cantly on λ: steep Γ (∼ 2.5) and high Kbol (∼ 30−60) values

correspond to higher λ (∼ 1), flat Γ (∼ 1.7) and low Kbol

values (∼ 10) correspond to lower λ (∼ 10−2). Since Kbol

depends also on Γ it is possible that the Kbol − λ correla-
tion is induced by the (stronger) Γ − λ correlation. Again,
we have verified this hypothesis using the partial correlation
analysis and found that the dependence between Kbol and λ
can indeed be explained as induced to the Γ-λ correlation.

In order to visualize these dependences we show in Fig. 6
two theoretical SEDs representing two extreme cases of low
(λ ∼ 10−3, left panel) and high (λ ∼ 1, right panel) accretion
rate. We have built these SEDs using a Shakura-Sunyaev
disk model with a maximum temperature of 3 eV (corre-
sponding to the average temperature of the sample sources)
and a power-law in the range between ∼ 0.01 and 100 keV
with a cut-off at 0.1 keV. The values of the spectral index
of the X-ray power-law and the relative normalizations be-
tween the disk and the X-ray component are obtained from
our Γ − λ and Kbol − λ fits, i.e. from (10) and (12). In this
way the two SEDs of Fig. 6 can be considered as a visual
representation of the correlation analysis discussed in the
previous sections. To simplify the comparison between the
two SEDs, we assumed the same disk emission in both cases.
It is clear from the comparison of the two SEDs that the
variation of Kbol with λ can be simply explained as due to a
change of Γ, as suggested by the partial correlation analysis.
We stress that the point where the disk emission intersects
the corona emission is not fixed “a priori” but it comes from
the values of Γ and Kbol obtained from the fits.

4.3 αOX

Contrary to what is observed for the Kbol, we find a
marginally significant anticorrelation between αOX and λ
robs = −0.25, P = 3.32%) while we find a significant anti-
correlation between αOX and Ṁ (robs = −0.41, P < 0.10%,
Fig. 7). Even if we weight the correlation coefficients for
the errors the dependence between αOX − Ṁ remains the
strongest one (ri = −0.41 versus −0.39). This result con-
firms what is usually found in the literature i.e. that the
value of αOX anti-correlates with the bolometric/UV lumi-
nosity while it has weaker dependence with the Eddington
ratio. The inclusion of the elusive AGNs improves the sig-
nificance of both αOX − λ and αOX − Ṁ correlations.

Since both Kbol and αOX are expected to be in some
way proxies of the disk/corona relative intensity, the fact of
finding two different dependences for these two quantities,
one (Kbol) on the relative accretion rate and the other (αOX)
on the absolute accretion, seems difficult to reconcile. How-
ever, these two observational parameters are clearly related
but not identical. The major difference is the fact that αOX

is defined at given monochromatic frequencies while Kbol

is the ratio of two integrated quantities. For a fixed value
of Kbol we can measure different values of αOX depending
on the actual spectral shape and vice-versa. In particular,
the value of αOX is less sensitive to the slope of the X-ray
emission if compared to Kbol (robs = −0.24, P = 4.04%
for αOX − Γ, and robs = 0.53, P < 0.1% for Kbol − Γ). As
shown in the previous section, the dependence of Kbol to the
Eddington ratio is probably induced by a change of Γ so it
is probable that the weaker dependence of αOX on λ is a
consequence of the weaker dependence of αOX on Γ.

On the other hand, the significant dependence of αOX
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brighter pattern in 
individual sources

Sobolewska & Papadakis 2009

X-ray spectral variation in individual AGNs:
Softer-when-brighter

1604 M. A. Sobolewska and I. E. Papadakis

Figure 6. Relations between the average EW of the iron line and the average (a) 2–10 luminosity, (b) mass accretion rate and (c) photon index. The solid line

in panel (a) indicates the best-fitting relation EW ∝ L
−0.23±0.06
2−10 .

Figure 7. Dependence of !obs on F 2−10 for all AGN in the sample. (a)–(j) The individual data (crosses) are shown together with the binned data (filled circles,
see Section 3.3 for details of binning). Errors on the binned data are plotted, but are smaller than the size of the symbols. (k) Binned data of NGC 3516 resulting
from the simple power-law model (filled circles) and power-law model modified by a Gaussian line and absorption edge with variable line and edge energies
(open circles; models M1 and M6 in Fig. 4, see Section 3.3 for details). (l) Binned ! − F 2−10 data of all AGN. Fluxes are normalized to the respective F 2−10,
and we have subtracted the respective !obs from the spectral slope values. NGC 5548 (filled squares) follows a different ‘slope versus flux’ relation than the
other AGN (open circles).

3.3 The spectral variability of each source

Crosses in panels (a)–(j) of Fig. 7 indicate the individual (!obs,
F 2−10) points for each AGN in the sample. To better illustrate the
long-term, observed spectral slope–flux relation in these objects,

we grouped the (!obs, F 2−10) data in flux bins and calculated the
(unweighed) mean flux and photon index in each bin. Each bin
contains at least 20 measurements, and the number of bins is roughly
equal for all the sources. Filled circles in Fig. 7 indicate the (average
spectral slope, average F 2−10) points. Both the binned and un-binned
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The long-term X-ray spectral variability of AGN 1605

data points in Fig. 7 suggest that, in almost all objects, the spectrum
softens with increasing 2–10 keV flux.

In Fig. 7(k) we plot the binned spectral slope–flux data for NGC
3516 using the best-fitting results of model M6 (filled circles) to-
gether with those when we used the best-fitting results of model M1
(open circles; this is the model that shows the largest discrepancy
in !obs with the statistically acceptable model M6 for this source).
We fitted a power-law model to the M1 and M6 data plotted in this
panel, and the best-fitting slopes differ by 0.08 ± 0.02, with the
M1 slope being flatter. Therefore, the exact shape of the ‘!−F 2−10’
plots in Fig. 7 does depend on the choice of the model used to fit the
individual spectra of the sources. However, the overall trend stays
the same in both cases: the spectrum steepens with increasing flux.

In fact, the spectrum steepens with increasing flux in almost the
same way in all sources. The open circles in Fig. 7(l) indicate the
binned ‘!obs−F 2−10’ data for all sources. We did not use different
symbols for each source in order to emphasize the fact that, in all
sources, the spectral shape varies with flux in a similar way. The
only exception is NGC 5548. Filled squares in Fig. 7(l) indicate the
‘!obs − F 2−10’ data for this source. The spectral slope appears to
stay roughly constant, although the 2–10 keV flux varies by almost
an order of magnitude. A positive correlation between spectral slope
and X-ray flux may exist at the highest luminosity bins, but there is
also a hint of an anti-correlation at the lowest luminosity bins.

The positive correlation between !obs and F 2−10 can be trans-
lated into a correlation between !obs and ṁX,E, similarly to that
between their average spectral slope and average accretion rate
[cf. Fig. 5(c)], but not necessarily the same. Fig. 8 shows the binned

Figure 8. The binned spectral slope–flux data, as in Fig. 7, plotted with the
best-fitting function to the data plotted in Fig. 5(c). The sources were split
arbitrarily between panels (a) and (b) for clarity of presentation.

(!obs, ṁX,E) data for all sources plotted together with the best-fitting
power-law model to the (!obs, ṁX,E) data from Fig. 5(c). It is clear
that, in at least some cases, such power law cannot fit well the
individual observed spectral slope–accretion rate relations.

To quantify the comparison between the average and the individ-
ual observed spectral slope–accretion rate relations, we fitted the
(!obs, ṁX,E) data plotted in Fig. 8 with the same power-law model
we used to fit the data shown in Fig. 5(c). The model fits well the
data of Akn 564 (βAkn564 = 0.10 ± 0.01, χ 2 = 15/8 d.o.f., pnull =
0.06), NGC 5506 (βNGC5506 = 0.12 ± 0.01, χ 2 = 8.1/8 d.o.f.,
pnull = 0.43), Mrk 766 (βMrk766 = 0.16 ± 0.01, χ 2 = 6/8 d.o.f.,
pnull = 0.75) and NGC 3516 (βNGC3516 = 0.32 ± 0.02, χ 2 = 5.8/7
d.o.f., pnull = 0.56). Interestingly, βAkn564 and βNGC5506 are similar
to the best-fitting slope in the case of the (!obs, ṁX,E) plot.

4 D ISCUSSION

The main aim of this work was to determine the shape of the X-ray
continuum, and study its variability, in 10 X-ray luminous AGN
which have been observed regularly with RXTE since 1996. We
used a large number of spectra, which were taken regularly over a
period of many years. As we argued in the introduction, since this
time period is much larger than the characteristic time-scale in these
objects, it is possible that we have sampled the full range of their
spectral variations. We therefore believe that we have determined,
as accurately as possible at present, the observed spectral slope–
flux relation for the AGN in the sample. In Section 4.1, we discuss
the implications from the average observed spectral slope–accretion
rate correlation reported in Section 3.1.

In Section 2.2.5, we argued that despite the limited spectral res-
olution of the PCA on board RXTE, the !obs values we derived
from the model fitting of the individual spectra of each source are
representative of their actual X-ray spectral shape. However, this
conclusion does not necessarily imply that !obs = !intr (!intr being
the intrinsic slope of the X-ray continuum). Due to the short expo-
sure of the individual RXTE observations and the limited resolution
of the PCA on board RXTE, we cannot constrain the properties of
any warm absorbing material that may affect the spectra above 3
keV. Consequently, if there exists such a warm absorbing material
in the vicinity of our X-ray sources, we would expect !obs < !intr.
Similarly, the possible presence of a significant reflection compo-
nent (which we did not take into account in our models) will also
affect the observed X-ray spectral shape. As a result, we would
expect again the spectral shape of the continuum to appear harder
than it actually is, i.e. !obs < !intr.

Although all these mechanisms may operate in AGN, one of our
main results is that the ‘!obs−flux’ relation is similar to all the ob-
jects in the sample, despite the fact that their BH mass and accretion
rate are quite different. This common behaviour argues that their
spectral variability is mainly driven by the same mechanism in all
of them. In the following sections, we demonstrate that, using var-
ious reasonable assumptions, the plots shown in Figs (7)–(8) can
be used to test various models for the AGN spectral variability that
have been proposed in the past few years.

4.1 The average X-ray spectral shape in AGN
and Comptonization models

One of the main results of our study is that the AGN in the sample do
not have the same average spectral slope. Instead, we found that !obs

correlates positively with ṁX,E, that is AGN with a higher accretion
rate show softer X-ray spectra as well. This is in agreement with
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The long-term X-ray spectral variability of AGN 1605

data points in Fig. 7 suggest that, in almost all objects, the spectrum
softens with increasing 2–10 keV flux.

In Fig. 7(k) we plot the binned spectral slope–flux data for NGC
3516 using the best-fitting results of model M6 (filled circles) to-
gether with those when we used the best-fitting results of model M1
(open circles; this is the model that shows the largest discrepancy
in !obs with the statistically acceptable model M6 for this source).
We fitted a power-law model to the M1 and M6 data plotted in this
panel, and the best-fitting slopes differ by 0.08 ± 0.02, with the
M1 slope being flatter. Therefore, the exact shape of the ‘!−F 2−10’
plots in Fig. 7 does depend on the choice of the model used to fit the
individual spectra of the sources. However, the overall trend stays
the same in both cases: the spectrum steepens with increasing flux.

In fact, the spectrum steepens with increasing flux in almost the
same way in all sources. The open circles in Fig. 7(l) indicate the
binned ‘!obs−F 2−10’ data for all sources. We did not use different
symbols for each source in order to emphasize the fact that, in all
sources, the spectral shape varies with flux in a similar way. The
only exception is NGC 5548. Filled squares in Fig. 7(l) indicate the
‘!obs − F 2−10’ data for this source. The spectral slope appears to
stay roughly constant, although the 2–10 keV flux varies by almost
an order of magnitude. A positive correlation between spectral slope
and X-ray flux may exist at the highest luminosity bins, but there is
also a hint of an anti-correlation at the lowest luminosity bins.

The positive correlation between !obs and F 2−10 can be trans-
lated into a correlation between !obs and ṁX,E, similarly to that
between their average spectral slope and average accretion rate
[cf. Fig. 5(c)], but not necessarily the same. Fig. 8 shows the binned

Figure 8. The binned spectral slope–flux data, as in Fig. 7, plotted with the
best-fitting function to the data plotted in Fig. 5(c). The sources were split
arbitrarily between panels (a) and (b) for clarity of presentation.

(!obs, ṁX,E) data for all sources plotted together with the best-fitting
power-law model to the (!obs, ṁX,E) data from Fig. 5(c). It is clear
that, in at least some cases, such power law cannot fit well the
individual observed spectral slope–accretion rate relations.

To quantify the comparison between the average and the individ-
ual observed spectral slope–accretion rate relations, we fitted the
(!obs, ṁX,E) data plotted in Fig. 8 with the same power-law model
we used to fit the data shown in Fig. 5(c). The model fits well the
data of Akn 564 (βAkn564 = 0.10 ± 0.01, χ 2 = 15/8 d.o.f., pnull =
0.06), NGC 5506 (βNGC5506 = 0.12 ± 0.01, χ 2 = 8.1/8 d.o.f.,
pnull = 0.43), Mrk 766 (βMrk766 = 0.16 ± 0.01, χ 2 = 6/8 d.o.f.,
pnull = 0.75) and NGC 3516 (βNGC3516 = 0.32 ± 0.02, χ 2 = 5.8/7
d.o.f., pnull = 0.56). Interestingly, βAkn564 and βNGC5506 are similar
to the best-fitting slope in the case of the (!obs, ṁX,E) plot.

4 D ISCUSSION

The main aim of this work was to determine the shape of the X-ray
continuum, and study its variability, in 10 X-ray luminous AGN
which have been observed regularly with RXTE since 1996. We
used a large number of spectra, which were taken regularly over a
period of many years. As we argued in the introduction, since this
time period is much larger than the characteristic time-scale in these
objects, it is possible that we have sampled the full range of their
spectral variations. We therefore believe that we have determined,
as accurately as possible at present, the observed spectral slope–
flux relation for the AGN in the sample. In Section 4.1, we discuss
the implications from the average observed spectral slope–accretion
rate correlation reported in Section 3.1.

In Section 2.2.5, we argued that despite the limited spectral res-
olution of the PCA on board RXTE, the !obs values we derived
from the model fitting of the individual spectra of each source are
representative of their actual X-ray spectral shape. However, this
conclusion does not necessarily imply that !obs = !intr (!intr being
the intrinsic slope of the X-ray continuum). Due to the short expo-
sure of the individual RXTE observations and the limited resolution
of the PCA on board RXTE, we cannot constrain the properties of
any warm absorbing material that may affect the spectra above 3
keV. Consequently, if there exists such a warm absorbing material
in the vicinity of our X-ray sources, we would expect !obs < !intr.
Similarly, the possible presence of a significant reflection compo-
nent (which we did not take into account in our models) will also
affect the observed X-ray spectral shape. As a result, we would
expect again the spectral shape of the continuum to appear harder
than it actually is, i.e. !obs < !intr.

Although all these mechanisms may operate in AGN, one of our
main results is that the ‘!obs−flux’ relation is similar to all the ob-
jects in the sample, despite the fact that their BH mass and accretion
rate are quite different. This common behaviour argues that their
spectral variability is mainly driven by the same mechanism in all
of them. In the following sections, we demonstrate that, using var-
ious reasonable assumptions, the plots shown in Figs (7)–(8) can
be used to test various models for the AGN spectral variability that
have been proposed in the past few years.

4.1 The average X-ray spectral shape in AGN
and Comptonization models

One of the main results of our study is that the AGN in the sample do
not have the same average spectral slope. Instead, we found that !obs

correlates positively with ṁX,E, that is AGN with a higher accretion
rate show softer X-ray spectra as well. This is in agreement with
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