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Marek Gierliński1,2� and Chris Done1

1Department of Physics, University of Durham, South Road, Durham DH1 3LE
2Obserwatorium Astronomiczne Uniwersytetu Jagiellońskiego, 30-244 Kraków, Orla 171, Poland
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ABSTRACT

The origin of the soft excess seen in many active galactic nuclei (AGN) below ∼1 keV is still an
unsolved problem. It is unlikely to represent a true continuum component as its characteristic
‘temperature’ shows a remarkable constancy over a wide range of AGN luminosity and black
hole mass. This instead favours an association with atomic processes, in particular with the
increase in opacity between 0.7 and 2 keV associated with partially ionized O and Fe. The
opacity jump can give rise to a soft excess through either reflection or transmission, and both
scenarios can fit the spectra equally well as long as there is strong velocity shear to smear
out the characteristic narrow atomic features. Here we use orthogonal constraints from the
energy-dependent variability. The rms spectra seen in XMM–Newton AGN data often show a
broad peak between 0.7 and 2 keV. We show that the absorption model can explain the data
well if the ionization state of the smeared absorption responds to luminosity changes in the
continuum.
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1 I N T RO D U C T I O N

One of the most interesting problems in active galactic nucleus
(AGN) astrophysics is the origin of the soft X-ray excess in Seyfert
1s and radio-quiet quasars. The soft X-ray spectra of these objects
often show extra emission below ∼1 keV with respect to the extrap-
olated power law observed at higher energies. This was originally
interpreted as thermal emission from the (Comptonized) accretion
disc (Turner & Pounds 1988; Magdziarz et al. 1998). However, the
temperature of this component is remarkably constant around 0.1–
0.2 keV regardless of central object luminosity and mass, in conflict
with disc models (Czerny et al. 2003; Gierliński & Done 2004,
hereafter GD04; Crummy et al. 2006).

The constant temperature of the soft excess is very difficult to
reconcile within any model of continuum emission. It is much easier
to explain if it has an origin in atomic processes, as these have
characteristic energies. In particular, there is a strong jump in opacity
at ∼0.7 keV from partially ionized material, where O VII/O VIII and
the Fe M shell unresolved transition array (UTA) combine to produce
much more absorption above this energy than below. However, the
soft excess is very smooth, with no discernible line and edge features
expected from atomic processes. Thus if this is the origin of the
soft excess, the partially ionized material must have strong velocity
gradients so that Doppler shifts smear these out.

�E-mail: Marek.Gierlinski@durham.ac.uk

Two alternative scenarios have been proposed using this underly-
ing physics. The first is that the partially ionized, velocity smeared
material is seen in reflection (e.g. Fabian et al. 2002a, 2004, 2005;
Crummy et al. 2006), the other that it is seen in absorption (GD04;
Chevallier et al. 2006; Schurch & Done 2006). The reflection ge-
ometry sets a limit on the size of the soft X-ray excess to only a
factor of ∼2–3 above the extrapolation of the higher energy spec-
trum (assuming an isotropic source above a smooth disc surface),
as the maximum reflected flux is set by the level of the illuminating
flux. However, some sources are observed to have soft excesses that
are much stronger than this, leading to the additional requirement of
anisotropic illumination, perhaps from gravitational light bending,
and/or a corrugated disc surface which hides most of the intrinsic
flux from sight (Fabian et al. 2002a; Miniutti et al. 2003; Miniutti
& Fabian 2004). The alternative geometry, where the partially ion-
ized, velocity-smeared material is seen in absorption, removes this
requirement as it has no corresponding limit on the size of the soft
excess. Instead, it requires fast-moving ionized material in the line
of sight (e.g. Sobolewska & Done, in preparation, hereafter SD06).

These two models represent rather different physical geometries,
and give rather different spectral deconvolutions of the data. How-
ever, they are indistinguishable in terms of statistical fit quality even
with excellent spectral data constraining the shape of the soft excess
from XMM–Newton (Chevallier et al. 2006; SD06). This is espe-
cially important as the interpretation of the soft excess impacts on
the inferred properties of the space–time. A reflection-dominated
approach leads to inferred high-to-maximal black hole spin, and
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perhaps also to an emissivity that is enhanced by extraction of the
spin energy of the black hole (Wilms et al. 2001). This is seen both
in terms of the iron line smearing, and in the size of the soft excess
assuming that light bending is the origin of the anisotropic illumi-
nation of the disc (Fabian et al. 2004; Crummy et al. 2006). By
contrast, with the absorption approach, SD06 and Schurch & Done
(2006) show that this continuum curvature removes the requirement
for an extreme red wing to the iron line in PG 1211 + 143. There
is still a reflection component from the X-ray-illuminated disc, but
this does not dominate the spectrum and the amount of relativistic
smearing is compatible with any black hole spin.

The idea that the extremely broad residual between 3 and 6 keV
seen, e.g., in MCG–6-30-15 could be an artefact of absorption-
induced continuum curvature was originally proposed by Inoue &
Matsumoto (2003) and Kinkhabwala (2003). They showed that ab-
sorption can indeed match the shape of the broad residual seen
in moderate-resolution ASCA data. However, Young et al. (2005)
pointed out that this model also predicts strong, narrow iron line
absorption in the 6.45–6.5 keV range, which is not seen in high-
resolution Chandra grating data. The model of GD04 differs from
this in that the absorption is smeared because of a large (relativis-
tic) range of velocities, so there are no narrow absorption features,
consistent with the Chandra limits.

Thus distinguishing between the absorption and reflection geome-
tries is very important in terms of understanding the space–time of
the black hole as well as understanding the nature of the accretion
flow. Since the spectral approach is currently unable to discriminate
between these two models, we here investigate their variability prop-
erties in the hope that this would give orthogonal constraints. Inoue
& Matsumoto (2003) showed that the ASCA variability spectrum of
MCG–6-30-15 is consistent with a varying power law and varying
warm absorbers. Here, we study in detail the energy-dependent vari-
ability of an ionized absorber due to changes in the luminosity of the
continuum, and show that this can match the observed variability
spectra of three AGN.

2 E N E R G Y- D E P E N D E N T VA R I A B I L I T Y

2.1 Models

The standard approach to investigate the energy dependence of the
variability is to plot the fractional root mean square (rms) variability
amplitude, F var, as a function of energy. The techniques for calculat-
ing such spectra are described in Edelson et al. (2002), Markowitz,
Edelson & Vaughan (2003) and Vaughan et al. (2003), but in out-
line the method consists of extracting a background-subtracted light
curve in each energy band, then calculating the fractional rms vari-
ability in the light curve, and then correcting this for the additional
variance imposed by the measurement errors. These techniques have
been applied to data from several instruments covering a range of
energies: RXTE (3–20 keV), ASCA (0.7–10 keV) and XMM–Newton
(0.3–10 keV).

The rms spectrum from a given object need not be unique. It
depends on the time-scales on which the data are measured, as these
probe different size-scales. RXTE monitored various AGN on all
time-scales between days and years (Markowitz et al. 2003), while
ASCA and XMM–Newton observed over much shorter time-scales
(hundreds of seconds to days). AGN variability can be also non-
stationary (Green, McHardy & Done 1999), so the rms spectra can
change in time. This was demonstrated by Gallo et al. (2004c), who
obtained dramatically different rms spectra depending on whether
a strong flare in the light curve was included or not.

Typically the rms spectra are consistent with a broad peak in the
variability amplitude between 0.8 and 2 keV, decreasing to higher
and lower energies, reaching a minimum around the Fe Kα line, and
then increasing slightly above this energy (Fabian et al. 2002b; Inoue
& Matsumoto 2003; Markowitz et al. 2003; Gallo et al. 2004a,b;
Ponti et al. 2004, 2006). This alone is enough to strongly support
atomic models for the origin of the soft excess, as it is very hard
to imagine the variability of any true soft continuum component
producing such energy dependence.

A successful model should simultaneously be able to explain both
the spectrum and the energy-dependent variability. However, in gen-
eral, the X-ray spectra of AGN are complex and consist of many
components: e.g. cold absorption, warm absorbers, continuum and
reflection (see e.g. Fabian & Miniutti 2006). Here we first examined
the variability produced by the smeared absorption model of GD04.
This is built around the absorption calculated from the sophisticated
photoionization code, XSTAR (Bautista & Kallman 2001), and then
smeared using a Gaussian kernel. This approximates the behaviour
of a large velocity shear in the absorber, and has the effect of remov-
ing the characteristic narrow absorption features, so as to produce a
smooth soft excess.

Three basic types of variability can be produced from such a
model. First, the ionization state of the absorber, ξ = L/nR2 (where
L, n and R are the luminosity, density and distance of the cloud from
the ionizing source, respectively), could change, in response to the
illuminating continuum variability. Secondly, its column density,
N H, could change as a result of clouds moving in and out of the
line of sight. Finally, the velocity shear, parametrized by the width
of the smearing Gaussian, σ vel, could change. The most physically
plausible seems to be changes in ionization, especially as it is clear
that the continuum does vary (regardless of whether it is due to
accretion rate change or e.g. light bending effects; Miniutti et al.
2003). Hence we first examined the effect of changing ξ .

We employed a Monte Carlo approach to quantify the spectral
variability. We simulated 3000 model spectra where log ξ 1 was
varied randomly with Gaussian distribution of standard deviation
σ (log ξ ) [or fractional rms, r (log ξ ) ≡ σ (log ξ )/〈log ξ〉] around a
given mean, 〈log ξ〉. All other parameters were fixed. These model
spectra were used to calculate the standard deviation at each en-
ergy channel, and thus to produce the rms spectrum (Gierliński &
Zdziarski 2005).

We started from parameters of the smeared absorber which are
close to those that fit the spectrum of PG 1211 + 143 (GD04;
SD06; Schurch & Done 2006): N H = 1023 cm−2, 〈log ξ〉 = 2.8 and
σ vel = 0.3. The continuum was a power law with the photon spec-
tral index � = 2.3. Such a soft intrinsic index is the effect of the
absorber hardening the apparent spectrum above ∼1 keV. For exam-
ple, SD06 show that the spectral index of the underlying continuum
in 1H 0707−495 is ∼2.5 in the smeared absorber model, while the
apparent 2–10 keV index is ∼1.8. We point out that the exact value
of the spectral index has little effect on our results.

Fig. 1 shows the effect of varying log ξ by 3 per cent of its mean
value, i.e. r (log ξ ) = 0.03. Panel (a) shows the spectral effect of
this broad absorption. The two major sources of opacity are at
∼0.9 keV (predominantly from O VII/O VIII lines and edges, to-
gether with the Fe UTA) and at 1.2–2 keV (predominantly from
Fe L lines and edges). At lower ionization the absorption becomes
more prominent, while at higher ionization the medium becomes
more transparent, but since there is little opacity below 0.5 keV and

1We denote log ξ ≡ log (ξ/1 erg cm s−1), for the sake of clarity.
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L18 M. Gierliński and C. Done

Figure 1. The variability predicted by ionization changes in the smeared
absorption model for a column of N H = 1023 cm−2 and Gaussian velocity
smearing of σ vel = 0.3 on an underlying continuum with � = 2.3. The
ionization varies with amplitude r (log ξ ) ≡ σ (log ξ )/〈log ξ〉 = 0.03 around
the mean 〈log ξ〉 = 2.8. (a) The energy spectra corresponding to the mean
ionization (solid line) and ±σ (log ξ ) (dotted lines). (b) The corresponding
rms variability spectrum.

above 5 keV, the variability spectrum (shown in Fig. 1b) results in a
broad peak between these energies, as is typically seen from AGN
rms spectra (Fabian et al. 2002b; Markowitz et al. 2003; Gallo et al.
2004a,b; Ponti et al. 2004, 2006).

We explored the range of variability spectra produced by different
columns and mean ionization parameters. The rms spectra shown
in Fig. 2 were calculated from 3 per cent variability in log ξ , i.e.
corresponding to changes of ∼20 per cent in ξ . The intrinsic spectral
index of the continuum was 2.3. All these show the characteristic
peak in the rms at 1–2 keV, but with very different normalization.
This is because the depth of the absorption trough in the spectrum is
a highly non-linear function of the ionization state. A small decrease
in ξ leads to much larger increase in opacity for 〈log ξ〉 = 2.6 than
for 〈log ξ〉 = 3.4, so giving much higher amplitude of variability
for the same column at lower mean ionization states. The behaviour
with column is somewhat simpler as it is not a function of ionization
state. At lower columns the absorption has a smaller effect on the
spectrum, so the changes in ionization give rise to less dramatic
variability.

There are also some detailed changes in the shape of the rms
spectra. We illustrate this by rescaling two of the rms spectra shown
in Fig. 2(b) to their peak value and plotting them on a linear scale
in Fig. 3(a). The shape changes from being dominated by a peak at
∼1 keV (lowest column) to being dominated by a peak at ∼2 keV
(highest column) with intermediate columns showing both peaks
in varying ratios. This is due to differential variability of the two
major absorption systems at ∼0.9 and 1.2–2 keV. The former is
produced predominantly by lines while the latter is predominantly

Figure 2. Grid of variability models based on the smeared absorption, with log ξ varying around its mean value with the standard deviation of 3 per cent of
the mean. Each panel shows the series of model variability spectra for N H = 3 (solid curve), 5 (dotted), 10 (dashed) and 30 (dash–dotted) ×1022 cm−2, with
mean 〈log ξ〉 = 2.6, 3.0 and 3.4 from left to right.

Figure 3. (a) Detailed shape of rms spectra for N H = 3 (black) and 30
(green) × 1022 cm−2 for 〈log ξ〉 = 3.0 taken from Fig. 2(b), and normalized
to their peak values. (b) Underlying, unsmeared, mean absorption corre-
sponding to each column. The lower energy absorption system at ∼0.9 keV
consists mainly of resonance lines. These are saturated in the high-column
system, so small changes in ionization do not produce much variability, and
there is little contribution to the rms (green curve). Conversely, the lines are
not saturated at lower columns so this feature is prominent in the rms spec-
trum (black curve). The higher energy absorption at 1.2–2 keV is dominated
by iron L edges. These do not saturate so this feature is present in both the
high- and low-column rms spectra.

edges (Fig. 3b). The lines easily become optically thick at high
columns, so their effect on the spectrum saturates, and the rms
spectra depend more on the opacity of the edges. High-ionization
iron L edges dominate for 〈log ξ〉 = 3.0, giving rise to the peak at
∼2 keV. At 〈log ξ〉 = 2.6 lower ionization iron ions dominate, so
the peak at high column is at ∼1.2 keV (Fig. 2a). The point at which
the resonance lines become optically thick (and hence insensitive to
changes in ionization) depends on the turbulent velocity assumed
for the absorption models. We assumed 100 km s−1 but the velocity
shear required for the smearing of (0.2–0.3)c may be a more realis-
tic estimate for this. This would lead to double-peaked rms spectra
over a wider range of parameters.

We also explored the effect of an alternative variability pattern,
driven by changes in N H rather than ionization. The effect of this
(with constant ionization) is generally to change the depth of all the
absorption features together. Thus the rms spectra produced by this
variability mode are generally single-peaked.

2.2 Application to the data

Encouraged by these results, we have attempted to apply the models
presented in Section 2.1 to observations of AGN. We have calculated
variability spectra from XMM–Newton data of NGC 4051 (2001
May 16/17 observation), MCG–6-30-15 (2001 August 2/3) and 1H
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Figure 4. The XMM–Newton rms spectra of MCG–6-30-15, 1H 0707−495 and NGC 4051 (crosses). The solid curves show the model of variable ionization
of the smeared absorber, roughly matched (not formally fitted) to represent the data. In all cases the underlying power law has index � = 2.3 and the smearing
is σ vel = 0.3. The ionization, column and variability are: (a) N H = 5 × 1022 cm−2, 〈log ξ〉 = 3.0 and r (log ξ ) = 0.036; (b) N H = 2 × 1023 cm−2, 〈log ξ〉
= 3.5 and r (log ξ ) = 0.08; (c) N H = 5 × 1022 cm−2, 〈log ξ〉 = 3.1 and r (log ξ ) = 0.12. The dashed lines show variability of the continuum: (a) and (b) the
energy-independent component (constant rms); (c) the pivoting power law (about 160 keV).

0707−495 (2002 October 13/14). We used background-subtracted
light curves with 256-s resolution, accumulated from all available
instruments (PN only for NGC 4051; both MOS and PN for MCG–
6-30-15 and 1H 0707−495). We show these spectra as crosses in
Fig. 4.

The rms spectra have rather broad peaks, indicating that models
with contributions from both absorption systems may be favoured
by the data. Accordingly, we have used the models where the vari-
ability is produced just from changes in the ionization parameter, as
in Figs 1 and 2. We assumed that this was driven by the power-law
continuum variability (with spectral index of � = 2.3), which pro-
duced an additional contribution to the rms. Normalization changes
of the power law produce an energy-independent term (i.e. con-
stant rms) to the variability spectrum (Gierliński & Zdziarski 2005).
When adding power-law and absorber variabilities, we assumed that
they were correlated and therefore the total standard deviation was
the sum of component standard deviations. We have not performed
formal spectral fits, but only roughly matched the model to the data.

Such a composite model of the variability can describe the rms
spectra seen from MCG–6-30-15 and 1H 0707−495, as shown by
solid curves in Figs 4(a) and (b). The dashed lines correspond
to the energy-independent component due to the varying power
law. However, the variability spectra from NGC 4051 could not be
described in this way. The spectrum shown in Fig. 4(c) appears
to have the broad peak between 0.8 and 2 keV superimposed not
on a constant rms background but on one that has more variabil-
ity at lower energies. This background rms can be modelled by a
power law that varies in both normalization and spectral index. We
found that a power law pivoting about an energy of 160 keV (see also
Uttley et al. 2004) added to the smeared absorber variability matches
the data well (Fig. 4c). Such continuum variability has been seen
in Galactic black holes in the low/hard spectral state (Gierliński &
Zdziarski 2005).

Clearly, such a simple model can only be an approximation. The
energy spectra of AGN are complex and require multiple additional
components. For example, 1H 0707−495 shows a large drop in the
energy spectrum above ∼7 keV (e.g. Fabian et al. 2004), which
cannot be explained by a highly ionized (logξ ∼ 3.5) absorber in
our model. This feature requires a more complex model of the ve-
locity structure than the simple Gaussian smearing assumed here,
if it arises from the absorber. Additional spectral components can
also respond in some way to the changing X-ray illumination and
add to the rms spectra. This may account for the features in the

rms spectra not covered by our model. In particular, there is a dip
in the rms around 7 keV in MCG–6-30-15, not covered by our
model. This could be due to a reflected component which remains
constant while the power-law continuum varies (e.g. Vaughan &
Fabian 2004). Similarly, a few rms spectra in the literature do not
show the characteristic broad peak between 1 and 2 keV: e.g. NGC
4051 (2002 November observation; Ponti et al. 2006), NGC 4151
(Schurch & Warwick 2002) and I Zw 1 (Gallo et al. 2004c) show
quite different rms spectra, with a sudden drop in rms below
∼2–3 keV. This kind of variability spectrum cannot be reproduced
by our simple variability model.

If ionization variability is driven by changes in the central source
luminosity, then we expect the fractional variability amplitudes of
ionization and luminosity to be similar. However, this only holds to
within a factor of ∼3. From the best-matching logarithm ionization
variability, r (log ξ ), we can find the corresponding ionization rms
amplitude r (ξ ) = 25, 60 and 76 per cent, for MCG–6-30-15, 1H
0707−495 and NGC 4051, respectively. Our best estimate for the
power-law variability (including the pivoting of the spectral index
in NGC 4051) yields only about 22, 23 and 27 per cent variability
in luminosity, respectively. It is difficult to quantify the statistical
uncertainties in these numbers, but if the levels of variability of
the ionization and continuum are significantly different then this
could indicate that the model rms spectra are somewhat distorted
because of the assumed turbulent velocity (see Section 2.1). Another
possibility is that there are other components (which are known to be
present in the spectrum) contributing (or suppressing) the continuum
variability.

The aim of this Letter is to demonstrate that the model in which
changes in the smeared absorption are driven by the changing con-
tinuum can match well typical energy-dependent variability. It can
neither describe all the variability seen, nor account for all the com-
ponents required in spectral fitting. Modelling the effect of these is
beyond the scope of this short Letter, but we plan to include this in
later work.

2.3 Properties of the smeared absorber

The smeared warm absorber model for the soft excess requires sub-
stantial columns (a few to a few tens of 1022 cm−2) with log ξ =
3.0–3.5 and substantial velocity shear (∼0.3c) in order to fit typical
AGN spectra (GD04; Chevallier et al. 2006; Schurch & Done 2006;
SD06). Here we have shown that similar parameters can also give
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an excellent description of the typical rms variability spectra seen
from these objects. However, these parameters are quite extreme, so
we examine the physical requirements in more detail.

Chevallier et al. (2006) show from the observed N H and ξ that if
the material is a wind then it must have very small volume filling
factor, i.e. must consist of small dense clumps. Schurch & Done
(2006) invert this argument to show instead that if the material has
large filling factor then it is not a wind. Instead they suggest that
it has a turbulent velocity structure where the material circulates (a
failed wind) rather than escaping to infinity. Either of these situations
might arise in the complex, high-velocity accretion flow structures
close to the central engine and base of the jet (e.g. Hawley & Krolik
2006). Assuming that the material is a few tens of Schwarzschild
radii from a black hole of mass M, accreting at half-Eddington, the
observed ionization parameter of ξ ∼ 103 erg cm s−1 requires that
the density n = L/ξ R2 is of the order of 1021 (M�/M) cm−3 =
1013−15 cm−3 for a black hole of mass 108−6 M�, respectively. Such
high densities mean that the ionization state of the material will
change very rapidly in response to changes in the continuum flux.
There are no light traveltime delays as the absorption is along the
line of sight, so the ionization response to continuum changes occurs
on the recombination time-scales of the absorber, T recomb ∼ 2.5 ×
1010 (cm −3/n) s for O VIII (e.g. McHardy et al. 1995). The shortest
continuum variability time-scales in these sources are all ∼1000–
2000 s (comparable to the dynamical time-scales in the innermost
part of the disc) while the recombination time-scale is only a fraction
of a second.

Hence the model requirement that the ionization state can change
in response to the rapid continuum changes is consistent with the
properties of the material already inferred from the spectral fits.
Ionization changes are a necessary outcome of changing the illu-
mination of such material. Partially ionized absorption with a large
velocity shear can give a self-consistent explanation of both the
energy spectra and the rms variability spectra.

3 C O N C L U S I O N S

A crucial property of the soft X-ray excess in AGN is the con-
stancy of its temperature when modelled by a thermal component
(Czerny et al. 2003; GD04; Crummy et al. 2006), which can be natu-
rally explained if the excess originates from atomic processes. One
particular scenario involves ionized smeared reflection (Crummy
et al. 2006) from the accretion disc, which can successfully fit the
X-ray spectra (e.g. Fabian et al. 2002b, 2005). It has been shown re-
cently that the same model can match the rms spectra as well (Ponti
et al. 2006). An alternative solution requires relativistically smeared,
partially ionized absorption (GD04). This model gives comparably
good fits to the X-ray spectra (SD06). In this Letter we show for
the first time that the absorption model gives a very good descrip-
tion of the shape of the 0.3–10 keV rms spectra, assuming that the
continuum variability drives correlated changes in the ionization
parameter of the smeared absorption.
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