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ABSTRACT
We have calculated the equivalent widths of the absorption lines produced by Fe XXV and
Fe XXVI in a Compton-thin, low-velocity photoionized material illuminated by the nuclear
continuum in active galactic nuclei. The results, plotted against the ionization parameter
and the column density of the gas, are a complement to those presented by Bianchi &
Matt for the emission lines from the same ionic species. As an extension to the work by
Bianchi & Matt, we also present a qualitative discussion on the different contributions to the
He-like iron emission line complex in the regimes where recombination or resonant scattering
dominates, providing a useful diagnostic tool to measure the column density of the gas. Future
high-resolution missions (e.g. Astro-E2) will allow us to fully take advantage of these plasma
diagnostics. In the meantime, we compare our results with an up-to-date list of Compton-
thick and unobscured (at least at the iron line energy) Seyfert galaxies with emission and/or
absorption lines from H- and He-like iron observed with Chandra and XMM–Newton.
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1 I N T RO D U C T I O N

The present generation of X-ray missions, XMM–Newton and
Chandra, are revealing new features in the spectra of active galac-
tic nuclei (AGN). An interesting case is represented by the obser-
vation of emission lines from Fe XXV and Fe XXVI in unobscured
Seyfert galaxies (see e.g. Bianchi et al. 2004, for the incidence of
these features in a sample of bright objects). Bianchi & Matt (2002)
have shown that these narrow lines can share a common origin with
those more commonly found in obscured objects, likely produced in
a Compton-thin, photoionized material illuminated by the nuclear
continuum (see e.g. Matt et al. 2004b, for one of the best-studied
examples, NGC 1068).

This interpretation is in agreement with orientation-based uni-
fication models of AGN (like the archetypal one introduced by
Antonucci 1993). Indeed, the same photoionized material should
be present in both obscured and unobscured objects, the only differ-
ence being that in the latter its presence is more difficult to observe
because the lines are diluted by the nuclear continuum.

Another piece of information was added to this scenario very
recently, with the detection of ionized iron lines also in absorption.

�E-mail: Stefano.Bianchi@sciops.esa.int

Though in some cases the line energies are so blueshifted to imply
high-velocity outflows (e.g. Reeves, O ’Brien & Ward 2003; Pounds
et al. 2003, and references therein), there is now significant evidence
of Fe XXV absorption lines occurring in material with low velocity
with respect to the rest frame of the source (Kaspi et al. 2002; Matt
et al. 2004a; Vaughan & Fabian 2004; Reeves et al. 2004). In the
latter situation, the photoionized matter is likely the same revealed
in emission in other objects but observed along the line of sight.

The plots of Bianchi & Matt (2002) were produced by summing
up all the transitions of a given ion. Although this is a good approx-
imation for such weak emission lines when observed with the CCD
resolution of the instruments aboard XMM–Newton or the limited
effective area available at the iron energy with Chandra High En-
ergy Transmission Grating Spectrometer (HETGS) (but see below
for some possible diagnostics even in these cases), it will be no
longer sufficient with future, high-energy resolution missions, such
as Astro-E2. With an energy resolution of 6 eV (FWHM) and an ef-
fective area of 150 cm−2 at 6 keV, the calorimeters aboard Astro-E2
will be capable of resolving both the Fe XXVI Kα doublet and the w,
x, y and z lines from Fe XXV.

In this paper, we investigate the properties of the photoion-
ized material as observed through absorption and emission fea-
tures from Fe XXV and Fe XXVI. Following the approach by Bianchi
& Matt (2002) for the emission lines, we calculate the equivalent
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600 S. Bianchi et al.

Table 1. The adopted parameters for the theoretical models developed in
this paper (see text for details). All line parameters are taken from the NIST
Atomic Data base (http://physics.nist.gov/cgi-bin/AtData/main asd and ref-
erences therein), if not otherwise stated.

Continuum

Table power law � 2.0
ne 106 cm−3

T 106 K
AFe 4.68 × 10−5 a

Ion Em
b Line Id. E f lu gi gk

(keV) (keV)

Fe XXV 6.697 Kα w (r) 6.700 0.704 1 3
Kα x (i) 6.682 1.7 × 10−5 1 5
Kα y (i) 6.668 0.069 1 3
Kα z (f) 6.637 3.3 × 10−7 1 3

Fe XXVI 6.966 Kα1 (r) 6.973 0.277c 2 4
Kα2 (r) 6.952 0.139c 2 2

aWith respect to H (Anders & Grevesse 1989). bMean energy for the
absorption lines considered in this paper, weighted on the oscillator
strengths of the transitions contributing to the blend. cFrom Verner et al.
(1996).

widths (EWs) of the absorption lines as a function of the ionization
parameter and the column density of the intervening material, taking
advantage of the code discussed by Nicastro, Fiore & Matt (1999).
As for the emission lines, while we refer the reader to Bianchi
& Matt (2002) for detailed calculations and plots, we devote Sec-
tion 2.2 to a qualitative discussion on the relative contributions of
resonance, intercombination and forbidden transitions to the total
EWs for Fe XXV. Subsequently, we compare the theoretical results
to an up-to-date list of observational evidence in favour of the pres-
ence of these features, to derive some physical parameters on the
photoionized material responsible for their production.

2 T H E O R E T I C A L M O D E L S

Table 1 shows all the lines considered in this paper. The Fe XXV

Kα complex includes four lines: three corresponding to the tran-
sition 1s2–1s2p, subdivided into the resonance line w (1S–1P) and
the two intercombination lines x (1S–3P2) and y (1S–3P1), and one
to 1s2–1s2s, that is the forbidden line z (1S–3S). On the other
hand, the Fe XXVI Kα line is composed of a resonance doublet
(1s–2p), similarly to neutral iron: the Kα1 (2S1/2–2P3/2) and the Kα2

(2S1/2–2P1/2). For Fe XXVI, the ratio 2:1 of the oscillator strengths
for Kα1 and Kα2 is fixed because it depends only on the sta-
tistical weights of the two upper levels. On the other hand, the
behaviour of the four He-like transitions is far more complex, de-
pending on several physical parameters of the matter, and deserves
a detailed, though qualitative, discussion. Satellite lines are not in-
cluded in our calculations. Their possible relevance is discussed in
Section 2.3.

2.1 Absorption lines

We consider the absorption features owing to resonance transitions
from Fe XXV and Fe XXVI, including the intercombination y line for
the former (see Table 1 for all the details). On the other hand, we do
not consider in our calculations the He-like iron intercombination
x and forbidden z lines, because their very low oscillator strengths
make them negligible in absorption.

The EW of an absorption line can be expressed as

EW =
∫ +∞

0

[1 − e−τν ]dν, (1)

where τ ν is the dimensionless frequency-specific optical depth of
the considered transition:

τν =
∫ L

0

dsαν = nl L
πe2

mec
flu�(ν). (2)

In this equation, nl is the number density of the relevant ion in
the lower level, while �(ν) is the normalized Voigt profile, which
basically depends on the natural width of the considered transition
and the Doppler width of the line, which in turn is a function of
the gas temperature and its turbulence, that is its dispersion velocity
along the line of sight.

The relative abundances of the Fe XXV and Fe XXVI ions are cal-
culated by means of the photoionization code CLOUDY (v. 94.00:
Ferland 2000), as a function of the ionization parameter and the
column density. Table 1 summarizes the input parameters chosen
to model the continuum in our calculations, where not otherwise
stated.

Following Bianchi & Matt (2002), we adopted a modified ioniza-
tion parameter (similar to the one first proposed by Netzer 1996),
which is more sensitive to the number of X-ray photons, so that our
results are less dependent on the assumed continuum shape. The re-
lation between this X-ray ionization parameter and the one adopted
in CLOUDY is a function of the power-law index � (Bianchi & Matt
2002)

Ux =
∫ 10

2
(L E/E) dE

4πr 2cne
=⇒ Ux

U
(�) = 21−� − 101−�

E1−�
R

, (3)

where ER is the energy equivalent in keV of 1 Ryd.
The integration of the Voigt profile in the different column den-

sity regimes was performed following the methods and the code
developed by Nicastro et al. (1999), to which we refer the reader
for details. All the calculations were performed separately for the
four transitions considered in this paper, while only their final EWs
were summed when stated. It should be noted that this paper also
explores large column densities, where another useful diagnostic
tool for this gas can be represented by the depth of the photo-
electric edges, at �8.8 (Fe XXV) and �9.3 (Fe XXVI) keV. How-
ever, a full treatment of these edges is beyond the scopes of this
work.

Figs 1 and 2 show the expected EWs for Fe XXV (resonant plus
intercombination) and Fe XXVI (Kα1 plus Kα2) as a function of Ux

and for different column densities. In these plots, the turbulence is
assumed to be null. Fig. 3 shows the ratio between the EWs from the
two ions, as a function of Ux. Indeed, the Fe XXV/Fe XXVI ratio, being
not sensitive to the column density in the most interesting range of
ionization (i.e. around log Ux = 0 where the EWs of Fe XXV and
Fe XXVI are equal as shown in Figs 1 and 2), can be used to measure
the latter from the data.

The curve of growths for each transition separately are plotted
in Fig. 4.1 These curves, calculated at log Ux = 0, give a feeling of
the different contributions of the transitions to the total EW. Note
that, for low column densities, their ratios are simply dictated by the

1 See Nicastro et al. in preparation, Errata, for an explanation of the difference
between the curve of growth for Fe XXVI plotted here and that plotted in
fig. 1 of the original work by Nicastro et al. (1999).
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Fe XXV and Fe XXVI lines in the X-ray spectra of AGN 601

Figure 1. EW for the Fe XXV Kα absorption complex (resonant + inter-
combination) as a function of Ux, for different values of column densities.
See Table 1 for the parameters adopted in the calculations. The turbulent
velocity is set equal to zero.

Figure 2. EW for the Fe XXVI Kα absorption complex (Kα1 + Kα2) as a
function of Ux, for different values of column densities. See Table 1 for the
parameters adopted in the calculations. The turbulent velocity is set equal to
zero.

ratios of their oscillator strengths, while some deviations, though
quite marginal, can be observed at larger column densities.

We now consider the effects of the turbulence. At a temperature
of T = 106 K, the mean thermal velocity of iron ions is generally
expressed by the Doppler parameter

b ≡
√

2 kT

M
� 17 km s−1, (4)

which means that, for any velocity dispersion larger than σ v �
100 km s−1, the thermal motion will contribute less than 15 per cent
to the total Doppler broadening. Note that turbulent velocities of
that order are easily reached in a gas in Keplerian motion at a parsec
scale around a SuperMassive BH, so that they should be included
in a realistic model.

Figure 3. Ratio of the absorption lines EWs of the Fe XXV Kα absorption
complex (resonant + intercombination) over Fe XXVI (Kα1 + Kα2) as a
function of Ux, for different values of column densities. See Table 1 for the
parameters adopted in the calculations. The turbulent velocity is set equal to
zero.

Figure 4. Curve of growth for the four transitions considered in this paper,
with log Ux = 0. See Table 1 for the parameters adopted in the calculations.
The turbulent velocity is set equal to zero.

Indeed, the effect of turbulence can be very important, because
it broadens the line profile, effectively raising the column of gas
needed for the line core to become optically thick. Nicastro et al.
(1999) have calculated that the optical depth to resonant absorption
of a column of gas under strong turbulence (i.e. σ v larger than
300 km s−1) can be more than 10 times lower than the same column
of gas unaffected by turbulence. As a result, the curve of growth of
the line saturates at a larger column density, allowing the EW to rise
linearly over a wider range of N H. This is shown in Figs 5 and 6:
the resulting EWs can reach 100 eV for N H � 1024 cm−2.

Finally, we explored the effects owing to a different set of in-
put parameters for the incident continuum, in terms of temperature,
photon index and density. As found by Bianchi & Matt (2002) for
the emission lines, the results are basically the same for a wide range
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602 S. Bianchi et al.

Figure 5. Curve of growth for the Fe XXV Kα absorption complex (resonant
+ intercombination) for different values of turbulence.

Figure 6. Curve of growth for the Fe XXVI Kα absorption complex
(Kα1 + Kα2) for different values of turbulence.

of gas densities, because it turns out to be equivalent to changing the
distance between the source and the gas, while leaving the same ion-
ization parameter. On the other hand, an almost negligible variation
in the position and/or the value of the maximum is found for plots 1
and 2 when different values of � are explored, thanks to our choice
of the X-ray ionization parameter. A quantitatively more significant
dependence on temperature is instead found, owing to the larger
contribution of collisional ionization as T increases, thus shifting to
lower values the ionization parameter corresponding to large abun-
dances of Fe XXV and Fe XXVI. However, all these effects are similar
to those presented by Bianchi & Matt (2002) and therefore are not
further discussed here.

2.2 Emission lines

Emission lines from Fe XXV and Fe XXVI in unobscured AGN were
treated in detail by Bianchi & Matt (2002), to whom we refer the

reader for details on calculations and for plots similar to the ones
presented in this paper for the absorption features.

Fe XXV emission lines are produced by recombination and reso-
nant scattering (see Matt, Brandt & Fabian 1996; Bianchi & Matt
2002, and references therein). Recombination lines in a photoion-
ized matter are generally described by introducing an effective fluo-
rescent yield which represents the probability that the recombination
cascade includes the radiative emission of a Kα photon. This pro-
cess can be treated analytically in the Compton-thin regime, which
is appropriate for column densities up to �1024 cm−2. As pointed
out by several authors (see e.g. Porquet & Dubau 2000; Bautista &
Kallman 2000), photoionized gas is characterized by weak emission
from the resonant w line, while for iron the two intercombination
lines x+y contribute almost equally with the forbidden z line to the
total emission feature, for a wide range of densities. Therefore, if
the lines are not resolved by the X-ray instruments, a single feature
with centroid around 6.66 keV should come out from recombination
processes in a photoionized gas.

Resonantly scattered Kα lines are instead the result of radiative
de-excitation after excitation owing to the absorption of continuum
photons at the energy of the line. As illustrated in Section 2.1, the
dominant absorption transition is the resonant w, followed by the
intercombination y. As the latter has an oscillator strength which is
10 per cent of the former, we expect that this ratio is preserved in
the emission process. The contribution from x and z is completely
negligible. Again, if the resolution of the X-ray detector is lower
than the separation between the w and the y line, we should observe
a blended feature around 6.70 keV. This process is much more ef-
fective than recombination so that lines produced in this way are
dominant in the optically thin regime. However, its cross-section
is much larger than in the previous case, so that the gas becomes
rapidly optically thick to resonant scattering. By means of Monte
Carlo simulations, Matt et al. (1996) showed that a column density
as small as 5 × 1020 cm−2 is enough to significantly reduce the EWs
from these lines. As a consequence, when N H becomes greater than
�1023 cm−2, recombination becomes the dominant process.

Fig. 7 summarizes these considerations, showing a plot of the
relative contributions of each transition as a function of the column
density of the gas. The plot takes into account the effect owing to the
saturation of the resonant line when the column density increases

Figure 7. Relative intensity of Fe XXV w, x, y and z transitions versus the
column density of the gas. The turbulent velocity is set equal to zero. Note
that this is a rough plot: see text for details and caveats.
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Fe XXV and Fe XXVI lines in the X-ray spectra of AGN 603

(from fig. 5 of Matt et al. 1996) and the discussion above about
the ratios between w, x, y and z when produced by recombination
or resonant scattering. As a result, the resonant w line dominates
the emission spectrum up to 1022 cm−2 and then is reached and
overcome by the forbidden line z and the two intercombination x and
y. These results are in good agreement with the recent calculations
performed by Coupé et al. (2004).

Note that the total EW for the Fe XXV is the one calculated by
Bianchi & Matt (2002), while Fig. 7 simply contains the information
on how this EW should be divided among the different lines. There-
fore, an high-resolution spectrum of the He-like iron Kα emission
line complex produced in photoionized gas has, at least in principle,
the potentiality to reveal the column density of the gas where the
lines are produced, similarly to what Kinkhabwala et al. (2002) al-
ready showed for lighter metals in the soft X-ray spectrum of NGC
1068. Moreover, it can also be useful to note that, even if the res-
olution of the observed spectrum does not allow one to resolve the
single lines, it could still be possible to appreciate the difference
between a 6.70-keV line at low column densities and a 6.66-keV
line at larger N H values.

Another interesting consequence of these results is the possibility
of observing simultaneously absorption and emission features from
the same ionic species. As an example, let us consider a large cov-
ering factor gas, with high column density and lying also along the
line of sight. In this case the resonant line w would not be produced
in emission, but only absorbed, while x, y and z lines would dom-
inate the emission He-like iron complex. Therefore, the observed
spectrum would show the intercombination and forbidden lines in
emission (the y line partly diluted by absorption), while the resonant
line would be apparent only in absorption: such an observation is in
principle within reach of Astro-E2.

However, we would like to point out some cautionary warnings
on these results. Fig. 7 does not intend to be a detailed description
of such a complex issue, but simply displays a rough behaviour
deriving from the above-mentioned effects. The plot was produced
in the transmission case, when the observer looks at the photons
which come out from the cloud: in the reflection case, the domi-
nance of resonant scattering at low column densities is enhanced,
but the differences are not very significant for the observed spectrum
(see Matt et al. 1996; Bianchi & Matt 2002, for details). It should
also be reminded that inner-shell ionization of Fe XXIV is an addi-
tional mechanism in populating the upper level of the forbidden line
(metastable level), hence if the ionic abundance of Fe XXIV is sig-
nificant, this process can enhance the values of z plotted in Fig. 7.
This can be the case in transient plasma as shown by Mewe &
Schrijver (1975). Another contribution not considered in the plot is
that from turbulence. As explained for the absorption lines in Sec-
tion 2.1, turbulence broadens the line profile, so that the gas becomes
optically thick to resonant scattering at a larger column density. As
a consequence, the value of N H which separates the regimes where
recombination or resonant scattering dominates increases with the
amount of turbulence. As a final remark, note that we assumed that
the gas was in pure photoionization equilibrium: any deviation from
this ideal situation could change significantly the ratio between the
He-like emission lines.

2.3 Satellite lines

Satellite lines are systems of lines appearing close to or blended with
the main lines of highly charged ionized atoms. These lines can ei-
ther correspond to the stabilizing transitions in the process of dielec-
tronic recombination (dielectronic satellite lines) or by inner-shell

Table 2. Experimental energies of the Fe XXV lines and of the satellite lines
of Fe XXIV and Fe XXIII (data from Decaux et al. 1997).

Ion Transition Label E fij

(keV)

Fe XXV 1s2 1S0–1s 2p 1P1 w 6.700 0.704a

Fe XXV 1s2 1S0–1s 2p 3P2 x 6.683

Fe XXIV 1s2 2s 2S1/2–1s 2s 2p (1P) 2P1/2 t 6.676 0.110b

Fe XXV 1s2 1S0–1s 2p 3P1 y 6.668 0.069a

Fe XXIV 1s2 2s 2S1/2–1s 2s 2p (3P) 2P3/2 q 6.662 0.469c

Fe XXIV 1s2 2s 2S1/2–1s 2s 2p (3P) 2P1/2 r 6.653 0.147c

Fe XXV 1s2 1S0–1s 2p 3S1 z 6.637

Fe XXIII 1s2 2s 2 1S0–1s 2s2 2p 1P1 β 6.629 0.666c

The oscillator strengths (fij) greater than 0.05 are given from: aNIST (see
Table 1); bNahar, Pradhan & Zhang (2001); and cBehar & Netzer (2002).

electron/photon excitation (inner-shell excitation satellite lines). As
shown by Oelgoetz & Pradhan (2001) dielectronic satellite lines in
hot plasmas (i.e. collisional plasmas) dominate the Kα emission at
temperatures well below the one corresponding to the maximum of
ionic abundance of FeXXV, i.e. T < T m which is approximatively
107.4 K (Arnaud & Rothenflug 1985).

Dielectronic recombination rates are very sensitive to temperature
and become quickly negligible with respect to radiative recombina-
tion rates for temperatures around or below 106 K, as appropriate
for the photoionized gas under investigation in this paper (see e.g.
Bely-Dubau et al. 1982; Arnaud & Rothenflug 1985, for the rates and
the different temperature dependence of the two processes). As a re-
sult, contributions from dielectronic satellite lines can be neglected
for our purposes. Inner-shell electron excitation also requires high
temperatures to be effective, so that satellite lines produced by this
process are negligible.

On the contrary, the satellite lines to the Fe XXV lines (w, x, y,
z) owing to inner-shell photoexcitation of Li-like iron (Fe XXIV) or
Be-like iron (Fe XXIII) can be significant, i.e.

1s2 2s + photon → 1s 2s 2p (satellite lines: q, r, s, t)

1s2 2s2 + photon → 1s 2s2 2p (satellite line: β).

Table 2 reports the experimental energies of the satellite lines in the
vicinity of the w, x, y and z lines (Decaux et al. 1997). The values
reported in Table 1 from the National Institute of Standards and
Technology (NIST) data base are in excellent agreement with these
experimental energies. The oscillator strengths greater than 0.05
are given to show which lines are expected to be significant in both
absorption and emission. The two strongest satellite lines would be
q (Li-like) and β (Be-like) depending on the relative abundance of
Fe XXIV and Fe XXIII, respectively.

The spectral resolution of the XRS (X-Ray Spectrometer) on
board Astro-E2 will be of the order of 6 eV at 6.6–6.7 keV (Fe XXV

lines). The lines x and t (	E x−t = 7 eV), and the lines z and β

(	E z−β = 8 eV) can thus be resolved. The lines y and q are sep-
arated by 6 eV which is close to the resolving power of the XRS,
and it will be possible to infer the intensity of the line by line pro-
file deconvolution. We remind that the resolving power of Astro-E2
XRS is much larger than the thermal line width for iron at 106 keV
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Table 3. Fe XXV and Fe XXVI emission lines in three of the brightest Compton-thick Seyfert galaxies. A reference to this paper (TP) means that data were
re-analysed to add some values not found in the literature (in these cases, numbers are indicated in italics).

Source Instr. (Date) Fe XXV Fe XXVI Ref.
(mm/yy) EWa (eV) Ib EWa (eV) Ib

NGC 1068 EPIC pn (07/00) w (6.725 ± 0.001 keV): 1430+195
−130 2.2+0.3

−0.2 494+210
−70 0.7+0.3

−0.1 Matt et al. (2004b)

z (6.61+0.01
−0.04 keV): 485+120

−60 0.8+0.2
−0.1

ACIS HETG (02/00) w (6.73 ± 0.02 keV): 1000 ± 500 1.5 ± 0.7 <800 <1.1 Ogle et al. (2003), TP
z (6.59 ± 0.02 keV): 1000 ± 500 1.6 ± 0.7

Circinus EPIC pn (08/01) 420 ± 60 1.4 ± 0.2 250+160
−130 0.8+0.5

−0.4 Molendi et al. (2003), TP

ACIS HETG (06/00) 800 ± 330 2.7 ± 1.1 <310 <2.6 Sambruna et al. (2001)

Mrk 3 EPIC pn (10/00) 4800 ± 2400 0.4 ± 0.2 <1500 <0.1 Bianchi et al. in preparation

ACIS HETG (03/00) 11 000+9000
−4000 0.9+0.7

−0.3 <10 000 <2.0 Sako et al. (2000), TP

aCalculated against the reflected continuum only. b10−5 photon cm−2 s−1.

(well below 1 eV), while it corresponds to a turbulence velocity of
about 270 km s−1. Therefore, in the case of significant line broad-
ening owing to turbulence, the contribution of the satellite lines to
the four lines of Fe XXV has to be taken into account.

Finally, in very dense plasmas the 1s2 2p level can be populated
and one can, for example, obtain: 1s2 2p + photon → 1s 2p2 [satel-
lite lines: k (6.654 keV), j (6.644 keV)]. However, in this work we
consider a plasma with a electron density of 106 cm−3 (Table 1),
and therefore the satellite lines k, and j can be neglected here. For
Fe XXVI, no inner-shell excitation satellite line of Fe XXV exists.

In conclusion, in the case of negligible turbulence velocity, i.e.
less than about 270 km s−1, the satellite lines are unblended or are
easily separated by line profile deconvolution to the four lines of
Fe XXV and the lines intensities reported in this paper can be used
safely for spectral analysis of Astro-E2–XRS observations.

3 O B S E RVAT I O NA L E V I D E N C E

Tables 3 and 4 show a complete (as far as we know) list of objects
(Compton thick and unobscured/Compton thin, respectively) where
emission and/or absorption lines from Fe XXV and Fe XXVI were de-
tected by either Chandra or XMM–Newton. The listed values are
those reported in the literature, as found in the cited references.
When some of the needed values were not present in these works,
we re-analysed the relative spectra and extracted the required infor-
mation. Finally, for some objects we found in the archives XMM–
Newton and/or Chandra unpublished data: we analysed them for the
first time and included them in the table. Standard procedures for
data reduction were adopted (see e.g. Bianchi et al. 2004).

3.1 Compton-thick objects

Compton-thick Seyfert galaxies, i.e. objects obscured by a column
density larger than σ−1

T = 1.5 × 1024 cm−2, are the best-suited
objects for the observation of ionized iron lines in emission, as
the primary continuum is completely suppressed in this band and
hence these lines are not diluted by this component. We present in
Table 3 Chandra and XMM–Newton results from three of the bright-
est Compton-thick Seyfert galaxies, that is NGC 1068, Circinus and
Mrk 3.

The most interesting object is NGC 1068, where the resonant w

and the forbidden z lines are actually resolved in the XMM–Newton
data. The ratio of their fluxes, F w/Fz = 2.8 ± 0.8, points towards a
gas column density range roughly of log N H = 21–21.5 (see Fig. 7).
On the other hand, an ionization parameter around log Ux = −0.5

can be measured from the ratio between the Fe XXV and Fe XXVI

EWs, thus requiring an iron overabundance of a factor �2 with
respect to the solar values to obtain the total EW of each line (see figs
2–5 from Bianchi & Matt 2002). Note that such an overabundance
was also measured from the depth of the iron edge in the European
Photon Imaging Camera (EPIC) pn data (Matt et al. 2004b): even if
these values correspond to two different materials, it is suggestive
that they are similar.

A much lower flux ratio between the the resonant w and the for-
bidden z lines is instead measured in the Chandra data. Even if
this value is still consistent within the errors of those found in the
XMM–Newton data and the two lines are not resolved in the HETG
spectrum, being actually the result of a de-blending of a single fea-
ture (see Ogle et al. 2003), it may still give some indications on
the geometry of the photoionized reflector. In particular, Ogle et al.
(2003) noted that this region should be extended on a 3-arcsec scale,
implying that the HETG spectrum includes only the inner region,
while the EPIC pn clearly observes all the gas. In this case, it is pos-
sible that the gas which is closer to the nucleus has a larger column
density, enhancing the production of the forbidden line, while the
outer regions, which dominate the pn spectrum, have a lower col-
umn density. However, the nuclear region in NGC 1068 accounts
for the major part of the flux (Young, Wilson & Shopbell 2001;
Brinkman et al. 2002; Ogle et al. 2003), so that any contribution
from the extended region to the total EPIC pn spectrum should be
small. Moreover, this scenario is at odds with the fact that the total
fluxes of the Fe XXV features seem constant between the two data
sets, but the very large errors on the Chandra flux values prevent us
from drawing any firm conclusions.

As a final remark on NGC 1068, we note that the centroid energies
for the Fe XXV lines are formally inconsistent with their expected
values, both in the EPIC pn and in the Chandra spectra. This is
puzzling, because in both observations a blueshift for the w line and
a redshift for the z line are implied, at odds with a common origin in
the same material. Moreover, the Fe XXVI line energy (6.92+0.01

−0.04 keV:
Matt et al. 2004b) also implies a redshift. While a less than perfect
calibration can be invoked for both instruments, we do not have any
other satisfactory explanation for this result.

The other two Compton-thick sources have ionized iron lines
much weaker with respect to the total continuum and to the neutral
iron line, so that the statistics do not allow us to resolve the single
transitions. However, in the case of Mrk 3, a best-fitting value of
6.71+0.03

−0.02 keV for the Fe XXV line (Bianchi et al. 2005) seems to in-
dicate that the resonant line is also the dominant one in this source,
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Table 4. A list of objects where emission and/or absorption lines from Fe XXV and Fe XXVI were detected (see text for details). A reference to this paper (TP)
means that data were re-analysed to add some values not found in literature (in these cases, numbers are indicated in italics) or that the relative observation was
analysed for the first time.

Source Instr. (Date) Fe XXV Fe XXVI Ref.
(mm/yy) EW (eV) Ia EW (eV) Ia

Emission lines

NGC 5506 ACIS HETG (12/00) < 31 < 2.4 < 26 < 1.7 Bianchi et al. (2003a), TP
EPIC pn (02/01) 27+17

−12 2.0+1.3
−0.9 41+11

−27 2.0+0.5
−1.3

EPIC pn (01/02) 19+11
−12 2.3+1.5

−1.4 19 ± 13 2.0+1.5
−1.4

NGC 7213 EPIC pn (05/01) 25+10
−13 0.6 ± 0.3 22 ± 14 0.5 ± 0.3 Bianchi et al. (2003b)

NGC 7314 EPIC pn (05/01) 16 ± 11 0.7 ± 0.5 28 ± 13 1.1 ± 0.5 TP
ACIS HETG (07/02) 29+20

−17 1.1+0.7
−0.6 63+33

−23 1.9+1.0
−0.7 Yaqoob et al. (2003)

IC 4329A EPIC pn (01/01) < 13 < 2.1 < 48 < 6.3 TP
ACIS HETG (08/01) <17 < 4.6 42+30

−21 6.2+4.4
−3.1 McKernan & Yaqoob (2004), TP

NGC4593 ACIS HETG (06/01) < 31 < 1.5 < 72 < 2.7 TP
EPIC pn (06/02) <13 < 1.0 39 ± 13 1.4+1.1

−0.6 Reynolds et al. (2004), TP

MCG-2-58-22 EPIC pn (12/00) < 44 < 1.6 55+26
−35 1.8+0.8

−1.1 TP

MRK 205 EPIC pn (05/00) 35 ± 17 0.2 ± 0.1 51 ± 19 0.3 ± 0.1 Reeves et al. (2001), TP

NGC 3783 EPIC pn (12/01) –b –b 17 ± 5 1.4 ± 0.3 Reeves et al. (2004)

ESO198-G024 EPIC pn (12/00) < 80 < 0.9 < 65 < 1.0 TP
EPIC pn (01/01) < 28 < 0.4 < 63 < 0.8
ACIS-S (04/04) < 15 < 0.1 56+49

−35 0.3 ± 0.2

Absorption lines

NGC 4507 EPIC pn (01/01) > −16 –c > −24 –c Matt et al. (2004a), TP
ACIS HETG (03/01) −26 ± 16 –c > −12 –c

MCG-6-30-15 EPIC pn (07/00+07/01) −11 ± 6 –c –d –c Vaughan & Fabian (2004)

NGC 3783 EPIC pn (12/01) −17 ± 5 –c –b –c Reeves et al. (2004)
ACIS HETG (01/00+06/01) −13 ± 5 –c –b –c Kaspi et al. (2002)

a10−5 photon cm−2 s−1. bFluxes are not considered for variability in absorption lines (see text for details). cValues are not calculated because a line in emission
(absorption) of the same ionic species is present in the spectrum. dA detailed analysis of this complex spectrum, which includes EPIC pn and MOS data from
two observations, is beyond the scope of this paper.

again suggesting a low column density. In both sources, the He-like
line is much stronger than the H-like one, so that the ionization pa-
rameter should not exceed log UX � −0.5. From the observed EWs,
an iron overabundance of at least a factor of 2 is needed for Mrk 3,
while a value closer to 1 is required for Circinus, as again found
from the depth of the iron edge (Molendi, Bianchi & Matt 2003).

Finally, it must be mentioned that there are two other Compton-
thick sources bright enough to allow a detailed spectral analysis, i.e.
NGC 6240 and 4945 (Matt et al. 2000). In the former source both the
He- and the H-like iron lines are detected (Boller et al. 2003), while
in the latter only the He-like one is visible (Schurch, Roberts &
Warwick 2002). However, as argued in the abovementioned papers,
it is possible that in these two sources, which have strong starburst
regions, the lines are emitted in collisionally ionized plasma, and
therefore we do not discuss them here.

3.2 Unobscured and Compton-thin objects

The sample in Table 4 includes most type 1 Seyfert galaxies, some
intermediate objects and a Compton-thin type 2 Seyfert galaxy
(NGC 4507). As for the X-ray properties, all the sources are either

unobscured or the absorbing column density from neutral matter
allows direct observation of the nuclear continuum at the iron line
K band.

All three sources with absorption lines present only a feature from
He-like iron, thus implying log Ux < 0 (Fig. 3). The observed EWs
can be produced by column densities around 1023 cm−2, except for
NGC 4507 which needs a larger N H, unless effects from turbulence
and/or iron abundance are taken into account.

On the other hand, it is interesting to note that four out of the
nine sources where emission lines are observed have indeed fea-
tures both from Fe XXV and Fe XXVI. In these cases, an ionization
parameter around log Ux = 0–0.5 is required. The observed EWs
are so large to imply column densities larger than 1023 cm−2 and/or
iron overabundance by a factor of 2–3. This is also true for the re-
maining objects, where only the H-like line is observed, even if an
higher ionization parameter (around log Ux = 0.5) is appropriate
in these cases. However, it is important to stress that the errors on
the EWs are generally so large to possibly reduce the need for iron
overabundance in many cases.

NGC 3783 is the only object whose spectrum displays both an
absorption and an emission line. These lines are from different ionic
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species, respectively from Fe XXV and Fe XXVI. As one is seen in
absorption and the other in emission, they must be produced at least
in two different clouds, the former being along the line of sight. If
this is the case, the two clouds may well have different values of
the ionization parameter, because of a different value of the density
or of the distance from the source. Under these conditions, column
densities of few 1022 cm−2 and log Ux � −0.5–0 can be responsible
for the observed EW of the cloud seen in emission, while NH values
larger by an order of magnitude and log Ux � 0–0.5 are required
for the one in absorption. No particular need for overabundance or
other corrections are required.

Unfortunately, the quality of present spectra does not allow us
to take advantage of the He-like diagnostics presented in the pre-
vious section, because the energy resolution is not good enough
to disentangle the contributions from the single transitions. On the
other hand, the effective area of the instruments does not provide
enough statistics to measure the centroid energy of these weak lines
with a precision sufficient to check for a clear difference between a
recombination or resonant scattering dominated regime.

The larger occurrence of emission lines with respect to absorption
lines in Table 4 may give us some information on the covering factor
f c of the photoionized material, i.e. the solid angle subtended by the
gas under investigation. Indeed, a prevalence of emission lines with
large EWs is expected for large f c values, even if this relation is
not linear for high column densities and when additional effects are
taken into account, so that the maximum emission is typically for
f c � 0.5 − 0.7 (Netzer 1993, 1996). On the other hand, absorption
lines are dominant when a small covering factor cloud ( f c < 0.1) lies
exactly along the line of sight, so that the emission lines from other
directions gives a negligible contribution to the overall spectrum,
as in the case adopted by Nicastro et al. (1999). Therefore, even
if it is likely that in low-quality spectra emission lines are easier
to observe than absorption features, we can conclude that the gas
we are studying generally subtends a considerable solid angle with
respect to the illuminating source.

The flux variability of the observed emission lines could, in prin-
ciple, be another tool to investigate the geometrical properties of the
gas that produces them. Indeed, a variation of the line flux would
imply a response of the reflected spectrum to a variation of the il-
luminating source, with a delay proportional to the distance of the
reflecting medium. In all the cases where we have more than one
observation, no variation in the fluxes of the lines are detected. Even
if this result is not very strong owing to the large errors in the data, it
is still an indication that the region responsible for the production of
the lines from Fe XXV and Fe XXVI should be located at a distance at
least of the order of light-months (up to years in many cases) from
the illuminating source.

As for the absorption lines, the relevant parameter for variability is
not the flux, but the EW. In NGC 3783, Reeves et al. (2004) reported
a significant EW variability within the same observation, implying
a change in the properties of the gas over a time-scale smaller than
105 s. However, the integrated EW of the six Chandra observations
analysed by Kaspi et al. (2002) is still consistent with that mea-
sured in the total EPIC pn spectrum and no variability was found
in the soft X-ray spectrum of this source (Behar et al. 2003; Netzer
et al. 2003). On the other hand, Vaughan & Fabian (2004) reported
an EW variability in the absorption line of MCG-6-30-15 between
the two EPIC observations taken a year apart. The interpretation of
such variations is less straightforward than for the emission lines,
because it may be in principle owing to either a change in the ion-
ization structure of the gas or in its column density along the line of
sight.

4 C O N C L U S I O N S

We have calculated the EWs of the absorption lines produced by
Fe XXV and Fe XXVI in a Compton-thin, low-velocity photoionized
material illuminated by the nuclear continuum in AGN. We found
that our results are consistent with the observations, provided there
are column densities of the gas of around 1023 cm−2 or larger. How-
ever, we have shown that these values can be effectively reduced if
the effects owing to turbulence are taken in account.

On the other hand, the comparison of similar calculations for the
emission lines (as presented by Bianchi & Matt 2002) with an up-
to-date list of known unobscured (at least at the iron line) Seyfert
galaxies generally results in the need for an iron overabundance by a
factor of 2–3. However, it should be stressed that the error bars on the
observed EWs are still too large to reach a firm conclusion. The much
larger occurrence of emission lines with respect to the absorption
ones in the analysed spectra gives an hint that the covering factor of
the photoionized gas under investigation is likely quite large.

Finally, we have shown that the relative contributions of the single
transitions of Fe XXV w, x, y and z in the regimes where recombina-
tion or resonant scattering dominates provides a useful diagnostic
tool to measure the column density of the gas. This effect must
be taken into account with future, high-resolution missions, like
Astro-E2. In the meantime, we have shown that in the high-quality
EPIC pn spectrum of the Compton-thick Seyfert galaxy NGC 1068,
the forbidden z and the resonant w lines are actually resolved and
their flux ratio implies a column density range of log N H = 21–21.5,
in excellent agreement with the value expected from the total EW.
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