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We present results of a high-resolution soft X-ray (0.2-2 keV) spectroscopic study on a sample of 66 nearby
obscured AGN observed by the Reflection Transmission Grating (RGS) on board XMM-Newton. This is the
largest sample ever studied with this technique so far. The main conclusions of our study can be summarized as
follows: a) narrow Radiative Recombination Continua are detected in 40% of the objects in our sample; in 27%
their width is < 10 eV; b) higher order transitions are generally enhanced with respect to pure photoionization,
indicating that resonant scattering plays an important role in the ionization/excitation balance. These results
support the scenario, whereby the active nucleus is responsible for the X-ray “soft excess” almost ubiquitously
observed in nearby obscured AGN via photoionization of circumnuclear gas. They confirm on a statistical basis
the conclusions drawn from the detailed study of the brightest spectra in the sample. Furthermore, we propose
a criterion to statistically discriminate between AGN-photoionized sources and starbursts galaxies, based on
intensity of the forbidden component of the Ovil He-a triplet (once normalized to the Oviil Ly-a) coupled with

the integrated luminosity in He-like and H-like oxygen lines.

1. Introduction

Nearby X-ray obscured AGN invariably exhibit
excess emission above the extrapolation of the
absorbed nuclear emission [27,13]. The origin of
this component - which can represent a significant
fraction of the active nucleus bolometric energy
budget [18] - is still largely unknown. Gas in the
nuclear environment could be heated to million
degrees by shocks induced by AGN outflows [15]
or episodes of intense star formation [6,12]. Al-
ternatively, the Active Galactic Nucleus (AGN)
primary emission could photoionize and photoex-
cite circumnuclear gas.

The latter scenario has recently received direct
observation support, thanks to high-resolution
capabilities in the spatial and frequency domains
that large X-ray observatories such as Chan-
dra and XMM-Newton nowadays offer. High-
resolution spectra unveil signatures of photoion-
ized plasma in a few bright objects: NGC 1068
[16,28], the Circinus Galaxy [23], Mkn 3 [24,3,22];
NGC 4151 [26]. In NGC 1068 the contribution of
any collisionally ionized plasma to the observed
soft X-ray emission is constrained to be lower
then 10% [5]. These conclusions are based on
three experimental pieces of evidence:

1. the spectra are dominated by strong emis-
sion lines of highly-ionized species from
Carbon to Silicon, as well as by L-shell tran-
sitions from FeXviI to Fexx1

2. narrow Radiative Recombination Continua
(RRC) features from Carbon and Oxygen
were detected. The width of these fea-
tures indicates typical plasma temperatures
of the order of a few eV [16]. These features
are unequivocal signatures of photoionized
spectra [19].

3. the intensity of higher-order series emis-
sion lines, once normalized to the K,, are
larger than predicted by pure photoioniza-
tion, and are consistent with an impor-
tant contribution by photoexcitation (res-
onant scattering) [1,20,17]. This explains
why standard plasma diagnostics [21] fail
to properly interpret the physical nature of
the spectra.

A solution in terms of AGN-photoionized gas
can as well explain the coincidence in extension
and overall morphology between soft X-ray emis-
sion and the Narrow Line Regions (NLRs), the
latter traced by Of[if] HST maps, on scales as
large as a few hundreds parsecs [2]. Solutions
satisfying the observed X-ray to optical flux ra-
tio require an approximately constant ionization
parameter (i.e., a density scaling as the inverse
square of the distance from the ionizing source),
similarly to what often found by photoionization
models of the NLRs.

So far, high-resolution X-ray spectra have been
published for a few X-ray bright obscured AGN
only. However, diagnostically important emission



lines in these objects exhibit very large Equiva-
lent Widths, EW's, as the continuum is often to-
tally suppressed in this energy band. In this paper
we present the first systematic high-resolution X-
ray spectroscopic study on a sizable sample of ob-
scured AGN. The Reflection Grating Spectrome-
ter (RGS) on board XMM-Newton [8] is the most
suitable instrument currently flying for this pur-
pose, due to its unprecedented effective area in
the 0.2-2 keV keV, as well as to its good absolute
aspect solution accuracy (~8 mA).

2. CIELO

Our sample comprises all the type >1.5 AGN
(according to the NED classification) observed
by XMM-Newton, and whose data are public as
of December 2005. The sample comprises 66
sources. For each observation, we have repro-
cessed RGS data with SASv6.5 [11] using the
most advanced calibration files available as of
May 2006. Background spectra were generated
using blank fields event list, accumulated from
different positions on the sky vault along the mis-
sion. Spectra of the same source from different
observations have been merged, alongside their
response matrices, after checking that no signifi-
cant spectral variability occurred. Each spectrum
has been searched for the presence of emission
lines. “Local” fits to the data have been per-
formed on the unbinned spectra on ~100 channels
wide intervals, using unresolved Gaussian profiles
to account for any emission line features. No
assumption has been made a priori on the line
centroid energies.! The local continua have been
modeled with power-laws. Line luminosities have
been corrected for Galactic photoelectric absorp-
tion using column densities after Dickey & Lock-
man (1990). In Fig. 1 we show the RGS spectra
of the three still unpublished Seyfert 2 galaxies in
our sample, which exhibit the largest number of
line detections. All spectra exhibits a prominent
Ovii K,, triplet, largely dominated by the forbid-
den (f) transition, with a weak resonance (r) and
a negligible intercombination (i) transition.

The results of the procedure outlined above
have been compiled into CIELO-AGN (Cata-
log of Ionized Emission Lines in Obscured AGN).
Despite the overall low soft X-ray flux (sample
median ~107!% erg cm~2 s71), the OvVIIl Ly-a

10n the other hand, upper limits on the line intensities
have been calculated assuming the laboratory energies.
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Figure 1. RGS spectra for the three galaxies
of our sample, which exhibit the largest num-
ber of detected emission lines (in brackets below)
and whose RGS spectra have not been published
yet: NGC 1365 (19), NGC 4507 (17), UGC 1214
(14) [for comparison the number of detected lines
in the brightest Seyfert 2 of our samples are:
25 (NGC 1068), 19 (the Circinus Galaxy), 18
(NGC 4151), 17 (Mrk 3)]. Spectra have been
smoothed with a 5-channels wide triangular ker-
nel for illustration purposes only. The position of
the line transitions measured in CIELO is labeled.
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is detected in 44% (29/66) objects of the sam-
ple, whereas at least one component of the Ovii
He-o triplet in 36%. In 25-35% of the sample
objects He- and H-like Neon transitions are de-
tected, as well as L-shell transitions from FeXVIII
to FexxI. Several other Carbon and Silicon lines
are detected in < 15% of the sample objects. In
no case a significant difference between the rest
frame line centroid and the laboratory energy has
been found.

Hereafter, uncertainties are quoted at the lo
level; energies are quoted in the source rest frame,
unless otherwise specified.

3. Results

In this Section we will use some results of our
study to try and answer the following questions
on the nature of soft X-ray emission in obscured
AGN:

e is AGN photoionization the dominant phys-
ical process?

e does resonant scattering play an important
role?

e do efficient X-ray line diagnostics exist,
which could allow us to discriminate on
a statistical basis between AGN- and
starburst-powered spectra?

3.1. RRC

The three most intense RRCs transitions in the
RGS energy bandpass are: Oviiat 14.235A, Ovi
at 16.777A and Cv at 31.622A. At least one of
these features is detected in 40% (24/66) of the
objects of our sample. The few measurements of
the RRC width, which represents a direct esti-
mate of the temperature of the plasma [19], clus-
ter in the range 1-10 eV. There is an obvious
selection effect, favouring the detection of nar-
row features. Nonetheless, still in 33% (27%) of
the objects in our sample the RRC width is con-
strained to be lower than 50 (10) eV (see Fig. 2).
In 10 further objects we detect upper limits on
the RRC luminosity in the range where mea-
surements are found: in 7 (10) of them the lu-
minosity is constrained to be < 10*! erg s7!
(< 10**2 erg s71). Finally, in 32/66 (48%) of
the objects the quality of the data is too poor to
allow a significant detection of any of the RRC
features, and the upper limits on their luminosi-
ties are inconclusive.
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Figure 2. Luminosity versus width for the RRC
features detected in our sample. Filled data
points correspond to a measurement of the RRC
width; empty data points correspond to RRC
width upper limits. Circles: OVIIL; squares: OVII;
triangles: Cv. Data points corresponding to up-
per limits on both quantities are not shown for
clarity.

3.2. Higher order series

In addition to n = 2p—1s transitions for H-
and He-like atoms, CIELO contains a fair amount
of detection of discrete higher order resonance
transitions (np—1s, n > 2). These transitions are
selectively enhanced by photoexcitation. Since
the forbidden f transition in He-like triplets is
unaffected by photoexcitation, the intensity ra-
tio between higher order series and f transition
intensities provides a potentially powerful diag-
nostic of the importance of resonant scattering
in radiation ionized spectra [16]. An example
of the application of this diagnostic to CIELO
is shown in Fig. 3, where we display the inten-
sity of the Ovil He-8 against the f component
of the Ovil He-a triplet. We compare the ex-
perimental results with the predictions of pure
photoionization, and with models where radia-
tive decay from photoexcitation and recombi-
nation from photoionization are self-consistently
calculated (model photoion; Kinkhabwala et
al. 2002). We have produced a grid of mod-
els for different values of OvIl column densi-
ties (Novrr €[10'5,10%° cm™2]), turbulence ve-
locities (vgury €[0,500 km s~ ']), and temper-
atures (kT €[1,20 keV]). The weighted mean



OVII (f) Intensity (ph cm®s”, 22.101A)

4
Ratio between OVII He-S and forbidden (f)

10°F T T B~
10° -
107 = E

L == ]
10° | C LA 1Q P il

107 10° 10° 10"
OVIl He-f Intensity (ph cm™ s™, 18.616A)

Figure 3. Intensity of Ovil He-f8 transitions

against the intensity of the f component of the
triplet (only data points corresponding to a de-
tection of the latter are shown; data points
correspond to upper limits on the intensity of
the former are shown as empty symbols). The
dashed-dotted lines represent the prediction of
the photoion code for OVII column densities in-
creasing from Novyr = 10'% to 10%° ¢cm~2 in
steps of one decade, assuming kT = 5 eV and
Vgurs = 200 km s™1. The long-dashed line (red)
represents the predictions for pure photoioniza-
tion. The shaded areas (green) represent the locii
of the photoion predictions, when the turbulent
velocity varies in the range 0-500 km s~! at con-
stant temperature and for the extreme values of
the column density interval. The area represent-
ing a variation of the temperature in the range
1-20 keV at constant velocity and column den-
sity are comparatively smaller, and therefore not
shown.
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Table 1

Higher-order intensity ratios for selected transi-
tions in CIFLQO. Each ratio is calculated as the
weighted mean of the individual ratios on the
N sources, where a measurement of both tran-
sitions is available. Expected values for pure
photoionization (PIE) and collisional ionization
(CIE) are extracted from Tab. 3 in Kinkhabwala
et al. (2002)

Ion Ratio N PIE CIE

CviLy-B/Ly-a  051+032 9 014 0.09
Ovi He-B/f 0214013 12 0.05 ..
O vii Ly-8/Ly-a  0.30+0.18 13 0.14 0.10

of the He-8 versus f intensity ratio is 0.21 +
0.13, larger then expected for pure photoioniza-
tion. It corresponds to OVII column densities
Novir ~107!® em~2 (the dependence on the
other parameters is small). The measurements
on the He-f OVII transition at 18.6270A could
be contaminated by the nearby Nvii RRC at
18.5872A. In order to minimize this contamina-
tion, we fit the X-ray spectra around the OviI
He-$ feature in a range, which does not include
the contaminating feature. Moreover, we have
verified that similar enhancements of higher-order
lines to the Lyman-a of H-like Carbon and Oxy-
gen are observed as well (cf. Tab. 1). The depen-
dence on the temperature, column density and ve-
locity distributions in H-like species is such that
no meaningful constraints on column density can
be drawn. However, in 8 of the individual bright-
est sources in our sample the ratio between the
Ovii Ly-8 and Ly-a intensities is large enough
to be formally inconsistent with collisional ioniza-
tion, and in 4 of them with pure photoionization
as well.

3.3. AGN and starburst soft X-ray spectra

We have analyzed the RGS spectra of a sample
of 27 StarBurst (SB) galaxies extracted from the
Wu et al. (2002) sample and observed by XMM-
Newton, to identify diagnostic criteria, which
may allow us to statistically discriminate between
SB- and AGN-dominated soft X-ray spectra. The
distribution functions of the luminosity ratio be-
tween L shell iron and oxygen He- and H-like inte-
grated lines are indistinguishable (Fig. 4). Kall-
man et al. (1996) had already pointed out L-
shell iron transitions can give an important con-
tribution to the overall luminosity budget in pho-



The nature of soft X-ray emission in obscured AGN

15 Seyfert 2

10

Starburst

-0.5 0.0 0.5

log (L../L,)

1.0 1.5

Figure 4. Distribution function for the logarithm
of the ratio of the integrated luminosities in the
iron and oxygen lines for our Seyfert 2 (lower
panel) and the control sample of starburst galax-
ies (lower panel). Diagonally shaded cells indicate
upper limits, checked cells indicate lower limits.
The median of the two distributions is basically
the same: —0.10 and —0.08, respectively.

toionized nebulae. Likewise, the standard G ratio
(G = (f +1)/r; Gabriel & Jordan 1969; Porquet
et al. 2000), provide ambiguous diagnostics. Pre-
vious studies (c¢f. Sect. 1) have already shown
that the enhancement of resonant lines by res-
onant scattering mimics the behavior of a weak
collisionally ionized plasma, where all the com-
ponents of the triplet are enhanced with respect
to the pure photoionized case, thus decreasing
the contrast between the forbidden and the other
components, and hence the measured G value.
Interestingly enough, the fraction of SB spectra
where narrow RRC features are detected is com-
parable to that observed in the Seyfert 2 sample,
indicating that photoionization plays an impor-
tant role in the ionization balance of starburst
galaxies as well.

In Fig. 5 we compare the distribution of the
Ovil f transition intensity, normalized against
the intensity of the Oviil Ly-a, as a function of
the total luminosity in oxygen lines (integrated
on all He- and H-like transitions), AGN are gen-
erally characterized by larger intensity ratios, 7:
NAGN = 138:*:8%%, nsB = 057ﬂ:88; (580’ dlf—
ference; the upper limits have been taken into
account with a “bootstrap” method for censored
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Figure 5. Intensity of the f component of the
Ov1i triplet (normalized to the Oviil Ly-a inten-
sity) against the total luminosity in Oxygen lines.
Empty circles represents the obscured AGN in
CIELO, filled circles the control sample of 27 star-
burst galaxies. Symbols representing censored
data are plotted with a smaller size for the sake
of clarity.

data fit as in Schmitt 1985). The same figure
as well shows that the average line luminosity in
AGN is larger than in starburst. The median
Oxygen lines luminosity is ~10%' erg s~! in the
former and ~10%° erg s ! in the latter (using
strict detections only). Still, the overlap between
the line diagnostic distributions is significant, and
prevent strong statements on individual sources.
This most likely reflects the intrinsic “composite”
nature of several obscured AGN [7].

4. Conclusions

1. Radiative Recombination Continua: we de-
tect RRC features in about 40% of the sam-
ple source, and in 33% (27%) they allow us
to constraint the temperature of the plasma
< 50 eV (< 10) eV. This indicates that
in a large fraction of objects in our sam-
ple photoionization dominates the ioniza-
tion balance. Still, these percentages repre-
sent probably lower limits to the true frac-
tion of photoionized sources in our sample:
upper limits on narrow RRC features in al-
most 50% of the objects in our sample are
still inconclusive due to the lack of statistics




2. Resonant scattering: higher order transi-
tions are enhanced with respect to the ex-
pectation of pure photoionization, and as
well inconsistent with the expectation of
collisional ionization. This indicates that
resonant scattering plays an important role
in the ionization/excitation balance. The
observed OvIl He-8 versus f intensity ra-
tios are consistent with OviI column densi-
ties in the range Novrr ~107"18 cm=2. In-
terestingly enough, these values are in good
agreement with the column densities mea-
sured in “warm absorbers” observed along
the lines of sight to unobscured AGN [4].

3. Starburst contribution: the comparison be-
tween the spectra of obscured AGN in our
sample and a control sample of nearby star-
burst galaxies suggests two empirical crite-
ria to discriminate on a statistical basis be-
tween AGN- from starburst-powered spec-
tra: a) total Oxygen line X-ray luminosities
2 10%° erg s71; b) ratio between the OvII
triplet f component and the OvIil Ly-a1.

The currently available X-ray instrumentation
allowed us to explore the nature of the soft
X-ray emission in obscured AGN as weak as
~0.01 mCrab. From this study, we have gained
confidence that conclusions on the properties of
the gas in the circumnuclear region of AGN ex-
tracted from the detailed study of high-quality
spectra, of the brightest objects can be extended
to the whole population of nearby obscured AGN.
This is the main message we would like to convey
with this paper, which opens interesting perspec-
tives for future enlargements of this study once
deeper exposures or more sensitive instrumenta-
tion are available.
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