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ABSTRACT

Many AGN exhibit X-ray absorption features caused by
the presence of highly ionized gas located on the line-of-
sight of the central continuum. Such a material is called
“Warm Absorber” (WA) and displays zones of different
density, temperature and ionization. Our approach to the
study of the WA relies on the assumption of pressure
equilibrium, resulting in the natural stratification of the
medium, which allows us to explain the presence of lines
from different ionization states in many AGN observed
by Chandra and XMM-Newton. Among the best WA ob-
servations available are those of NGC 3783, which we
have analyzed.

We have used the photoionization code TITAN, devel-
oped by our team, to calculate a grid of constant total
Our study shows that the WA can be modelled in pressure
equilibrium. Finally, this work provides a good example
of the application of the TITAN code to the study of the
WA in AGN, and opens perspectives for its use by the
community, through a larger grid of constant total pres-
sure models to be made available via XSPEC and/or via
Virtual Observatory facilities.
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1. INTRODUCTION

Many Active Galactic Nuclei (AGN) exhibit important
X-ray absorption features caused by the presence of
highly ionized gas located on the line-of-sight of the
central continuum; such a material is called “Warm Ab-
sorber” (hereafter WA).

The first observations of WA gas in AGN were reported
by Halpern et al. (1984) in the Einstein Observatory
spectrum of MR 2251—178, a quasar displaying a large

absorption feature around 1 keV; this feature has been
attributed to the O VII (739 eV) and O vIII (871 eV) pho-
toelectric absorption edges (e.g. George et al. 1995) and
is consistent with the presence of gas photoionized by the
hard X-rays produced near the central engine of the active
nucleus.

Early ASCA observations have revealed the presence
of ionized soft X-ray absorption in ~50% of type 1
Seyferts; evidence for a WA was also found in type 2
Seyferts, Narrow Line Seyfert 1s, BAL QSOs and even
some BL Lacs. With the advent of space X-ray observato-
ries such as XMM-Newton and Chandra, carrying aboard
high-resolution grating spectrographs, an important set of
high quality data became available providing valuable in-
formation on the WA. Spectra of type 1 objects revealed
the presence of tens of absorption lines, covering a wide
range of ionization states, and blueshifted by a few hun-
dreds to thousands km s~ (an indication that the absorb-
ing material is outflowing); in type 2 AGN, the data have
shown the presence of emission lines.

Despite the undeniable improvements in our knowledge
of the WA, some important issues remain a subject of de-
bate, namely: (i) the location and geometry of the WA,
(ii) the physical conditions of the absorbing/emitting gas,
and (iii) the implications of the WA in the energetics of
AGN. Trying to solve these questions requires not only
high quality observations, as the ones provided by XMM-
Newton and Chandra, but also an adequate treatement of
the X-ray data through the use of reliable photoionization
codes, calculating the full radiative transfer.

We have addressed the above mentioned points through
the study of the Warm Absorber in NGC 3783, for which
unmatching quality Chandra archive data are available;
we have modelled the data using our photoionization
code TITAN (e.g. Dumont et al. 2000; Collin et al. 2004),
which supports the assumption of pressure equilibrium
and allows for a multi-angle analysis of the spectra.



NGC 3783
Multiangle TITAN model results
16406 - T T T T

i Total Outward spectrum (ang < 40°)
e

Qutward spectrum in normal direction {ang < 7°)

le+05 -

EYt
VF, fergem” s7)

le+04 1~

Outward spectrum (7' < ang < 40°)
1 | i 1 1
le+03
et 1550 1600 1650 1700 1750 1800 1850 1900 1950
hv (V)

Figure 1. Absorption (outward spectrum inside an open-
ing cone of 7') and emission components (outward and
reflected spectra in a cone comprised between 7' and
40°). This figure illustrates how an absorption feature
can be partially, or totally filled in by an underlying emis-
sion component, and stresses the importance of a sepa-
rate analysis of the absorption and emission spectra.

2. THE WARM ABSORBER IN NGC 3783

NGC 3783 is a bright (V~13.5), nearby (z=0.0097)
Seyfert 1.5 galaxy observed in the Optical, UV and X-
rays. The WA in this object has been discussed by several
authors (e.g. Kaspi et al. 2001,2002; Netzer et al. 2003;
Krongold et al. 2003; Behar et al. 2003) based on Chan-
dra data (56 ks and 900 ks spectra) and XMM-Newton
observations (40 ks and 280 ks spectra). These studies
seem to agree on the presence of a 2 (or more)-phase gas
(a cold Low-Ionization Phase and a hot High-Ionization
Phase) and on the absorbing and emitting plasma being
manifestations of the same gas. Concerning the kinemat-
ics of the WA, two or more velocity systems have been
identified in Chandra observations; they are compatible
wiih ithose observed in UV specira. A singie velocity sys-
tem (Voys ~ 600-800 kms~1) seems enough to describe
XMM-Newton observations. There is no consensus in
what concerns a possible correlation between the velocity
shifts or the FWHMs with the ionization potentials of the
ions.

Although the WA in NGC 3783 has been the object of
many studies, these have assumed constant density (e.g.
Netzer et al. 2003) or a dynamical state (Chelouche &
Netzer 2005) for the modelling. In addition, they all re-
quire multiple zones of different density, temperature and
ionization; these are invoked to explain the large span
in ionization observed in the WA spectrum. Further-
more, when plotted on the S-curve of thermal equilibrium
log(T) vs. log(&/T) (where T is the temperature of the
medium and £ is the ionization parameter1 ), these clouds
lie on a vertical line of roughly the same gaseous pres-
sure. However, a stratified medium can be obtained natu-
rally if we assume the gas to be in pressure equilibrium.

I'The ionization parameter ¢ is defined as L/ng R2, where L is the
luminosity integrated over the total spectrum, nyy is the hydrogen den-
sity and R is the distance from the WA to the illuminating source.

Our approach to the study of the WA relies therefore on
the assumption of constant total pressure, which allows us
to explain the presence of lines from different ionization
states, and accounts naturally for the other properties of a

model composite of multiple constant density clouds.

We have searched the Chandra archives for the HETG
data used to build the 900 ks spectrum published by Kaspi
et al. (2002), which is a combination of MEG and HEG
observations. In this study, we have only considered HEG
data. The retrieved spectra were treated in the standard
way using the CIAO software (vs. 3.2.1) and correspond-
ing threads. We have then used our photoionization code
TITAN to model the observations and to constrain the
physical conditions of the WA gas in NGC 3783.

TITAN is well suited for the study of optically thick and
thin media; it computes the gas structure in thermal and
ionization equilibrium, both locally and globally; it can
work under constant density, constant gaseous pressure or
constant total pressure. Our atomic data includes ~1000
lines from ions and atoms of H, He, C, N, O, Ne, Mg, Si,
S and Fe; more lines should be added soon.

The photoionization code TITAN accounts for Compton
heating and cooling corresponding to photons with ener-
gies inferior to 25 keV; when coupled with the Monte-
Carlo code NOAR, it can also account for the Compton
heating and cooling corresponding to photons with ener-
gies larger than 25 keV.

Another important aspect of TITAN, is its multi-angle
treatment of the transfer allowing, in particular, for the
separate study of the emission and absorption compo-
nents. As an example, Fig. 1 displays the calculated
outward (absorption and emission), reflected (emission
only) and total spectra (corresponding to the sum of the
absorption and emission components) for NGC 3783, in
the conditions of our best model described further down.
This figure shows the importance of a separate analysis
of the absorption and emission components, and illus-
trates how an absorption feature can be partially, or to-
tally filled in by an underlying emission component; one
can also see that the emission-line spectra corresponding
to the reflected and outward flux are not similar, display-
ing different line-ratios.

We have calculated a grid of 16 constant total pres-
sure models dedicated to fit the WA in NGC 3783;
the 16 models cover the combinations between 4 pos-
sible values of the ionization parameter ¢ (2000 <
¢ < 3500 ergecms™!) and of the total column density
(310%2 < Ny < 610%2 cm™2); the density at the face of
the cloud (ng) was set to 10° cm—3 and the turbulent ve-
lociy to 150 km s~ 1. Our study shows that the WA can be
modelled in pressure equilibrium conditions, providing a
best model with £ = 2500 and Ny = 4 10%2,
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Figure 2. NGC 3783 observations and TITAN model. Left panel: incident and emergent continua plotted over the
observations. Righ panel: zoom on the observed and modelled spectra. The “unfitted” features correspond to Al lines

(not present in the atomic data).

This model gives a good fit to the observed data (Fig. 2),
both for the continuum (following its overall shape up to
10000 eV and reproducing the O VII and O VIII edges)
and the lines (both from high and low ionization); these
are blueshifted by ~ 810 kms~!. The observed and mod-
elled spectra will be presented in detail in a forthcoming
paper (Gongalves et al., in preparation).

4. CONSTANT DENSITY VERSUS CONSTANT
TOTAL PRESSURE MODELS

Our results can be compared to those of Netzer et al.
(2003), who found three constant density clouds: a
“low-ionization” cloud (¢ = 68 and Ny = 810%'), a
“medium-ionization” cloud (¢ = 1071, Ny = 110%2),
and a “high-ionization” one (¢ = 4265, Ny = 2 10%2).

We have studied the behaviour of the temperature, pres-
sure and density for both constant density and constant
total pressure models. In Fig. 3 we give the tempera-
ture for the three constant density ciouds in Netzer et al.
(2003) and for our WA in pressure equilibrium. As an ex-
ample, Fig. 4 shows the Oxygen ionization fractions for
both cases. Our results show that the WA in NGC 3783
can be modelled by a single medium in pressure equilib-
rium, instead of a composite medium of multiple constant
density clouds.

As a good illustration of the agreement between an
unique constant total pressure model and the composition
of several constant density models, one can compare the
values of the “observed” ionic column densities (i.e. those
which have been determined through a curve of growth
analysis in Netzer et al. 2003), with those deduced from
our best model, and from the composite model of Netzer
et al. (2003). Fig. 5 displays the computed column den-
sities vs. the observed ones for both cases. One can see
that both models give very similar results, even if these
do not agree perfectly with the observations.

Based on our best model results and on the object’s lu-
minosity and black hole mass, we were able to make
some preliminary estimates of physical quantities related
to the WA. Assuming ny = 10° cm ™3, the size of the
WA medium achieves AR ~ 210'7 cm. We should note
here that constant pressure models vary only proportion-
ally with ny varying in the range 10° to 10'2; however,
assuming a higher value of ny at the face of the cloud
would imply a smaller size for the WA medium. For
a WA size of ~ 210" cm, and in order to keep the
amount of outflowing material within reasonable limits
(Mout/ Mgaa < 1), the WA should be located closer than
~ 210" cm (i.e. before the Narrow Line Region). This
is in agreement with the values put forward by Netzer et
al. (2003) and Krongold et al. (2003).

Based on the absence of variability on timescales of 1 to
4 days, Netzer et al. (2003) conclude that the aborbers
in NGC 3783 are located far from the central source, and
that their densities are small, at most of the order of ny =
10° ecm~3. Accordingly, the thickness of the WA should
be large (AR > 210'"cm). The dynamical time scale
of the WA is of the order of at least AR/cs, where cs
is the sound velocity. If the gas pressure dominates, cg
is very roughly (since it varies by almost one order of
magnitude) of the order of 107 cm s—!, which means that
the dynamical timescale in this object is of the order of
103 years.

If radiation pressure dominates (as it is the case in our
model), cs is larger, and the dynamical timescale is re-
duced in proportion. Nevertheless, it would stay far much
longer than the timescale for the flux variations. It can
thus be objected that the medium cannot reach a state
where it is in pressure equilibrium with the illuminating
source; this is actually not true at the zeroth order. Indeed,
the medium would then adopt a “quasi-pressure equilib-
rium” corresponding to a flux averaged over a long time,
and the flux variations would induce rapid, but relatively
small changes of the temperature and of the ionization
equilibrium, keeping the same density structure, and the
spectrum would not be strongly modified (work in prepa-
ration).
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Figure 3. Left-hand panel: Temperature profiles calculated for the three constant density WA clouds described in Netzer et
al. (2003). The top curve corresponds to the “high-ionization” cloud, the intermediate curve to the “medium-ionization”
cloud, and the bottom curve, to the “low-ionization” cloud. Right-hand panel: Temperature profile resulting from our
modelling of the WA as a single medium in total pressure equilibrium; notice that in this case, the temperature disconti-
nuities arise naturally.
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Figure 4. lonization fraction of the oxygen ions (“Oi” stands for Oxygen ionized “i-1” times); from top to bottom, the
curves correspond to the ions O 1X, O viII, O VII, O VI, O V and O 1V. Left-hand panel: ionization fractions for the
“medium-ionization” constant density cloud described in Netzer et al. (2003); we note that in this case, only 2 species
(O V1l and O V111) contribute significantly to the final spectrum. Right-hand panel: ionization fractions resulting from our
modelling of the WA as a single medium in total pressure equilibrium; we note that in this case all ionic species contribute
to some extent to the final spectrum, justifying the wide range in ionization species observed in this object.
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Figure 5. Ionic column densities for the Netzer et al. (2003) composite constant density model (right panel), and for
our constant total pressure model (left panel), vs. the “observed” column densities determined through a curve of growth
analysis (Netzer et al. 2003). The observed O V1 column density value corresponds to a lower limit, only; it was therefore
replaced by the Netzer et al. (2003) computed value, which explains the absence of an error bar for this ion. The dotted
line shows the diagonal on which the calculated ionic column densities equal the observations.

Moreover, we observe that the three constant density
components of the Netzer et al. (2003) model are located
on the thermal stability S-curve at positions correspond-
ing to roughly the same gas pressure (for the same radia-
tive pressure). Therefore, even in the composite constant
density model of Netzer et al. (2003), there should also
exist a mechanism able to maintain a state of pressure
equilibrium (different from our own state, as it does not
involve a modification of the ionizing continuum accross
the slabs).

Finally, one should take into account that the location
of the WA absorber in NGC 3783 is still a controver-
sial matter. A careful analysis of the emission lines
and/or P Cygni-like features observed in the spectrum of
NGC 3783 (probably due to both outward and reflection
components) could help constraining the covering factor
in this WA, and provide important information on its ge-

ometrv and location
VHICU Y aliG 10Caulil.

As an example of the studies one can carry on such high-
resolution spectra, Fig. 6 shows the absorption/emission
blending for the O VvIII A18.969 line, as described in
Krongold et al. (2003); superposed to the data, we
show our own modelling of the P Cyg-like profile (thick
line), obtained with a combination of absorption and
emission spectra calculated with a turbulent velocity of
200 kms~!; we note here that a lower turbulent veloc-
ity (e.g. 150 kms~!) does not provide a satisfactory fit.
In this tentative modelling of the O VIII line, the absorp-
tion component has a resolution of 300 and is represented
at rest wavelength, while the emission component has a

resolution of 600 and is resdshifted with respect to the ab-
sorption. Such a preliminary result suggests that the WA
medium is rather complex; it could be that the absorption
and emission gas do not originate on the same region, or
even that the reflection flux could contribute to some ex-
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Figure 6. Absorption/emission blending for the

O VvIIA18.969 line, as described in Krongold et al.
(2003); superposed to the data, we show our own mod-
elling of the P Cyg-like profile (thick line), obtained with
a combination of absorption and emission spectra calcu-
lated with a turbulent velocity of 200 km s~ 1.



tent to the final (total) observed spectrum. These subjects
are still under study and will be discussed in more detail
in a forthcoming paper (Gongalves et al., in preparation).

In addition, this preliminary work shows the importance
of the turbulent velocity in the description of the observed
spectral features. Our grid of models was calculated for a
turbulent velocity of 150 kms~!; a new grid is now being
calculated for a higher value of the turbulent velocity, for
comparison.

5.  CONCLUSIONS AND FUTURE WORK

Our work demonstrates that the TITAN code is well
adapted to the study of the WA in Active Galactic Nuclei.
In particular, its multi-angle treatement of the transfer
will be useful in the study of the emission-line spectrum
of NGC 3783, and hopefully provide important informa-
tion on the geometry and location of the Warm Absorber
in this object.

We have shown that the WA in NGC 3783 can be mod-
elled by a single medium in total pressure equilibrium;
this is probably the case for all WA presently described
by multiple zones of constant density. Such a pressure
equilibrium can be reached if we assume the flux to be
averaged over a long time.

In the case of NGC 3783, our grid of models has pro-
vided a best result corresponding to ¢ = 2500 erg cm s~ *
and Ny = 410%2 cm—2. This model fits the observa-
tions well, both for the continuum and the lines; these are
blueshifted by ~ 810 kms~!. Our grid of constant total
pressure models, dedicated to the study of NGC 3783, is
now ready to be inserted into XSPEC; this analysis will
provide a more quantitative appreciation of our fit to the
Chandra data, and will be discussed in more detail in a
forthcoming paper (Gongalves et al., in preparation).

In addition, our work opens perspectives for the future
use of the TITAN code by the community, through a
larger grid of constant total pressure models to be made
available via XSPEC and/or via Virtual Observatory fa-
cilities.
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