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ABSTRACT

The UV to X-ray continuum of active galactic nuclei (AGN) is important for maintaining the
ionisation and thermal balance of the warm absorbers (WAs). However, the spectra in the sensitive
energy range ~ 13.6 — 300 eV are unobservable due to Galactic extinction. Moreover, many AGN
show soft X-ray excess emission of varying strength in the 0.1 — 2 keV band whose origin is still
highly debated. This soft-excess connects to the UV bump in the unobserved region of 13.6 — 300 eV.
Here we investigate the effect of the assumed physical model for the soft-excess on the flux of the
unobserved part of the spectrum and its effect on the WA properties. We perform a case study using
the XMM-Newton observations of the bright Seyfert 1 galaxy IRAS 13349+2438 with WA features.
The two different physical models for the soft excess: blurred Compton reflection from an ionised
disk, and, optically thick thermal Comptonisation of the disk photons, predict different fluxes in the
unobserved energy range. However the current X-ray data quality does not allow us to distinguish
between them using derived WA parameters. This, in turn, implies that it is difficult to determine
the origin of the soft-excess emission using the warm absorber features.

Subject headings: Galaxies: Seyfert, quasars: absorption lines, X-rays: individual: IRAS 13349+2438

1. INTRODUCTION

About half of type I active galactic nuclei (AGN) show
soft X-ray absorption features due to partially ionised
material along our line of sight and intrinsic to the source
(Nandra & Pounds 1994; Reynolds 1997; George et al.
1998; Blustin et al. 2005; Piconcelli et al. 2005) . Such
X-ray absorbing clouds first detected by Halpern (1984)
using FEinstein data, have been named partially ionised
absorbers or “warm absorbers”. The availability of high
resolution grating X-ray spectra with XMM-Newton and
Chandra in the last decade improved enormously our
knowledge of these discrete warm absorption and warm
emission features in AGN spectra.

The warm absorber (hereafter WA) clouds give rise
to narrow absorption lines and edges in the spectrum,
from various ionisation stages of several elements (see
e.g., Kaastra et al. 2000; Kaspi et al. 2000; Blustin et al.
2005). Absorption features from H-like and He-like ions
of C, N, O, Ne and lower ionisation states of Fe (includ-
ing the unresolved transition array (UTA) at ~ 0.7 keV)
are most prominent in the soft X-rays. These lines and
edges are sensitive to photons in the energy range of
13.6 eV — 2 keV, and the ionisation structure of the WA
clouds depends on the shape and strength of the AGN
continuum in that energy range. As such, these lines
serve as important diagnostics of the ionisation struc-
ture and kinematics of the gas, as well as a probe of the
continuum shape.

To model these lines and edges in a dataset and deter-
mine the ionisation phase (via an ionization parameter
¢) and column density Ny of the cloud, there are a few
photo-ionisation codes in vogue, for example, CLOUDY
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(Ferland et al. 1998), XSTAR (Kallman et al. 2004),
etc. These codes require as inputs the ionizing contin-
uum from the source, cloud density and cloud metallicity,
among other parameters, to generate a grid in £ and Ny.
The ionizing continuum plays a very important role in
determining the parameters of the cloud.

However, it is not always easy to have an accurate
estimate of the ionizing continuum as emitted by the
central engine and as seen by the WA. Due to Galactic
neutral absorption a portion of the ionizing continuum
(13.6 — 300 €V) becomes unobservable to us. This is the
region where the two most important parts of an AGN
spectral energy distribution (SED), the Big Blue Bump
(BBB) and the soft X-ray excess (SE) join. The BBB
(peaking at ~ 1 — 30 eV) is believed to have its origin in
the accretion disk, as thermal multi-temperature black-
body emission (Shakura & Sunyaev 1973). The SE, on
the other hand, is excess emission at energies < 2 keV
over a powerlaw extending to high energies. Till date
there has been no consensus on the physical origin of the
SE and it can be well described by many prevalent mod-
els such as single or multiple blackbodies, high tempera-
ture diskblackbody, optically thick thermal Comptoniza-
tion, blurred reflection from partially ionized disk etc (see
e.g., Ross & Fabian 2005; Done et al. 2012). The different
models when used to describe the SE can predict differ-
ent fluxes when extrapolated to the unobserved portion
of the SED; the photons from this part of the spectrum
are particularly important for warm absorber clouds. So
a physical description of the soft-excess becomes imper-
ative to describe the broad band SED. Moreover, the
energy range of the soft-excess (0.3 — 2 keV) is where
the WA features are mainly found. Hence the properties
of the WA are likely to depend on the way the SE is
modeled.

Nicastro et al. (1999) have studied the properties of
the transmitted spectra of a gas illuminated by a flat
and a steep X-ray spectrum. They found that differ-
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ent X-ray continua produce distinctly different ionisation
structure in a cloud resulting in different absorption fea-
tures in the energy range 0.1 — 2 keV. Mehdipour et al.
(2012) have investigated the effect of the uncertainties
in the construction of the SED of the Seyfert 1.8 galaxy
ESO 113-G010 on its WA, as it is intrinsically obscured.
The uncertainties in the IR and the UV parts of the SED
were tested and were found to affect the thermal stability
of each phase of the detected warm absorbers. Lee et al.
(2013) have studied the warm absorbers of the source
TRAS 1334942438 using Chandra data. They have found
that the presence of the UV bump in the SED creates an
increased number of stable phases in the Stability-curves
and thereby favor a continous distribution of ionisation
states in pressure equilibrium.

In this paper we use the different physical models de-
scribing the observed X-ray and the UV data and pre-
dict the fluxes in the unobserved part of the contin-
uum (13.6 — 300 eV). Further we investigate the ef-
fect of these different continua on the WA properties,
using a case study of an XMM-Newton observation of
a bright Seyfert 1 galaxy TRAS 13349+2438, known to
show strong WA features (Sako et al. 2001). We also
investigate how the different shapes of the UV and soft
X-ray continua affect the WA properties of the source.
We further carry out an extensive stability curve analy-
sis for the different SEDs.

The paper is organised as follows. Section 2 deals with
the different ionizing continua and their effect on the
X-ray spectrum. Section 3 deals with the case study
of IRAS 1334942438 and describes X-ray observation,
modeling of continuum and WA absorbers. This section
also describes the construction of an appropriate ionizing
continuum for TRAS 1334942438 and also investigates
the effect of different ionizing continua on the observed
WA properties and the stability curve analysis. Section
4 discusses the results followed by conclusions in Section
5. Throughout this work we have used the cosmological
parameters H, = 71kms~'Mpc™!, Q,, = 0.27, Qp =
0.73 to calculate distance.

2. IONIZING CONTINUUM AND THE WARM ABSORBERS

The level of ionisation in a warm absorber cloud can
be characterised by the ionisation parameter £ = L/nr?,
where L is the ionizing luminosity between 1 and 1000
Ryd, n is the hydrogen number density, and r distance
between the ionizing source and the illuminated face of
the cloud (Tarter et al. 1969). This parameter is defined
for hydrogen at the cloud surface facing the ionising radi-
ation. The ionisation structure of the cloud on the other
hand, determined by the relative ionic abundances in the
photo-ionised gas, depends on the shape of the incident
spectrum. Clouds having same ionisation parameter &
can show different absorption features when illuminated
by different SEDs. Nicastro et al. (1999) have found that
the steep sloped NLSyls lack the presence of strong ab-
sorption edges of Oxygen and other elements whereas the
flat sloped Seyfert 1 galaxies show strong presence of Ko
and Kf resonance absorption lines from H-like and He-
like ions of C, O, Ne, etc. The continuum strength in
the soft X-rays therefore play a crucial role in determin-
ing the nature of ionic structure of the WA cloud. This
has important implication for the extent of ionization in
WA clouds, as the photoelectric absorption cross-sections

for various elements are generally higher at lower ener-
gies above their K-edges. Thus, a continuum with strong
extreme ultra-violet and soft X-ray excess emission will
produce more ionization compared to a flat continuum
with strong hard X-rays. To demonstrate these effects,
we have created warm absorber models for four different
ionizing continua with varying UV and soft X-ray excess
emission. The choice of these continua are driven by the
case study we perform on the source IRAS13349+4-2438 in
later sections. The four ionizing continua are as follows.

1. NLSy1 continuum — This continuum is typical of
Seyfert 1 galaxies and consists of an X-ray power-
law (photon index I ~ 2), soft X-ray excess below
2 keV described as a blackbody (kTpp ~ 85 eV),
and a multicolor accretion disk blackbody (BBB)
characterised by an inner disk boundary tempera-
ture kT, ~ 4 eV. This is the UV-X-ray contin-
uum obtained from XMM-Newton observation of
TRAS 1334942438 (see Sect. 3.3) and the BBB as
characterised by Lee et al. (2013) (see Sect. 3.5).

2. NLSy1 continuum without the BBB.
3. NLSy1 continuum without the SE.
4. NLSy1 continuum without the BBB and the SE.

The continua 2, 3 and 4 are generated to investigate the
effect of various parts of the ionising continuum on the
warm absorber clouds.

The above four ionising continua were used to create
WA models using the photoionisation code CLOUDY
(version 08.00, see Ferland et al. (1998) for a description
of CLOUDY), which uses an extensive atomic database
to predict the absorption and emission spectrum through
and from a cloud. The clouds are assumed to have a
uniform spherical distribution around the central source
and are photoionised by the source. The geometry of the
cloud is spherical but we approximate it to a plane par-
allel slab by making the distance of the cloud from the
central source very large compared to the thickness of the
cloud. CLOUDY performs the simulations by dividing a
cloud into thin concentric shells referred to as zones. The
thickness of the zones are chosen small enough for the
physical conditions across them to be nearly constant.
For each zone the simulations are carried out by simulta-
neously solving the equations that account for ionisation
and thermal balance. The model predicts the absorption
and emission from such clouds in thermal and ionisation
equillibrium. Following Porter et al. (2006), we created
WA models for each of the four continua described above.

To see how the warm absorption features of these
four WA models affect a spectrum, we have generated
a powerlaw spectrum with I' = 2 in the energy range
0.1 — 10 keV modified by the four WA models with the
same column Ny = 1022 cm~2 and the same ionization
parameter & = 10 erg cm s~ !. This was done using the
XSPEC (Arnaud 1996) spectral fitting package, where
we have used a dummy response matrix to generate the
fake data. Figure 1 left panel shows the full NLSy1 ion-
izing continuum in solid black along with the three dif-
ferent constituents of the ionising continuum, the BBB,
the SE and the powerlaw with a cut-off. The right panel
of Fig. 1 shows the absorption features of the warm
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F1Gc. 1.— LEFT: The black solid line is the NLSy1 ionising continuum as defined in section 2. The red dashed line, the green dotted line
and the blue dashed-dotted line shows the three individual components of the continuum, the BBB, the SE and the powerlaw with a cut-off
respectively. RIGHT: The absorption features of a warm absorber cloud illuminated four ionising continua as described in section 2 for the

same ionisation parameter (§ = 10ergcm s—1

) and column density (Ng = 1022 cm™

2) in the energy band of 0.3 — 10 keV. The curves 1, 2,

3, and 4 denote the absorption from WA clouds illuminated by the four ionising continua, NLSy1l, NLSY1 without BBB, NLSy1 without

the SE, NLSyl without the SE as well as the BBB.
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Fia. 2.— The top and the middle panels are 0.2 — 2 keV and
2 — 10 keV background subtracted lightcurves respectively of the
source TRAS 1334942438, for the EPIC-pn data of the XMM-
Newton observation done in 2000. The bottom panel is the hard-
ness ratio plot, which is seen to be constant during the observation.
Last 15 ks of the observation were not used for spectral analysis
due to high particle background flaring.

absorber clouds corresponding to the four SEDs as de-
scribed above. We see that ionizing continua with differ-
ent shapes can produce clouds with different absorption
features for the same ionization parameter.

This is physically understandable. For example, a con-
tinuum with a strong BBB will remove most of the elec-
trons from the atoms in the cloud capable of absorbing
in the UV. On the other hand, a continuum with strong
SE will remove all the electrons capable of absorbing in
the soft X-rays from their shells. So a cloud illuminated
by a strong SE is almost ‘transparent’ in the soft X-rays
as it has no further electrons left to absorb the X-rays, as
we find in curve 2 in the right panel of Fig. 1. To demon-
strate these effects, we have performed a case study of

the WA properties of a bright NLSy1 IRAS 1334942438
and discuss the effect of different parts of the ionising
continuum on the WA properties.

3. A CASE STUDY OF IRAS 13349+2438

TIRAS 13349+2438 is a nearby (z=0.107) bright ra-
dio quiet NLSy1l with a high bolometric luminosity (>
10%%ergs™!). Previous X-ray studies have found the
presence of strong WA, SE and a steep powerlaw spec-
trum with I' ~ 2.2 (Longinotti et al. 2003). This is
the source in which the Fe unresolved transition array
(UTA) absorption features were detected by Sako et al.
(2001) for the first time. A multiwavelength study of this
source by Lee et al. (2013) has revealed the presence of
multiple components of UV and X-ray warm absorbers.
IRAS 1334942438 has been observed by XMM-Newton
on two ocassions in 2000 and once in 2006. In the first
observation in 2000, the X-ray spectrum showed the pres-
ence of a strong soft-excess and WA features (Sako et al.
2001). Figure 2 shows the hardness ratio along with the
lightcurves in the soft and the hard band. We find that
the spectral shape has not varied during the observation.
For these reasons we have chosen the source for our study.

3.1. Observation and data reduction

We have used the archival XMM-Newton data
(id:0096010101) obtained from the observation on 2000-
06-20 for a total exposure of 45ks. The EPIC-pn and
MOS cameras were operated in the small window mode
using the thin filter. The data were processed using SAS
version 12 and the latest calibration database, as avail-
able on 3"% March 2012.

The EPIC data were filtered using the standard filter-
ing criterion as well as for particle background which re-
sulted in a net EPIC-pn exposure of ~ 30 ks in the EPIC-
pn data which is similar to that obtained by Longinotti
et al. (2003). We checked the photon pile-up using the
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SAS task epatplot and found that there was no noticeable
pile-up in either EPIC-pn or MOS data. We quote results
based on EPIC-pn data due to its higher signal-to-noise
compared to the MOS data. We have used the good X-
ray events (FLAG=0, pattern=0). To extract the source
spectrum we used a circular region of 45 arcsec, centred
on the centroid of the source. We extracted the back-
ground spectrum from appropriate nearby circular re-
gions free of sources. We created the ancillary response
file (ARF) and the redistribution matrix file (RMF) us-
ing the SAS tasks arfgen and rmfgen. We reprocessed
the RGS data using the SAS task rgsproc and the OM
data using the SAS task omichain. The OM camera si-
multaneously observed IRAS 1334942438 in the UVW2
filter along with EPIC and RGS cameras. We have
obtained the source flux at 2120A from the data and
corrected it for Galactic extinction following Schlafly &
Finkbeiner (2011) and Schlegel et al. (1998). We calcu-
lated the monochromatic flux at 2120A from the AGN
to be 3.4 x 10" P ergem 25 1AL

3.2. X-ray spectral analysis

We begin with the spectral analysis of the broadband
(0.3 — 10 keV) EPIC-pn spectral data. The data were
grouped with a minimum of 20 counts per energy bin and
allowing 5 energy bins per resolution element. This was
done using the specgroup tool in the SAS. We used ISIS
version 1.6.2-12 (Houck & Denicola 2000) for our spectral
fitting. An absorbed powerlaw fit to the spectrum in the
2 — 10 keV band yielded a powerlaw slope I' = 1.96f8:8§
which is similar to that obtained by Longinotti et al.
(2003). There is possibly a very weak narrow Fe Ko
line and an Fe K absorption edge. We fitted the Fe Ko
emission line with a narrow Gaussian and the fit im-
proved by only Ax? = —4 for 2 extra parameters from
x?2/dof = 127/125 ~ 1.02, where dof stands for degrees of
freedom. The Fe K edge was fitted using an edge model
in ISIS. The fit improved by Ayx? = —28 for 2 extra
parameters. The best fit edge energy is 7.48*_'8:%3 keV,
and the maximum optical depth 7 = 0.44 + 0.22, similar
to that found by Longinotti et al. (2003). The statis-
tical improvement according to an F-test upon addi-
tion of this component is > 99.9%. However the best
fit x2/dof = 99/123 suggests that the data may be over-
modeled in this energy band.

We extrapolated the model to the softer part of the
spectrum and found a prominent soft excess which was
well described by a blackbody with a best fit temperature
of kTgg = 85 4+ 2 €V in the energy range 0.3 — 10 keV,
which is again similar to that found by Longinotti et al.
(2003). In Figure 3, the left panel shows clear residuals
of absorption features in the soft X-ray band, which are
mainly the signatures of absorption features. We used
CLOUDY models to fit these absorption features.

3.3. Constraining the broad band UV to X-ray
continuum

The WA features in the X-rays consist of a number of
absorption lines and edges of varying strengths and are
usually unresolved and blended. In such cases, inferring
X-ray continua from moderate resolution X-ray spectra
requires appropriate physical models of the WA cloud.
However, creating such a model requires the knowledge

of the ionizing continuum seen by the WA. This is some-
what of a circular problem. We determine the continuum
in the 0.3 — 10 keV band in the following way: We first
use a generic AGN continuum to generate the CLOUDY
WA table models. We use these WA models to fit the
0.3 — 10 keV EPIC-pn and the RGS data jointly to the
X-ray continuum (Section 3.4). The BBB is then de-
rived following Lee et al. (2013) (section 3.5). Finally
we extrapolate the BBB and the X-ray continuum to the
unobserved energy range of 13.6 — 300 eV and obtain the
appropriate SED for the source. This SED is then used
to create the WA table model and we obtain the best
fit WA and continuum parameters from the joint fit of
EPIC-pn and RGS data.

3.4. The X-ray continuum

In the first step we use the AGN continuum given by
Korista et al. (1997) to generate the warm absorber ta-
ble models in CLOUDY. The Kirk Korista continuum is
given by

fu = v exp(—hv/kTspg) exp(—kTir /hv) + qv 1),

(1)
This consists of a power-law in the 1 eV — 100 keV band,
and another steeper power-law in the UV whose upper
exponential cutoff is parametrised with a temperature
Tspp and the lower infrared cut off by Tir. We used
a typical Seyfert 1 X-ray powerlaw slope of I' = 2, a
UV bump blackbody temperature of Tpgp = 10°K
peaking at ~ 10 eV, and an a,, = —1.2. The UV
spectral slope was assumed to be «,, = —0.5 (Elvis
et al. 1994). The CLOUDY table model was built using
the methods described in Porter et al. (2006). We varied
log(¢/ ergems™t) from -2 to 4 and log(Ng/ em™2) from
19 to 24 and created a multiplicative table model for
the warm absorption. The cloud was assumed to have
solar metallicity. A hydrogen density of ng ~ 10° cm™3
was assumed as the properties of the WA clouds are
practically volume density independant in the range
~ 102 — 102 em~3 (Netzer 1996). The table model
was subsequently imported to the ISIS package and
was used to obtain the best fit 0.3 — 10 keV continuum
parameters by carrying out a joint fit with the EPIC-pn
and the RGS data. The best fit continuum parameters
are: powerlaw slope I' = 2, and bbody kT, = 85 eV.
Two ionisation states of WA were detected with best fit
parameters: for the lower ionisation state logé = 1.50,
N@A = 2 x 10 em™2, and for the higher ionisation
state, log& = 2.25, NI\{’VA = 2 x 10%! cm™2. We report
the best fit continuum and the WA parameters in Table
1.

3.5. Characterising the Big Blue Bump

The BBB in AGN is primarily thought to arise from an
optically thick but geometrically thin accretion disk fol-
lowing Shakura & Sunyaev (1973). We used the diskbb
model (Makishima et al. 1986) in ISIS to define the
shape of the BBB, which requires the blackhole mass and
distance to the source for the normalisation to be deter-
mined. We have characterised the UV bump following
Lee et al. (2013). They have derived the diskbb param-
eters for the same source from the optical-UV data points
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Fic. 4.— The different realistic ionizing continua and their

comparison with the generic Kirk Korista continuum shown by
black solid curve. The dotted blue, dashed red, and solid green
curves stand for SEDs where the soft excess is modeled by bbody,
optxagnf and reflionx models respectively. See Section 3.7 for a
discussion.

obtained using Hubble Space Telescope (HST) after cor-
recting for the intrinsic galactic reddening. The mass
of the central massive blackhole of TRAS 1334942438
galaxy is estimated to be Mgy = 10%7°M,, an accretion
efficiency of 20% with respect to the Eddington rate and
an inner radius of 10Rg (Schwarzschild radius). The nor-
malisation of the diskbb is obtained from these param-
eters and the luminosity distance of the source which is
483 Mpec. Although the UV data used by Lee et al. (2013)
is non simultaneous to the XMM-Newton observation we
are working with, the fluxes by them are similar to those
obtained by us using the OM UVW1 filter.

3.6. The UV to Xray continuum and the Warm

Absorber properties

We now develop a model ionising continuum as emitted
by the central active engine and as seen by the WA for
the UV to X-ray energy band 1 eV — 10 keV. For the
0.3 — 10 keV band continuum, the best fit continuum
model parameters obtained from the broad band EPIC-
pn and RGS data in Section 3.3 is used, while the BBB
is used as described in Section 3.5. In the unobserved
energy range of ~ 13.6 — 300 eV the BBB meets the
extrapolated 0.3—10 keV continuum. Thus using the UV
and X-ray observations we have derived an appropriate
continuum which is most likely seen by the WA clouds
in IRAS 13349+4-2438. Fig. 4 shows this continuum as a
blue dotted line.

This ionizing continuum (hereafter ‘appropriate’ con-
tinuum) is used to generate WA model in CLOUDY
which is then used to fit the EPIC-pn and RGS data
simultaneously. The best fit WA parameters obtained
are: logé& ~ 1.75, N2WA ~ 2 x 102! cm~2 for the lower
ionisation state, and log & ~ 3.25, NIXVA ~ 2x10%" cm™2
for the higher ionisation state (see Table 1 for details).
We note that both the ionisation states are different from
those obtained using the WA model developed using the
Kirk Korista ionizing continuum, although the contin-
uum parameters are similar.

3.7. Realistic ionising continuum and physical models
for the Soft-excess

In our attempt to create an appropriate ionizing con-
tinuum we have used a blackbody to describe the soft-
excess, which however is only a phenomenological de-
scription and the resulting continuum may not be realis-
tic. In the absence of observations in the 13.6 — 300 eV,
the best solution to derive the realistic continuum is to
use physical models for the SE and the BBB. Though
the nature of the SE is not clearly understood, it can
be well described by two physical models (1) optically
thick thermal Comptonisation (optxagnf, in ISIS nota-
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tion) and (2) blurred reflection from partially ionised ac-
cretion disk (reflionx, in ISIS notation ).

The optxagnf model proposed by Done et al. (2012)
to model the soft-excess involves Comptonisation of disk
seed photons from a complex geometry. The AGN spec-
tral energy distributions in the UV to X-rays can be phe-
nomenologically described by three main emission com-
ponents: (1) the disk emission in the UV, (2) The soft X-
ray excess emission from an optically thick, low temper-
ature thermal Comptonizing plasma, and (3) and power
law emission above 2 keV from an optically thin, high
temperature Comptonizing plasma. In the optxagnf
model these three main components of the spectra are
combined together assuming that they are all ultimately
powered by gravitational energy released in the accre-
tion process. The optxagnf model therefore simulta-
neously describes the UV as well as the X-ray spec-
tra. However, we have only one data point in the UV
from the OM UVW2 filter for the given observation
which is not sufficient to constrain the model param-
eters. We created a set of fake datasets (in ISIS) in
the UV (1 eV — 10 eV) using the measured BBB de-
scribed by Lee et al. (2013) (see Section 3.5). We as-
sumed a typical 5% systematic errors on the UV data
points. This UV data are simultaneously fitted with the
EPIC-pn data to obtain the broadband UV to X-ray
SED (see Figure 4, red dashed line). The model used
is wabs x WALl X WA2 X edge X (optxagnf + Gaussian)
in ISIS notation. The WA models used are those devel-
oped in the Section 3.6. This continuum is now used
to generate the WA model corresponding to the newly
derived optxagnf SED. We used this WA model to fit
only the X-ray data (0.3 — 10 keV) with the model men-
tioned above and obtained the best fit WA and con-
tinuum parameters. The best fit parameter values of
optxagnf model are log(L/Lgqq) ~ —0.76, I' ~ 1.99 and
the temperature of the thermal optically thick Comp-
tonizing electrons responsible for SE are kT, = 101 eV.
The best fit WA parameters obtained are logé = 1.95,
N@A =2 x 10% em~2 for the lower ionisation state, and
logé = 3.52, NjVA = 2 x 10%! cm~2 for the higher ion-
isation state (see Table 3 and 4 for details). We note
here that the normalization of optxagnf was frozen to
one, since the flux is completely calculated by the four
parameters: the blackhole mass Mpy, the spin of the
blackhole, the mass accretion rate L/Lgq4q, and the lu-
minosity distance of the source Dy,.

The reflionx model (Ross & Fabian 2005) describes
the soft-excess as Compton reflection of hard X-ray pho-
tons from an ionised disk. It assumes a semi-infinite slab
of optically thick cold gas of constant density, illumi-
nated by a powerlaw producing a reflection component
including the fluoresence lines from the ionised species
in the gas. The XSPEC model kdblur was convolved
with the reflection model to account for the Doppler and
gravitational effects. The 0.3 — 10 keV X-ray spectrum
was initially fitted with a model wabs x WA1 x WA2 x
(powerlaw 4 kdblur(reflionx)) in ISIS notation. The WA
models used are those created using the appropriate con-
tinuum (Sec. 3.6). The above model did not describe the
data well ( x?/dof = 305/177). There were still some nar-
row discrete residuals in the soft X-rays. We added one
more reflection component which is unblurred and is as-

sumed to arise from a distant reflector. The fit statistic
improved to x?/dof = 214/174. We further tested the
fit using more complex reflection models. We added one
more blurred reflection component which arises from the
same disk as the first one but lies on the outer side. We
tied the outer radius of the first reflection component to
the inner radius of the second component and let them
free to vary. Since they arise from the same disk, we also
assume that they have the same Fe abundance and same
inclination angle with respect to the line of sight and we
tie those two parameters as well. On addition of this
component the fit improved to x?/dof = 201/171 which
is acceptable. No further reflection component was nec-
essary. This X-ray continuum along with the BBB in
the UV (described in Sec. 3.5) were used to create the
broad band SED which was used to generate the WA
table models corresponding to the reflionx model. We
used those WA models to fit the X-ray data. The EPIC-
pn and the RGS data were simultaneously fitted with
wabs x WAL x WA2 x (powerlaw + kdblur(reflionx) +
kdblur(2)(reflionx(2)) + reflionx). Table 4 column 3 enu-
merates the best fit parameters obtained in the fit. Fig. 4
shows the three different ionizing continua derived when
we used the different models to describe the soft-excess.
We find that the WA parameters obtained for different
soft excess models used, are similar within errors (see
Table 3). Hereafter these two continua will be referred
to as the ‘realistic continua’.

3.8. Effect of various continuum components on the
warm absorber models

We constructed three new ionizing continua to inves-
tigate the individual effects of the SE and the BBB by
removing these components alternately from the appro-
priate ionizing continuum generated earlier (Sec. 3.6).
First we removed the diskbb component to get the NLSy1
continuum without the BBB, and created the WA model.
Next we created another WA model using the NLSyl
continuum without the SE. Finally we removed both the
SE and the BBB from the NLSyl continuum and cre-
ated a WA model. The continua used are shown in Fig
1. We used these WA models based on different ionising
continua to fit the absorption features in the EPIC-pn
and RGS data. For each case we obtained a lower and
higher ionisation state with different ionisation parame-
ter. These are listed in Table 2.

3.9. Stability curve analysis

In the WA temperature range 104 — 10%° K, photoion-
ization is the main heating agent. Radiative recombi-
nation and line emission are dominantly responsible for
cooling the gas. The WA is assumed to be in ioniza-
tion and thermal equilibrium where the above physical
processes balance each other.

The stability curve, which is a plot of the temperature
T against the pressure £/T, is an effective tool that is
often used to study the stability properties of warm ab-
sorbers. Every point on this curve represents a possible
equilibrium state of the gas (Krolik et al. 1981; Krolik &
Kriss 1995; Reynolds & Fabian 1995; Komossa & Meer-
schweinchen 2000; Komossa & Mathur 2001; Krongold
et al. 2003; Netzer et al. 2003; Krongold et al. 2005a,b;
Chakravorty et al. 2009, 2012). A point on a portion of
the curve with positive slope corresponds to a state of
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Fic. 5.— LEFT: The stability curves for the Kirk Korista continuum (solid black line) and for three other SEDs described in Sections
3.6 and 3.7 where the SE is described by three different models (bbody, optxagnf, reflionx). The filled circles are the two components of
the best fit WA models for the respective continua. The WA components for the Kirk Korista continuum lie on the unstable part of the
stability curve, but the WA components due to the realsitic continua lie on stable parts. RIGHT: The stability curves for the test continua
where certain components of an AGN ionizing continuum have been switched off, as discussed in Section 3.8 and Table 2. The stability
curve for the ionizing continuum where the BBB is switched off, SE is switched off, both SE and BBB are switched off are represented by
the dashed green curve, dotted blue curve and dashed-dotted red curve. The corresponding best fit WA models are denoted by red points.

stable thermal equilibrium because any small change in
temperature will be countered by the physical processes
to leave its physical conditions unchanged. However, if
an absorber lies at a position on the curve with negative
slope, then any small change in temperature will result
in runaway heating or cooling until the properties of the
gas adjust to reach stable configuration at higher or lower
temperatures.

The stability curve for a given continuum is generated
using CLOUDY by stepping through different values of
the ionisation parameter and calculating the correspond-
ing equilibrium temperature of the cloud.

The left panel of Figure 5 shows the stability curves
for the Kirk Korista continuum and the three other con-
tinua developed for the source (SE modeled with bbody,
optxagnf and reflionx). The Kirk-Korista continuum
stability curve (solid black line) shows distinct regions
of stable phases (positive slopes) separated by interme-
diate unstable phases (negative slopes). Such a stability
curve would predict discrete phases of WA which may
be in pressure equilibrium with each other. This is be-
cause £/ T is essentially the ratio between radiation pres-
sure and gas pressure if the distance from the ionizing
source is the same for the different clouds of ionized gas.
The solid blue points on the curve show the two com-
ponents of the WA that were derived from fitting the
data. We find that both the components of the WA
fall in nearly unstable regions of the stability curve. On
the other hand, the curve due to the two realistic con-
tinua (optxagnf and reflionx) predict mostly stable
gas. Such curves correspond to a continuous distribution
of temperature and pressure for the absorbing gas. The
WA components predicted by fitting the table models of
these ionizing continua (see Table 3) are all thermally

stable. Thus, for IRAS13349+42438, the stability curve
analysis points to the fact that the realistic ionising con-
tinua are the preferred ones for producing stable states
of the warm absorbers. In the right panel of Figure 5 we
compare the stability curves derived using the appropri-
ate SED for IRAS 13349+2438 (see Sec. 3.6) with sta-
bility curves obtained by dropping the BBB and the SE
components respectively from the SED. We have shown
in the figure with red circles the WA components pre-
dicted by fitting the data with the WA models created
using the respective continua. We find that the BBB as
well as the SE components are crucial in establishing a
largely stable curve and having the WA components in
the stable parts of the curve.

4. DISCUSSION

We have shown that ionizing continua with different
shapes can result in different ionisation structures for a
cloud even if they have the same value for the ionisation
parameter £ (see Fig. 1, see also Nicastro et al. 1999;
Reynolds & Fabian 1995). The 13.6-300 eV range in the
UV to X-ray SED of AGN is not accessible to us with our
current state of the art instruments. This is the energy
range whose photons are important for maintaining the
ionisation balance of the WA clouds. Several authors in
the past have used different techniques to overcome this
difficulty. In many cases, the authors have used a single
powerlaw ionising continuum with typical photon index
of I' ~ 1.5 — 2 in the UV to X-ray band (e.g., Reynolds
& Fabian 1995; Matt et al. 2011; Lobban et al. 2011;
Winter et al. 2012). In some cases a powerlaw connect-
ing the two observed fluxes at 2 keV and 2500A charac-
terised by a slope apx has been used for the unobserved
part of the continuum (see e.g., Netzer 1993; Longinotti
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et al. 2008; Nucita et al. 2010). This method ignores the
presence of the SE, which we have seen is important in
maintaining the ionisation balance of the WA. Some au-
thors have modeled the UV data with a powerlaw and
joined the last UV data point, for instance, 2120A from
the OM telescope, with the lowest available X-ray data
point (~ 300 eV) to create the broad band SED (see for
e.g., Gupta et al. 2013; Krongold et al. 2005b; Yaqoob
et al. 2003). Dewangan et al. (2007) have treated the
soft X-ray excess as disk blackbody emission and used a
UV powerlaw to construct the ionising continuum.

To constrain the spectral shape in the unobserved en-
ergy range, the best one can do is to use physical mod-
els to describe the BBB and the SE using the observed
data and extrapolate them into the unobserved range.
Lee et al. (2013) have modeled the SE in the Chandra
HETG spectrum of IRAS 1334942438 with a physical
model, nthcomp, which involves Comptonisation of seed
photons from an accretion disk by a thermal gas of elec-
trons, and extrapolated the resulting continuum below
100 eV where it meets the BBB in the unobserved en-
ergy range. In the present case study of the NLSyl
galaxy IRAS 13349+2438 using XMM-Newton data we
have followed a similar procedure, but we have used two
additional physical models to describe the SE - the in-
trinsic disk thermal Comptonisation (optxagnf) and the
blurred reflection from an accretion disk (reflionx).
The optxagnf model is similar to nthcomp model for
the SE but it also produces the BBB and the hard X-
ray powerlaw self consistently. We find that these differ-
ent models when extrapolated to the unobserved energy
range predict different fluxes (see Fig. 4). The model
optxagnf which simultaneously describes the X-ray and
the UV data predicts greater flux in the 10 — 100 eV
range compared to the bbody model. The reflionx
model which required a separate diskbb model to charac-
terise the BBB predicts a greater flux in the energy range
20 — 100 eV. The predicted fluxes in the 13.6 — 300 eV
for the three cases optxagnf, reflionx and bbody are
2.5 x 107 0ergem 2571, 1.5 x 107 % ergem 2571, and
1.4x107%ergecm =251, respectively. However the X-ray
data we are working with cannot distinguish between the
WA models created by the two physical SEDs. We find
that the two different models lead to similar best fit WA
parameters (see Table 3). The implication of these re-
sults is that the observed WA properties cannot be used
to distinguish between the currently available physical
models for the SE.

The ambiguity in the derived WA ionisation param-
eters for a source due to the uncertainty in the SED
means that we cannot determine the ‘unique’ ionisa-
tion parameter for a given cloud for a given dataset.
For example, when we use the appropriate SED (de-
scribed in section 3.6) for the source IRAS 13349+2438
we obtained the best fit ionisation parameters for the
WA clouds logé ~ 1.75 and logé& ~ 3.25, whereas the
WA models developed using the SED when the BBB is
switched off from the NLSy1 SED yielded completely dif-
ferent best fit WA ionisation parameters log & ~ 0.99 and
log & ~ 2.50. Sako et al. (2001) studied the same obser-
vation of the source IRAS 1334942438 and obtained two
phase WA clouds. After modeling the continuum, they
applied the absorption components of individual ions H
and He-like C, N, O and Ne and Fe XVII-XXIV, where

each ion was treated as a separate component in the spec-
tral fit. From the observed distribution of the charge
states of these ions, they derived the average ionisation
parameters using XSTAR: for the lower ionisation state
logé < 1.0, N2 ~ 10*! ecm~2, and outflow velocity
is v ~ 400 kms~', and for the higher ionisation state
2.0 < logé < 2.5, NYA ~ 10?2 em™2 and outflow ve-
locity is v ~ 0 kms~!. We found that both ionisation
parameters are consistent with those derived by us when
we used the WA models based on the appropriate con-
tinuum without the BBB (see Table 2). The ionisation
parameters obtained by us using the WA model based
on realistic continuum are higher than those obtained by
Sako et al. (2001), however they are similar to those ob-
tained by Lee et al. (2013). Mehdipour et al. (2012) have
found different best fit WA parameters when they used
different SEDs to generate the WA models. We found
that the outflow velocity and the column density param-
eters for the WA models generated using different SEDs
are statistically similar which is also found by Mehdipour
et al. (2012).

The structure of the warm absorber clouds is still elu-
sive. There is as yet no consensus on whether the clouds
exist in clumpy discrete phases or as continuos plasma.
In two of the high quality X-ray spectra of NGC 3783
(Netzer et al. 2003) and NGC 5548 (Steenbrugge et al.
2003) the data required three ionisation phases. It is not
clear if these AGNs really host discrete WA phases as
the current data seem to suggest or the number of WA
phases will increase with increasing data quality, indi-
cating a continuous distribution of WA clouds. Various
studies have however pointed towards a growing consen-
sus on the discrete phases of WA (Blustin et al. 2003;
Smith et al. 2008; Ricci et al. 2010; Mehdipour et al.
2010; Ebrero et al. 2011). The stability curves provide
a way to distinguish between the two scenarios. For the
source IRAS 1334942438 we have found that the effect
of the BBB and the SE on the stability curves is to en-
able stable WA phases over a wide range of £/T (see also
Reynolds & Fabian 1995; Fabian et al. 1986). Therefore
the continuum might influence the formation of specific
phases. Fabian et al. (1986) showed that the two phase
discrete WA model for the source Mrk 841 is not valid as
the stability curves exhibited more stable regions when
they added a SE component to an existing simple power-
law model in the X-ray continuum. We find that the sta-
bility curve generated using the Kirk Korista continuum
which has no SE, has discrete stable and unstable phases.
The best fit WA parameters for this continuum lie on the
unstable portions of the curve. This may point towards
a picture where the WA clouds exist in clumpy phases.
On the contrary the stability curves generated using the
realistic SED for IRAS133494-2438 with the BBB and SE
(Fig. 5, left panel) has only stable phases and the best fit
WA parameters lie always on stable parts of the curves.
This points to a continuos distribution of WA clouds as
the available phase space in &/T is largely stable. This
can impact our understanding of the formation of the WA
(Reynolds & Fabian 1995). Lee et al. (2013) also point
out that the presence of a strong UV and SE component
creates more stable phases in the stability curve. Hol-
czer et al. (2007) had used only the X-ray continuum for
the same source to generate stability curves and found
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unstable phases, which are not present when the SED by
Lee et al. (2013) is used. Therefore we find that the sta-
bility curves generated using the realistic continua prefer
a continuous distribution of WA ionisation states. How-
ever, as a caveat we may consider that the detection of
two discrete WA components in the stable region of the
S-curve may not always imply that there is a continuous
distribution of ionization states in the absorber along the
line of sight to this target. The S-curves built using the
‘realistic’ continua shows largely stable portions and al-
low for a continuos distribution of ionisation states and
yvet we detect only two discrete states. The fact that
we see only 2 components with very different ionization
degrees and nothing in between, may argue against the
continuous-flow distribution of ionization states.

5. CONCLUSION

In this paper we have investigated the effects of the
shape of the ionizing continuum on the warm absorber
properties. The main results are as follows.

e Jonizing continua with different shapes create dif-
ferent ionisation structures in WA clouds for the
same ionisation parameter and column density
of the cloud. The best-fit WA parameters ob-
tained using WA models generated with different
input ionizing continua for the Seyfert 1 galaxy
TRAS 1334942438 are different.

e The determination of the accurate shape of the ion-
ising continuum therefore becomes imperative for
generating the WA models, which is however not
possible due to the Galactic extinction in the range

13.6 — 300 eV. The only way out is to characterise
the BBB and the SE with physical models and ex-
trapolate them in to the unobserved region of the
SED.

e We developed realistic continua based on multi-
wavelength observations which consists of the SE
and a powerlaw emission in the X-rays and the
BBB in the UV. We found that the different phys-
ical models for SE (blurred Compton reflection
and optically thick thermal Comptonisation) pre-
dict different fluxes in the unobserved energy range,
but the current X-ray data quality does not allow
us to distinguish between them using derived WA
parameters.

e The extent of stable regions in the stability curves
is large for the realistic continuum which possi-
bly indicates a continuous distribution of the WA
clouds for this source.
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TABLE 1
THE BEST FIT MODEL PARAMETERS FOR CLOUDY MODELS USING KIRK KORISTA AND THE REALISTIC IONIZING CONTINUA.
Model parameters Kirk Korista®¢ AppropriateP ¢
components WA model WA model
wabs Ng x 1020 (em™2) 1.1(f) 1.1(f)
(fixed)
Warm absorber log(N}YA/ em™2) 21.587:8:(1)(; 21.33f8182
(CLOUDY) log(¢/ergems™")  1.5070 0% 1757043
outflow-velocity ¢ 9601730 9601450
Warm absorber log(NYWA/ em™2) 21.31f8:?g 21.36f8'§§
(CLOUDY) log(¢/ ergems™!) 2'254581(1)53) 3.247:8:%(23
outflow-velocity ¢ 11701200 12001500
bbody kTpp (eV) 8515 873
norm (12 4+ 2)° (12 £ 2)°
nthcomp I 2.00 4+ 0.03 2.00 +0.02
(powerlaw) norm (90 £ 20)° (90 £ 20)°
Gaussian norm (0.16 £0.13)¢  (0.16 + 1.3)°
Line E (rest) keV 6.4+ 0.007 6.4 £ 0.005
o eV) 0.001 keV(f)  0.001 keV (f)
edge Energy ( keV) 7.48 +0.12 7.48 £0.12
T 0.44 £0.22 0.40 £ 0.22
C/dof 5940/5139 5935/5139
x?2/dof 213/181 214/181

(EPIC-pn fit only)

AWA table model generated using Kirk Korista continuum.

bWA table model generated using the appropriate continuum with
the SE modeled with a bbody. See Sec. 3.6

¢(f) signifies frozen parameters.

dThe outflow velocity of the WA with respect to systemic velocity
expressed in kms~1.

°These quantities are in the units of 107°.
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TABLE 2
THE BEST FIT WARM ABSORBER MODEL PARAMETERS WITH EITHER
THE UV OR THE SOFT-EXCESS PART OR BOTH THE PARTS OF THE
REALISTIC CONTINUUM SWITCHED OFF.

WA Parameters Model 1> Model 2 Model 32
Component —
. log(N/A/ em~2) 21335003 21867513 21387513

log(&/ ergems™1) 0.997:8:82 2.297:8:88 1.307:8:%
2. log(NyVA/ em™2) 2149703 21,4472 21,4470 )2

log(¢/ergems™1!) 2.507:8:(1)3 3.307:8:(1)3 2.307:8:(1)3

C/dof 5935/5139 5932/5139 5932/5139

#Model 1 stands for the BBB switched off from the NLSyl SED
as described in section 2.
Model 2 stands for SE swiched off
Model 3 stands for the BBB as well as the SE switched off.

TABLE 3
THE BEST FIT WARM ABSORBER MODEL PARAMETERS WHEN WE
USE REALISTIC IONIZING CONTINUA TO GENERATE CLOUDY WARM
ABSORBER TABLE MODELS.

WA Parameters Model 1* Model 2* Model 3*
component — (bbody)  (reflionx) (optxagnf)
1. log(NYA/ em=2) 21.3370:09 2140007 21.367075

log(¢/ ergems ™) 1757055 1.88%075  1.957003
2. log(Ny4/ em™2) 21.367022 21.91%012 21.597022

log(€/ ergems 1) 325708 as5t0l a52r008

C/dof 5935/5139 5927/5139 5930/5139

#Models 1, 2 and 3 stands for cases when SE is described by bbody,
reflionx and optxagnf. See Sec. 3.7 for details.
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TABLE 4
THE BEST FIT PARAMETERS FOR THE SIMULTANEOUS FIT OF THE EPIC-PN AND RGS DATA WHEN THE SOFT-EXCESS WAS MODELED USING
PHYSICAL MODELS.

Model paramters Model 12 P Model 22 P
components
wabs Ny ( em™2) x 1020 1.1(f) 1.1(f)

(fixed)
WA1 and WA2 Values quoted in Table 3
powerlaw T 2.04+0.03 —

norm (5.942) x 107* —
Reflionx-1 Fe/solar 107:8:25 —

T 2.04 —

3

¢ 19913, —

norm (1.4340.19) x 1076 —
Kdblurl index 9.581039 —

Rin(rg) 1.23t§1§g —

Rout (1g) 13.33?012 _

inclination(degrees) 3775 —
Reflionx-2 Fe/solar 10(tied) —

T 2.04 —

3 6072 —

norm (4.01“1)‘8) x 1077 —
Kdblur2 index 3.55102

Rin(rg) 13.2(tied) —

Rout (rg) 400(f) —

inclination(degrees) 37(tied) —
Reflionx-3 Fe/solar 0.75f81% —

T 2.04 —

76

¢ 139178 —

norm 7.265 570 x 1078 —
optxagnf norm — 1(f)

log(L/LgpDp) — —0.7551090%

kT. (keV) — 0.101%5:05

T — 6872

T — 1.99 +0.02

£ — 0.51 =+ 0.02

Teor (Ig) — 10+ 2
Gaussian norm — 6.713:3 x 1077

Line E (rest) keV — 6.4 £ 0.005

o( eV) — 0.001 keV (f)
edge Energy ( keV) — 7.48 £0.20

T — 0.46 £ 0.22
C/dof 5927/5139 5930/5139
x?2/dof 201/171 223/176

(EPIC-pn fit only)

aModel 1=wabs*WA1*WA2*edge* (powerlaw+kdblur(Reflion)+kdblur2(Reflion2)),
Model 2 =wabs*WA1*WA2*edge* (optxagnf-+Gaussian)
b(f) stands for frozen parameters



