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ABSTRACT

We present the first analysis of the X-ray warm absorber and nuclear obscuration in the Seyfert 1.8 galaxy ESO 113-G010. We used
archival data from a 100 ks XMM-Newton observation made in 2005. From high resolution spectroscopy analysis of the RGS data, we
detect absorption lines originating from a warm absorber consisting of two distinct phases of ionisation, with log¢ ~ 3.2 and 2.3 re-
spectively. The higher-ionised component has a larger column density and outflow velocity (Ny = 1.6x 10** cm™2, v ~ —1100 km s™!)
than the lower-ionised component (Ng ~ 0.5 X 10*2 cm™2, v ~ =700 km s™!). The shape of the optical-UV continuum and the large
Balmer decrement (Ha/HB ~ 8) indicate significant amount of reddening is taking place in our line of sight in the host galaxy of the
AGN; however, the X-ray spectrum is not absorbed by cold neutral gas intrinsic to the source. We discuss different explanations for
this discrepancy between the reddening and the X-ray absorption, and suggest that the most likely solution is a dusty warm absorber.
We show that dust can exist in the lower-ionised phase of the warm absorber, which causes the observed reddening of the optical-UV
emission, whereas the X-rays remain unabsorbed due to lack of cold neutral gas in the ionised warm absorber. Furthermore, we have
investigated the uncertainties in the construction of the spectral energy distribution (SED) of this object due to obscuration of the
nuclear source and the effects this has on the photoionisation modelling of the warm absorber. We show how the assumed SEDs
influence the thermal stability of each phase and whether or not the two absorber phases in ESO 113-G010 can co-exist in pressure
equilibrium.
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1. Introduction

ESO 113-G010 was first identified and catalogued as a galaxy
(SBa) in the ESO/Uppsala Survey of the ESO(B) Atlas (Lauberts
1982), based on observations made with the ESO 1 m Schmidt
telescope at La Silla, Chile. From its first-ever X-ray observa-
tion with ROSAT in 1995 and follow-up optical spectroscopy in
1996 with the 2.2 m ESO/MPG telescope at La Silla observatory,
Pietsch et al. (1998) have classified it as a Seyfert 1.8 galaxy at
a redshift of 0.025701.

The next time ESO 113-G010 was observed in the X-rays
was with XMM-Newton in May 2001. From spectral analysis of
the 4 ks EPIC-pn data, Porquet et al. (2004) reported the pres-
ence of a soft X-ray excess and a highly redshifted Fe Ko line
at 5.4 keV. The only other X-ray observation of ESO 113-G010
to this date was 100 ks long and performed with XMM-Newton
in November 2005. Porquet et al. (2007) reported strong rapid
variably from their power spectral density timing analysis of the
EPIC-pn data. Furthermore, from spectral analysis of the iron
line band, no redshifted Fe Ka line was detected contrary to the
2001 findings, while the presence of two narrow emission lines
at about 6.5 keV and 7 keV was reported.

In this work we present the first analysis of the RGS spec-
tra from the 100 ks XMM-Newton observation of 2005, which
show clear signs of warm absorber outflows. We also used
the simultaneous EPIC-pn and OM data to aid us in the pho-
toionisation modelling of the outflows. The structure of this
paper is as follows. Section 2 describes the observations and
data reduction. Section 3 focuses on the nuclear obscuration
of the active galactic nucleus (AGN). Spectral analysis and
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photoionisation modelling of the warm absorber are described
in Sect. 4. Construction of the SEDs and modelling with differ-
ent SEDs are described in Sect. 5. We discuss our findings in
Sect. 6 and give concluding remarks in Sect. 7.

Note that all the spectra and SEDs displayed in this paper are
in the observed frame. The RGS spectra shown are background-
subtracted.

2. Observations and data reduction

The ID of the analysed XMM-Newton observation is
0301890101, starting at 22:17 UTC on 10 November 2005
with an EPIC-pn duration of about 102 ks. We extracted the
RGS, EPIC-pn and OM data from the XMM-Newton Science
Archive. All the observation data files were processed using
SAS v10.0.

2.1. RGS data

The RGS instruments were operated in the standard Spectro+Q
mode. We filtered out time intervals with background count rates
>0.1 cts~! in CCD number 9, which is the most affected by
background flares. We removed about 8 ks, leaving a net ex-
posure time of about 95 ks for each RGS instrument. The data
were processed through the rgsproc pipeline task; the source
and background spectra were extracted and the response matri-
ces were generated. Using the rgscombine task, we combined
the RGS1 and RGS2 first-order spectra and response matrices in
order to achieve better signal-to-noise for the purpose of spectral
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fitting. The channels in the RGS spectrum were then re-binned
by a factor of 3 to improve statistics. Finally, the modelling of
the 6-38 A part of the RGS spectrum was performed using the
SPEX v2.02.04! fitting package.

2.2. EPIC-pn data

During the XMM-Newton observation, the EPIC-pn camera was
operated in the Full-Frame mode with the medium-filter applied.
We extracted a single event, high energy light curve, with the
#XMMEA_EP selection attribute, in order to create a set of good
time intervals (GTI) excluding intervals of flaring particle back-
ground with count rates exceeding 0.4 cts~'. We then applied
the GTI to the production of the spectra, for which X-ray events
with the FLAG == 0 attribute were selected. The spectra were
extracted from a circular region of 35” radius centred on the
source. The background was extracted from a nearby source-free
region of the same size on the same CCD chip. The EPIC-pn
data showed no evidence of pile-up, thus single and double
events were selected. Response matrices were generated using
the SAS tasks arfgen and rmfgen. The net exposure time of
the EPIC-pn data used for spectral analysis was 77 ks.

2.3. OM data

The OM data from image-mode operations were taken with U,
UVWI1, UVM2 and UVW?2 filters. The OM data were processed
with the omichain pipeline. We performed aperture photometry
on each image in a fully interactive way using the omsource
program. The OM count rates were extracted from a circle of
12 pixels radius (5.8”) centred on the source nucleus. The source
is point-like within the extraction region in the UV OM data. The
background was extracted from a source-free region of the same
radius. We then applied all the necessary corrections, i.e. for the
point spread function (PSF) and coincidence losses, including
time-dependent sensitivity (TDS) corrections.

3. Intrinsic obscuration of the nuclear source
3.1. Nuclear obscuration from the Balmer decrement

ESO 113-GO010 is classified as a Seyfert 1.8 galaxy (with strong
narrow components and very weak but still visible broad com-
ponents of Ha 16563 and HB 14861 emission lines) by Pietsch
etal. (1998), following the Osterbrock (1989) observational clas-
sification of AGN. The Ha/Hp line ratio is not one of the proper-
ties given in Pietsch et al. (1998), so we re-analysed their optical
spectrum in order to obtain the Balmer decrement. We fitted both
the Ha and Hp lines with two narrow and broad Gaussian-profile
components. The two forbidden lines of [Nu] 216548, 6583,
which are blended with Ha, were also modelled with narrow
Gaussian-profile components. To calculate the Ha/Hp ratio we
used the total flux of each line (including both narrow and
broad components) since the broad component of the HB is very
weak and de-blending of the narrow and broad component of
the lines increases the uncertainty in the flux measurements.
So the Balmer decrement and consequently the reddening cal-
culated here is an average over the narrow-line region (NLR)
and the broad-line region (BLR). We find the observed Balmer
decrement Ho/HB = 7.96. The FWHM is about 2000 km s~
for the broad components and about 500 km s~! for the narrow
components of the above lines.

! http://www.sron.nl/spex
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To convert the Balmer decrement into reddening E(B — V),
we used the mean extinction curve of Gaskell & Benker (2007)
obtained for a sample of AGN using HST. Their best deter-
mined extinction curves are flatter in the far-UV and are miss-
ing the 42175 bump compared to the standard Galactic curve
(e.g. Osterbrock 1989; Cardelli et al. 1989). The relationship
Frobs = fuine 107044 gives

log (RObS) = -0.4 (Ay e — Aanp) (1)
Rint

where R,y and Rj, are the observed and intrinsic Balmer decre-

ments Hao/HB; Ain. and A,y represent the extinction at the

wavelengths of the Balmer lines. Using the parameterisation of

the mean extinction curve of Gaskell & Benker (2007), we ob-

tain the colour excess

E(B-V)=1.790 log (1;""5) : 2)

nt

The scalar specifying the ratio of total to selective extinction
Ry = Ay/E(B - V) was fixed at 3.1.

From theoretical recombination studies, the Balmer decre-
ment Ho/HB = 2.85 for Case B recombination at a temperature
T = 10* K and electron density n, = 10* cm™ (Osterbrock
& Ferland 2006). Case B refers to the recombination which
takes place in a typical nebula with a large enough optical depth
that Lyman-line photons are scattered n times and are converted
(if n > 3) into lower-series photons plus either Ly-a or two-
continuum photons, so that they cannot escape from the nebula
(Osterbrock & Ferland 2006). For the NLR and BLR of AGN,
which have higher electron density than a nebula, this value re-
quires modification due to contribution to the He line from col-
lisional excitation. For the NLR of AGN the intrinsic Balmer
decrement Ha/HB is about 3.1 (Osterbrock & Ferland 2006).
This value however may be different for the BLR as clouds
have higher density in this region. Ferguson & Ferland (1997)
have computed the ratio of Balmer lines relative to HB for re-
alistic conditions in BLR clouds. For a BLR with T = 10* K
and n. = 10! cm™3, they obtain an intrinsic He/HB = 3.28.
From observations, Ward et al. (1988) have measured the aver-
age intrinsic Ho/HB in BLR to be 3.5, independent of any atomic
physics assumptions. Using a similar approach, Carrera et al.
(2004) have also measured the intrinsic Ho/HB to be 3.43.

So in our calculations we take Rj,; = 3.1-3.5 and Rps to be
7.96, which yields intrinsic E(B — V) = 0.64-0.73. We then
use the extinction curve of Gaskell & Benker (2007) to correct
all the optical-UV data for reddening in the host galaxy of the
AGN, using E(B — V) = 0.64 and E(B — V) = 0.73 for two
possible scenarios.

3.2. Nuclear obscuration from the optical-UV continuum

Intrinsic reddening will also affect the optical/UV contin-
uum and change the shape of the so-called “big-blue-bump”,
which was first attributed to thermal emission from the ac-
cretion disc by Shields (1978). The optical/UV continuum is
AGN-dominated in ESO 113-G010; for the purpose of our study
contaminating emission by the stars in the host galaxy would
have a negligible effect on the SED and photoionisation mod-
elling. We corrected the continuum in such a way that (1) the op-
tical slope (@op); and (2) the relation between optical-to-X-ray
spectral index (aox) and the log;, of the monochromatic opti-
cal luminosity at 2500 A (lop) are consistent with AGN samples
found in surveys.


http://www.sron.nl/spex

M. Mehdipour et al.: The warm absorber and nuclear obscuration in ESO 113-G010

Young et al. (2010) have cross-correlated the Sloan Digital
Sky Survey (SDSS) DRS quasar catalog with the XMM-Newton
archive, and have obtained oy and . for a sample of
327 quasars with high X-ray signal-to-noise ratio, where both
optical and X-ray spectra are available. Young et al. (2010) find
@opt = —0.40, which is also similar to the slope agy = —0.44
found by Vanden Berk et al. (2001) for mean composite quasar
spectra using a dataset of over 2200 spectra from the SDSS. For
the uncorrected continuum, we find aqp, = —1.74, which indi-
cates reddening. So, we used the extinction curve of Gaskell &
Benker (2007) to correct the optical/UV data for reddening to
match the aopc = —0.40. We find that the amount of reddening
required for this correction corresponds to E(B — V) = 0.39,
which is less than E(B — V) range of 0.64 to 0.73, inferred from
the Balmer decrement.

Furthermore, we checked our values of @,y and /,y against
the aox — [lop relation found by Young et al. (2010). For
the uncorrected case we find a@ox = -1.2 and log [y =
28.0 (erg sT'Hz 1), and for the continuum corrected case
with agpe = —0.40, we find aox = -1.6 and log [y =
29.1 (erg s~ Hz™"). In both cases, the values we find are consis-
tent within the dispersion in the aox — lop Telation: for log lop =
28.0, @y is between —1.4 and —1.1; and for log lop = 29.1, aox
is between —1.6 and —1.3. On the other hand, for the Balmer-
decrement corrected case, aqx (—2.0 to —1.9) is not consistent
with the @y of —1.7 to —1.3 from the aox —lop relation for log Ly
between 29.7 and 29.9. This may indicate that the Balmer decre-
ment over-estimates the amount of reddening; we return to this
issue in Sect. 6.1.

3.3. Intrinsic X-ray obscuration of the nuclear source by cold
neutral gas?

From the intrinsic reddening E(B — V) values calculated in
Sect. 3.1 from the Balmer decrement and in Sect. 3.2, based
on the continuum reddening, the associated column density of
cold gas in ESO 113-G010 can be estimated. The relationship
between hydrogen column density Ny and optical extinction
Ay can be written as Ny (cm™2) = a X 10?! Ay (mag), where the
factor a is reported to be 2.22 in Gorenstein (1975), 1.79 in
Predehl & Schmitt (1995), 1.89 in Osterbrock & Ferland (2006)
and 2.21 in Giiver & Ozel (2009). Therefore, one can calculate
a range of values for Ny using the different values of E(B — V)
and a given above. This gives Ny = (3.5-5.0) x 10*' cm™
if using E(B — V) calculated from the Balmer decrement and
Nu = (2.2-2.7) x 10*! cm™? if using E(B — V) calculated from
the continuum reddening.

However, analyses of the X-ray spectra show that
ESO 113-GO010 is not intrinsically absorbed by a large column
of neutral gas. Porquet et al. (2004) obtain an upper limit of
8 x 10" cm~2 to intrinsic absorption from analysis of the 2001
EPIC-pn spectrum. This is indeed much lower than the predicted
values of (3.5-5.0) x 10*' cm™2 or (2.2-2.7) x 10?! cm™2 cal-
culated above from the intrinsic reddening. Porquet et al. (2007)
also mention that during the 2005 XMM-Newton observation, in-
stead of intrinsic neutral absorption expected below about 1 keV,
a soft X-ray excess is observed. From analysis of the 2005
EPIC-pn spectrum, we find an upper limit of 8.9 x 10" cm™2
(at 99% confidence level) to the Ny of intrinsic neutral gas.
This upper limit is compatible with that found by Porquet et al.
(2004) for the 2001 data. We discuss this apparent discrepancy
between the optical-UV reddening and X-ray absorption, and its
implications, in Sect. 6.1.

4. Photoionisation modelling and spectral analysis
of the warm absorber

We began our modelling of the soft X-ray spectrum of
ESO 113-G010 by fitting the RGS continuum with a cosmo-
logically redshifted power-law. In all our fits the effects of the
Galactic neutral absorption were included by applying the hot
model (collisional ionisation equilibrium) in SPEX. This absorp-
tion model uses the Verner et al. (1996) cross-sections; for infor-
mation about the atomic database used in SPEX see the SPEX
reference manual. Assuming Lodders et al. (2009) abundances,
the Galactic H1 column density in our line of sight was fixed at
Ny = 2.78 x 10%° cm™? (Dickey & Lockman 1990) and the gas
temperature at 0.5 eV to mimic a neutral gas. We note here that
as requested by the referee of this paper, we also tested the thnew
model (Wilms et al., in prep.)? for X-ray absorption in the ISM
using the Wilms et al. (2000) abundances. We find the features
in the vicinity of the K-edges of Ne and O and L-edge of Fe to be
very similar in both the tbnew and hot models as shown in Fig. 1.
Therefore, using the thnew model would not change the results
of our warm absorber study. Furthermore, we checked the im-
pact of using the slightly smaller Ny value of 2.08 x 10%° cm™2
from the Leiden/Argentine/Bonn (LAB) Survey of Galactic H1
(Kalberla et al. 2005) on our analysis; we find that all parameters
derived in this work remain unchanged within the given errors.

The power-law fit, letting photon index and normalisation
free, led to a reduced Chi-squared (y2) value of 1.6 for 1054 de-
grees of freedom (d.o.f.). The fit was not satisfactory as there
were absorption features, which were not fitted by the Galactic
absorption model. At this stage we included one xabs compo-
nent in the model. For an assumed SED of the source, xabs
calculates the transmission through a slab of material where
all ionic column densities are linked in a physically consistent
fashion through a photoionisation model. The ionisation balance
calculations were performed using version C08.00 of Cloudy?
(Ferland et al. 1998) with Lodders et al. (2009) abundances. For
an assumed SED, we made runs with Cloudy for a grid of ion-
isation parameter (¢) values (log ¢ between —8.5 and +6.5 with
steps of 0.1) in order to calculate the equilibrium ion concen-
trations. The ionisation parameter & (introduced by Tarter et al.
1969), which is used to describe photoionisation equilibrium, is
defined as

L
&=— (3)
nr
where L is the luminosity of the ionising source over the
1-1000 Ryd band (in erg s™'), n the hydrogen number density
(in cm™3) and r the distance between the ionised gas and the
ionising source (in cm). Therefore, & is in units of erg cm s~!.
Using the auxiliary program xabsinput in the SPEX pack-
age, the Cloudy output is converted into an input file, containing
the temperature and ionic column densities as a function of &, for
the xabs photoionised absorption model of SPEX. In the mod-
elling we fitted the ionisation parameter (¢), the equivalent hy-
drogen column density (Ny) of the warm absorber, its flow and
RMS velocities. As a start, we adopted the SED of the Seyfert-1
galaxy Mrk 509 (but see Sect. 5 for detailed modelling with dif-
ferent SEDs for ESO 113-G010). This SED was established with
the help of simultaneous data from a large multi-wavelength
campaign (Kaastra et al. 2011), and broad-band modelling of

2 http://pulsar.sternwarte.uni-erlangen.de/wilms/
research/tbabs/
3 http://www.nublado.org
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Fig. 1. The tbnew and hot ISM X-ray absorption models as described in Sect. 4 applied to the power-law continuum of ESO 113-G010, shown in
the vicinity of the K-edges of Ne (left panels) and O (right panels) and L-edge of Fe (middle panels).

the underling continuum (Mehdipour et al. 2011), and is likely
to be representative of the real SED shape for a typical Seyfert
galaxy (SED G in Fig. 4). The inclusion of the xabs component
improved y?2 to 1.22 (1050 d.o.f.). There were, however, absorp-
tion lines in the lower energy part of the spectrum which could
not be fitted with a single xabs phase, since they are less highly
ionised and have a different velocity. So we introduced a sec-
ond xabs phase in the model to obtain a better fit to the data.
The addition of the second phase further improved y2 to 1.12
(1046 d.o.f.) and all the significantly detected absorption fea-
tures were fitted. We tested adding another xabs component, but
this did not make the fit any better, so we conclude that two
xabs components are sufficient to model the warm absorption in
ESO 113-GO010. Finally, we repeated the above analysis using
other SEDs adopted for ESO 113-G010, which are described in
Sect. 5 and shown in Fig. 4.

The best-fit parameters of the model (obtained using SED E)
are shown in Table 1. Note that the velocities of the warm ab-
sorber phases are the same for the different SEDs of Fig. 4.
Furthermore, the only parameter of the warm absorber outflows
which significantly changes as a consequence of using different
SEDs is the ionisation parameter &, whose values are given in
Fig. 5. The total column densities of different ions in the two
warm absorber phases are listed in Table 2. In the top panel of
Fig. 2, the RGS spectrum and the best-fit model are presented
and in the bottom panel we show how each phase in our model
contributes to the absorption. In Fig. 3, we show close-ups of the
RGS spectrum where the most prominent absorptions lines are
detected.

5. Modelling with different spectral energy
distributions

In order to calculate a more accurate ionisation balance re-
quired to improve the photoionisation modelling of the warm
absorber, it is essential to determine the broad-band continuum
of the source. Note that there are few flux measurements for
ESO 113-G010 compared to some of the well-studied Seyfert
galaxies. In the following subsections we describe how different
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Table 1. Best-fit parameters of the power-law continuum and two-phase
warm absorber xabs model obtained from fitting the RGS spectrum as
described in Sect. 4 and using SED E in Fig. 4.

Power law: r« Norm?”
2.62 +0.05 31+0.1
xabs log &¢ Ny Flow v* RMS v*
Phase 1: 32+0.1 1.6+x1.0 -1100+300 500 + 300
Phase 2: 23+0.1 05+02 -700+ 100 100 + 40

Notes. The y? 1.12 (1046 d.o.f.). The fitted parameter errors are
quoted at 90% confidence for one interesting parameter. * Photon in-
dex. ® Normalisation in 10°! photons s™! keV~" at 1 keV. © ergcms™.

@ 102 cm™2. © kms!.

parts of the SED were constructed. In Sect. 5.4 we discuss the
uncertainties in the construction of the SED due to nuclear ob-
scuration of the source and how, in order to investigate the effects
of these uncertainties, we select different SEDs in our further
modelling.

5.1. Interstellar de-reddening of our Galaxy

We corrected all the optical-UV fluxes for interstellar reddening
in our Galaxy using the reddening curve of Cardelli et al. (1989),
including the update for near-UV given by O’Donnell (1994).
The Galactic interstellar colour excess E(B — V) = 0.025 mag is
based on calculations of Schlegel et al. (1998) as shown in the
NASA/IPAC Extragalactic Database (NED). Also in this case Ry
was fixed at 3.1.

5.2. Optical-IR-radio part of the SED

Optical flux measurements in Cousin’s B (440 nm) and
R (640 nm) bands were taken from the Surface Photometry
Catalogue of the ESO-Uppsala Galaxies (Lauberts & Valentijn
1989). We extracted IR flux measurements at J (1.25 um),
H (1.65 ym) and Ks (2.17 um) bands from the 2MASS All-Sky
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Table 2. The total column densities of the most relevant ions of the
warm absorber outflow, derived from the xabs modelling described in

Sect. 4.

Ton log Nion Phase 1 Phase 2
(cm™2) % %

Hi 13.33-15.30 3.22-5.76 94.24-96.78
Hu 22.26-22.32 75.71-79.62 20.38-24.29
Cwvi 17.09-17.15 7.25-9.87 90.13-92.75
N v 16.97-17.02 9.03-11.86 88.14-90.97
Ovn 17.28-17.35 0.54-0.75 99.25-99.46
O v 18.11-18.16 13.28-16.95 83.05-86.72
Ne1x 17.39-17.42 2.02-2.73 97.27-97.98
Ne x 17.63-17.66 42.76-49.58 50.42-57.24
Mg x1 17.11-17.14 12.59-17.93 82.07-87.41
Mg xn 17.29-17.30 84.97-88.58 11.42-15.03
Six 16.53-16.55 0.00-0.01 99.99-100.00
Sixi 16.55-16.58 0.06-0.18 99.82-99.94
Sixn 16.45-16.50 3.23-6.25 93.75-96.77
Si xm 17.13-17.18 61.58-70.93 29.07-38.42
Sixv 17.40-17.46 98.12-98.88 1.12-1.88
S xn 16.37-16.43 0.04-0.18 99.82-99.96
S xmr 15.99-16.08 2.09-4.61 95.39-97.91
S x1v 15.79-15.93 51.73-66.12 33.88-48.27
Sxv 16.94-17.01 97.17-98.30 1.70-2.83
S xvi 16.96-17.08 99.90-99.95 0.05-0.10
Fe xvi 16.62-16.71 2.84-10.41 89.59-97.16
Fexvin  16.56-16.64 35.55-50.92 49.08-64.45
Fe xix 16.81-16.85 91.08-94.10 5.90-8.92
Fe xx 17.05-17.10 99.66-99.80 0.20-0.34
Fe xx1 17.10-17.13 99.99-99.99 0.01-0.01
Fexxn  16.83-16.96  100.00-100.00 0.00-0.00
Fexxm 16.42-16.71  100.00-100.00 0.00-0.00

Notes. Percentages of ionic column density produced by each warm
absorber phase are also shown. The ranges of values given correspond
to the minimum and maximum values found using the different SEDs
of Fig. 4.

Catalog of Point Sources (Cutri et al. 2003). Furthermore, we
used far-IR data at 12 ym, 25 ym, 60 ym and 100 ym from
the IRAS Faint Source Catalog (Moshir et al. 1990), and at
160 ym from the AKARI/FIS All-Sky Survey Bright Source
Catalog (Yamamura et al. 2010). These data points are shown
as circles in the SEDs displayed in Fig. 4; the red circles are
for fluxes only corrected for Galactic extinction as described in
Sect. 5.1, whereas the fluxes shown as blue circles are also cor-
rected for extinction by the host galaxy of the AGN as described
in Sects. 3.1 (SEDs C and D) and 3.2 (SEDs E and F). We note
that the fluxes used here are AGN-dominated but include some
stellar optical emission coming from the nuclear region of the
galaxy and IR dust emission from the whole galaxy; however,
for the purpose of our study, contaminating emission by the host
galaxy would have a negligible effect on the broad-band SED
and photoionisation modelling.

The only radio-band flux measurement available for
ESO 113-G010 was found in the Sydney University Molonglo
Sky Survey (SUMSS) Source Catalog (Mauch et al. 2003). The
flux at 36 cm (outside the plots in Fig. 4) is 13.9 + 1.0 mJy.

5.3. UV-X-ray part of the SED

The UV part of the SED was constructed from the XMM-Newton
OM observation and the GALEX All-sky Imaging Survey (AIS).
The 2005 OM data were taken in the U (3440 A), UVW1
(2910 A), UVM2 (2310 A) and UVW2 (2120 A) filters. The
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Fig. 2. Top panel: RGS spectrum of ESO 113-G010, fitted using the
two-phase xabs model described in Sect. 4 and SED E in Fig. 4.
The data are shown in red and the model in blue. Residuals of the
fit, (Observed—Model)/Model, are displayed below the panel. Bottom
panel: the absorption components of the best-fit RGS model as de-
scribed in Sect. 4, with the best-fit parameters of the model given in
Table 1. The blue component shows the Galactic absorption applied to
the power-law continuum (in black). The two warm absorber phases
(Phase 1 in red and Phase 2 in green) are applied separately to the
Galactic-absorbed continuum, showing how each phase contributes to
the absorption.

2007 GALEX data were taken in the NUV (2267 A) and FUV
(1516 A) filters. Note that the OM UV data (which are si-
multaneous with the X-rays) are not simultaneous with the
GALEX UV data. However, the OM UVM2 flux is consistent
with the GALEX NUYV flux, which indicates that the UV flux
was at a similar level during the XMM-Newton and GALEX
observations. The OM and GALEX data are shown as squares
in the SEDs displayed in Fig. 4; the red squares show fluxes
only corrected for Galactic extinction as described in Sect. 5.1,
whereas the blue squares are for fluxes also corrected for extinc-
tion in the host galaxy of the AGN as described in Sects. 3.1
(SEDs C and D) and 3.2 (SEDs E and F).

The 0.3-10keV X-ray part of the SED was constructed using
the EPIC-pn data, corrected for the Galactic H1 column density
in our line of sight, Ny = 2.78 x 10?° cm~2, given by Dickey &
Lockman (1990). The EPIC-pn data are shown as small green
circles in the SEDs displayed in Fig. 4. Unfortunately, there
are no X-ray data available for ESO 113-G010 above 10 keV;
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Fig. 3. Close-ups of parts of the RGS spectrum and the best-fit model
(the two-phase xabs modelling described in Sect. 4 and using SED E
in Fig. 4) where the most prominent absorption lines are detected.
The data are shown in red and the model in blue. Residuals of the fit,
(Observed—Model)/Model, are displayed below each panel.

therefore in order to estimate the SED above 10 keV, we
extrapolated the high energy part of the EPIC-pn spectrum us-
ing a power-law model up to 20 keV (4.84 x 10'® Hz); then
from 20 keV to 162 keV, the INTEGRAL data from the SED of
Mrk 509 as given in Kaastra et al. (2011) were used, but scaled
down to match the ESO 113-G010 flux at 20 keV. This way the
shape of the ESO 113-G010 SED above 10 keV resembles the
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Compton “hump” commonly seen in Seyfert AGN. We have
tested whether the shape of the continuum above 10 keV, and
in particular the shape and flux of the Compton hump, affect the
results of the warm absorber analysis and the thermal stability
curves (Sect. 5.5); we find that changing the hard X-ray contin-
uum does not modify our results and all the derived parameters
remain unchanged within the given errors.

5.4. Different assumed SEDs for modelling

Different SEDs of the ionising source can have a significant ef-
fect on the ionisation balance of the absorbing material and con-
sequently affect the stability and structure of the warm absorber.
So we have taken into account the uncertainties by adopting dif-
ferent SEDs in our further modelling of the warm absorber.

For the case of ESO 113-GO010, the largest uncertainty arises
from the level of extinction and reddening in the host galaxy of
the AGN, reported in Sect. 3: (1) there is uncertainty in measur-
ing the Balmer decrement in ESO 113-G010; and (2) the Balmer
decrement can be intrinsic to the BLR or NLR clouds, so there
are uncertainties on deriving reddening information from the
Balmer decrement. As shown in Fig. 4, we considered SEDs cor-
rected only for Galactic extinction (SEDs A, B), and with also
the AGN obscuration taken into account as described in Sect. 3.1
(SEDs C, D) based on the Balmer decrement and Sect. 3.2
(SEDs E, F) based on the continuum reddening. Furthermore,
the precise locations of the warm absorber outflows relative to
the putative dusty torus are unknown. A dusty torus is expected
to exist around the nuclear source in AGN and be responsible
for the IR “bump” seen in their SEDs by reprocessing of the
nuclear high energy emission. So there is uncertainty as to how
much IR radiation is seen by the warm absorber outflows. In ad-
dition, Porquet et al. (2007) report that the 2001 EPIC-pn data
show no significant constant narrow 6.4 keV Fe Ko line (with
an upper limit of EW < 32 eV), hence suggesting lack of any
dominant Compton reflection emission from distant cold matter
such as the dusty torus. Thus, to investigate the effect of emis-
sion from the dusty torus in our ionisation balance calculations,
we consider the same SEDs as described above but without the
IR bump (SEDs B, D, F, H in Fig. 4) to represent cases in which
the outflow does not see emission from the dusty torus.

We adopted these SEDs in our calculations of the ionisation
balance and thermal stability curves, as described in Sect. 5.5.
We note here that adopting different SEDs does not affect the
goodness of the RGS fits since the columns of the relevant ions
detected by the RGS are not significantly different for different
SEDs. The parameter which changes significantly as a result of
using different SEDs is the ionisation parameter &, which is given
in Sect. 5.5 (Fig. 5) for each case and plays a significant role in
determining the structure of the warm absorber using thermal
stability curves.

5.5. Different thermal stability curves for the warm absorber

The ionisation balance required for the photoionisation mod-
elling is determined by the SED. We now study the structure of
the warm absorber for each corresponding SED case in Fig. 4.
To investigate the stability of each warm absorber phase and
the possibility of the two phases co-existing in pressure equi-
librium, the pressure form of the ionisation parameter, Z (intro-
duced by Krolik et al. 1981), needs to be used. The parameter =
is defined as
L

= dmer’nkT

[1]
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Fig. 4. The different SEDs (A)-H)) assumed in the modelling of ESO 113-G010 warm absorber as described in Sects. 4 and 5, which were used in
the ionisation balance calculations. The IR and optical data points (Sect. 5.2) are shown as circles and the UV data (Sect. 5.3) as squares. The data
points in red are corrected only for Galactic extinction as described in Sect. 5.1, whereas the blue data points (in panels C)-F)) are also corrected
for nuclear obscuration in the AGN as described in Sects. 3.1 and 3.2. The SEDs in panels C) and D) have been corrected for nuclear obscuration
by using the Balmer decrement and the ones in panels E and F have been corrected for nuclear obscuration by using the continuum reddening.
In panels C) and D), the SEDs with some parts shown in grey and no data points correspond to nuclear obscuration correction with an intrinsic
E(B —V) = 0.64 (named SEDs C1 and D1) and the ones with blue data points superimposed on the curve correspond to nuclear obscuration
correction with an intrinsic E(B — V) = 0.73 (named SEDs C2 and D2). The radio point (Sect. 5.2) is not displayed in this figure due to its low
flux. The EPIC-pn X-ray data corrected for Galactic absorption are shown as small green circles. The black diamonds correspond to flux at 20 keV
extrapolated from the EPIC-pn spectrum, and the extrapolations to the higher energy parts of the SED, shown as dotted lines, are described in
Sect. 5.3. SED G is the SED of Mrk 509 introduced in Sect. 4 and used as a “standard” representation for a Seyfert AGN. SEDs on the right-hand
side (B), D), F), H)) are the same as their adjacent SEDs on the left (A), C), E), G)) but without the IR bump and are used in modelling cases
where the warm absorber does not receive IR radiation from the dusty torus.
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where ¢ is the speed of light, k the Boltzmann constant and T
the gas temperature (and L, » and n as in Eq. (3)). Substituting
Eq. (3) into Eq. (4) gives

3 ¢
= —— x 19222 =.
drckT 0 T )

For each SED we produced the corresponding thermal stabil-
ity curve, shown in Fig. 5, using the output of the Cloudy runs
(see Sect. 4). The best-fit ionisation parameters of Phase 1 and
Phase 2 and their errors are marked on the stability curves. In
order for the two phases to co-exist in pressure equilibrium, they

must have overlapping values of Z. We discuss these results in
Sect. 6.2.

[1]

6. Discussion

6.1. Nuclear obscuration or an intrinsically large Balmer
decrement?

Here we discuss several possibilities for the discrepancy between
the large Balmer decrement in ESO 113-G010 and the fact that
the X-ray spectrum is not intrinsically absorbed by cold neutral
gas. We note that Porquet et al. (2007) obtained an upper-limit
to the neutral gas column density in ESO 113-G010 from anal-
ysis of the EPIC-pn spectrum, which is much lower than that
predicted for a typical Seyfert 1.8 galaxy, in which the BLR
is expected to be reddened. Porquet et al. (2007) briefly men-
tioned possible explanations for such a discrepancy (explana-
tions 1, 2 and 4 which we expand on below), but did not go
into details. In this work, with the benefit of our simultaneous
optical/UV (OM) and X-ray (RGS, EPIC-pn) analysis of the
XMM-Newton data and also analysis of the archival optical spec-
trum of ESO 113-G010, we can discuss the likelihood of each
explanation and suggest which is the most viable solution.

(1) Non-simultaneous optical and X-ray/UV observations

The optical spectrum in which ESO 113-G010 shows the large
Balmer decrement was taken in 1996, whereas the XMM-Newton
observations were taken in 2001 and 2005. The nearest X-ray
data to the time of the optical observation were obtained in
1995 by ROSAT. So we can compare the X-ray flux in 2001
and 2005 with the flux in 1995 to check the possibility of
variability. As given in Pietsch et al. (1998), the soft X-ray
(0.1-2.4 keV) energy flux from the 1995 ROSAT observation
is 8.5x 1072 erg s~ cm™. We calculate the soft X-ray flux
in the same band to be 3.7 x 1072 erg s™' cm™? in 2001 and
5.8x 1072 erg s~! cm™2 in 2005 from the XMM-Newton obser-
vations. This flux change over the years is too small to be at-
tributed to occultation by the column of gas inferred from the
Balmer decrement in Sect. 3.3: Ny =(3.5-5.0) x10?! cm™.
Assuming such a column density of cold gas was present dur-
ing the optical observation and the unabsorbed soft X-ray flux
was at the same level as in 2001 or 2005 (when we know there
was no intrinsic neutral absorption) would imply an obscured
soft X-ray flux smaller by a factor of 3.1-4.1, whereas in 1995
the X-ray flux was actually larger by a factor of 1.5-2.3.

More importantly, during the 2005 XMM-Newton observa-
tion, when simultaneous UV (4 UV filters of OM) and X-ray
observations are available, the optical-UV continuum, which is
supposed to represent thermal emission from the accretion disc,
appears to be intrinsically reddened as described in Sect. 3.2. So
the non-simultaneity of the optical spectroscopy and X-ray ob-
servations is unlikely to be the cause of discrepancy between the
reddening and X-ray neutral absorption.
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(2) Partially covering neutral gas clouds

The clouds of neutral gas and dust that obscure the NLR and
BLR may only partially cover the nuclear source, such that they
are not in our line of sight to the X-ray emitting regio