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ABSTRACT

We report the results from an ASCA observation which yields the first
uncontaminated hard X-ray spectrum of the Seyfert 1 galaxy EXO 055620
3820.2. We find the source spectrum to exhibit a complex structure below 2 keV,
indicating that the continuum is attenuated either by an ionized absorber fully
or partially covering the X-ray source, or a neutral absorber partially-covering
the source. While the X-ray data alone do not allow us to distinguish between
these models, consideration of the optical properties of this highly reddened
nucleus suggests that partial-covering by neutral material is unlikely, as it
implies an unusually large intrinsic optical flux. We find a good fit to the X-ray
data, and consistency with the observed optical properties of the source with
either 96% of the source covered by a column of 3.1 x 10%2cm™2 of low ionization
gas or full covering by a column of 3.6 x 10?2cm™? of highly ionized gas. Both
models required extinction of the optical continuum by dust in the host galaxy
with Ay ~ 2 mag., we find evidence for a column of neutral material associated
with this dust.

The partial-covering models leave a residual soft excess below 1 keV, and the
possible origin of this soft emission is discussed.

We detect an iron K-shell emission line, which appears to be significantly
broad, with an equivalent width (~300 eV) exceeding that predicted from the
absorbing material along the line-of-sight. The line is consistent with emission
from neutral iron, and we find a FWHM for the line of 31,000 - 77,000 km s™!,

similar to several other Seyfert spectra reported recently.

Subject headings: galaxies: individual (EXO 055620-3820.2) — galaxies: Seyfert

— X-rays: galaxies
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1. Introduction

Observations over the last few years have shown that many Active Galactic Nuclei
(AGN) contain significant amounts of circumnuclear material which reprocesses and hence
substantially modifies the intrinsic X-ray radiation. Partially-ionized X-ray absorbers
were first suggested to exist close to AGN when flux-correlated spectral variability was
observed in sources such as MR 2251-178 (Halpern 1984; Pan, Stewart & Pounds 1990)
and NGC 4151 (Fiore, Perola & Ramano 1990; Yaqoob & Warwick 1991). Supporting
evidence for such so-called “warm absorbers” was later provided by Ginga observations of
emission-line AGN which revealed iron K-shell features in some sources, suggestive of an
origin in ionized material (e.g. Nandra & Pounds 1994). Additional observational support
for the existence of warm absorbers came from ROSAT Position Sensitive Proportional
Counter (PSPC) observations, which clearly showed a deficit of photons close to ~ 0.8 keV,
interpreted as absorption by ionized oxygen in sources such as MCG-6-30-15 (Nandra &
Pounds 1992); 3C351 (Fiore et al. 1993) and NGC 3783 (Turner et al. 1993). These results
are confirmed by ASCA observations (e.g Fabian et al. 1994; George et al. 1995; Reynolds et
al. 1995a). Ionized absorbers are now thought to be common among low luminosity AGN.
Indeed, Nandra & Pounds (1994) find that 12 out of 27 sources in their sample (Seyfert

1 galaxies and Narrow Emission Line Galaxies, NELGS) show some evidence for such a

component.

Theoretical work on such ionized gas has been presented by several workers, including
Halpern (1984), Krolik & Kallman (1984), Ferland & Rees (1988), Yaqoob (1990), Netzer
(1993), Mathur (1994), Reynolds, & Fabian (1995), and Krolik & Kriss (1995). While the
physics of the ionized gas is thought to be well understood (Netzer 1993), severe difficulties
are encountered in modeling the observed spectral features. In particular, combined

variability and spectral analysis suggests the assumption of a single ionized component
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along the line-of-sight may be somewhat simplistic (e.g. Fabian et al. 1994; Reynolds et al.
1995a). The geometry of the innermost regions of AGN are probably highly complex and
the number of X-ray spectral features currently observable is not large enough to constrain

all possible models.

The hard X-ray source 3A0557-383, also detected in the HEAO-1 A-2 (H0557-385) and
Uhuru (4U0557-38) surveys, was originally identified with a Seyfert 1 galaxy of redshift
z = 0.03440 (Fairall, McHardy and Pye, 1982), and included in the hard X-ray logN-logS
and luminosity function of Seyferts (Piccinotti et al. 1982). However, a subsequent
study by Giommi et al (1989) using the EXOSAT CMA instrument, revealed two X-ray
emitting AGN within ~ 25 arcmin of each other: the BL Lac object, EXO 055625-3838.6
with an optical position (J2000) 05" 58™ 05.3° —38° 38’ 23.9”, and the Seyfert 1 galaxy
EXO 055620-3820.2 with an optical position (J2000) 05" 58™ 02.0° —38° 20’ 04.7”. The
hard X-ray source previously observed by passively collimated detectors may have had
contributions from both the Seyfert and BL Lac. However, separation is large enough such
that confusion between the two sources is not a problem for ASCA. Here we present the
first uncontaminated hard X-ray spectrum of EXO 055620-3820.2. The results from the BL
Lac object EXO 055625-3838.6 are presented elsewhere (George & Turner 1996).

In §2 below we present new ASCA observations of EXO 055620-3820.2 and in §3
describe several complex models we have used to fit the X-ray data. The discussion in
84 uses X-ray and optical data in an attempt to identify the best physical model for this

source. We present our conclusions in §5.

2. The ASCA observation

EXO 055620-3820.2 was observed by ASCA over the period 1995 March 23-24 with an
on-source time ~45 ksec. As described in Tanaka, Inoue & Holt (1994), ASCA has four
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identical, co-aligned telescopes, two with Solid State Imaging Spectrometers (SISs, Burke et

al. 1991) and two Gas Imaging Spectrometers (GISs, Ohashi et al. 1991) in the focal plane.

EXO 055620-3820.2 was observed with the SISs in 2-CCD mode, with data accumulated
in both 'FAINT’ and 'BRIGHT’ telemetry modes. As EXO 055620-3820.2 has a relatively
low count rate in the SIS, the superior resolution available in "FAINT’ mode could not be
utilized. Therefore the FAINT and BRIGHT mode data were combined for the analysis
presented here. Data were rejected by removing ’'hot’ and 'flickering’ pixels in the S1ISs;
removing data accumulated during passages through the South Atlantic Anomaly; imposing
a minimum geomagnetic rigidity of 6 GeV/c (SIS) and 7 GeV/c (GIS); removing data
accumulated when the angle from the Earth’s limb was less than 20° during orbit-day
and less than 5° during orbit-night; restricting SIS data to event '”GRADES’ 0,2,3 and 4.
After these initial criteria had been applied, a light curve was constructed of the data from
each instrument, and time periods of data dropout or spikes due to high background were
removed manually. Application of these screening criteria gave a mean effective exposure

time of ~40 ks in all instruments.

Images were extracted from the screened and cleaned data from all instruments, and
region descriptors defined for the extraction of light curves and spectra. For the two SIS
instruments, we used a 3 arcmin circle centered on EXO 055620-3820.2 with the background
taken at the edge of the same CCD chip. For the two GIS instruments, we used a circular
extraction cell of 6 arcmin radius centered on EXO 055620-3820.2, with the background

taken in a nearby source-free region.

The ASCA light curves reveal only low-amplitude flux variability (< 20%) and, as
the source was steady across > 80 % of the observation, with no evidence for any spectral

variability, we consider only the mean spectrum in this paper.
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3. Spectral analysis

Data from both pairs of SIS and GIS instruments were analyzed together, but with the
normalization of each dataset allowed to vary relative to the others (since there are small

discrepancies in the absolute flux calibrations of the detectors).

A power-law model (N(E)dE « E~TdE, where N(E) is the photon flux density at
energy E), corrected for photo-electric absorption (parameterized by an effective hydrogen
column density Ny assuming the cross-sections and abundances given by Morrison &
McCammon 1983) does not provide an acceptable fit to the data, (x*=1515 for 1217 degrees
of freedom,dof) leaving broad unmodeled structure in the data-minus-model residuals
(Figure 1). Such structure suggests the need for a different /additional continuum component
and/or complex absorber. In fact, below we find several models which adequately describe
the X-ray spectrum. We describe each of these in turn, and then discuss them in the light
of observations at other wavelengths in §4. The observed 2-10 keV flux of the source was

Fr1o0~2x 107" erg cm™2 571,

3.1. The Iron K-shell Regime

Examining first the spectrum above 3 keV we find evidence (at >99% confidence) for
an iron K-shell emission line. Modeling the 3-10 keV spectrum as a power-law continuum
and a Gaussian emission line (N(E) « 1/0! exp{(E — E')?/20! 2)}, where E! is the line
energy in the rest-frame of the source, o} its width) yields I' ~ 1.8. As we will discuss
later, complex model fits to the full 0.4-10 keV spectrum of this source show an underlying
photon index of I' = 1.82735¢ (uncertainties are quoted at 90% confidence throughout).
Thus, in this section we constrained I' to the 90% confidence range (1.75 — 1.88) and

examined the details of the iron line.
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Assuming a narrow line (fixing o) at 0.0 keV), we obtain an acceptable fit for a line at
E! ~ 6.55 keV with an equivalent width of 107%}3' eV (Table 1, Model A). Allowing the
width of the line to be free (Table 1, Model B), yields a rest-frame energy E. =~ 6.26 keV,
width o} =~ 0.47 keV, and a much larger equivalent width of 277715 eV. The reduction of
19 in the y?-statistic, for one additional free parameter, indicates that the line is broad (at
> 99 % confidence), which is confirmed by the formal constraints on ¢’ when allowed to

vary. The line energy is consistent with 6.4 keV, and hence with emission from neutral iron.

The data were also fitted with an emission line profile of the form expected from the
inner regions of a relativistic accretion disk. Such a profile has been suggested in NGC 3227
(George, Nandra & Fabian 1990) and recently confirmed in MCG-6-30-15 (Tanaka et al.
1995). We use the parameterization described in Fabian et al. (1989) with the line emissivity
varying as r~2 over the region 3r; < r < 100r,, where r; is the Schwarzschild radius of the
putative central black hole. We constrained the energy of the line to lie in the range 6.4-6.9
keV. The results of this fit (Table 1, Model C) yielded a line with an equivalent width of
302 + 103 eV and a rest-frame centroid energy E! = 6.40(< 6.58) keV. The inclination

angle of the disk was implied to be ¢ = 18%%;° . Statistically we cannot distinguish between

a broad, gaussian line and that expected from a relativistic disk.

The data are suggestive of an iron K-shell edge at ~7.1 keV, but the addition of such
a component does not significantly improve the fit. We find an optical depth 7 < 0.27 for

an edge fixed at a rest-frame energy of 7.1 keV.

3.2. The Complex Broad-Band X-ray Spectrum

Next, the full 0.4-10 keV spectrum was analyzed, with iron K-shell line parameters

fixed, in all ensuing models, at the best-fitting values derived assuming a broad, gaussian

line.
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Below, we model the complex absorbing component in several different ways. First
we present an investigation of complete covering by ionized material. We continue by
investigating alternative models; partial-covering by neutral or ionized material. We use
optical data to identify the most likely model for the absorber. We also discuss the
possibility of an additional soft continuum component in this source. The fitting process is

described below while a discussion of the physical implications is postponed to §4.

In the models involving ionized material, the data were fit using model tables generated
from the ION code (Netzer 1993, and described below), and in those cases an underlying
photon index of I' = 1.8 was assumed, justified by the 3-10 keV fit (§3.1). (Experimentation

with atables covering the 90% confidence range for I yielded similar results and conclusions.)

3.2.1. Full Covering lonized Absorption

Evidence for the existence of ionized material in several AGN (see §1) suggests that
such a component is made out of “small” clouds (i.e. gas condensations smaller than the
central X-ray source — see Netzer (1993) and references therein) obscuring only a fraction
of the power-law continuum source. This possibility, while physically plausible, is quite
complex since some of the emission from the ionized component may be observed without

attenuation by the line-of-sight material (Netzer 1993, George et al. 1995).

The ionized models used here are described in Netzer (1993) and Netzer et al. (1994),
but have been modified to include more extreme ultraviolet lines and the most recent
atomic data (Netzer 1996). Full radiative transfer, in line and continuum, is implemented
in the models, and electron scattering and continuum fluorescence are included. The set of
models used consist of thin spherical shells of constant hydrogen density ny = 10%cm =3
and variable column density. Solar composition is assumed throughout. We define an

X-ray ionization parameter U}, using the incident flux of X-ray photons over the 0.1-10



-9

keV range. This definition is more meaningful for material ionized by X-rays since it is less

dependent on the softer Lyman continuum flux contributing to the lower ionization stages.

Thus

. /U(lO keV) Ly/hV
=7 Ju01 kev) 4mringe

dv (1)
where r is the distance of the cloud from the ionizing source, ny is the hydrogen density
of the gas, L, is the monochromatic luminosity and c is the speed of light. All models
considered here have a typical AGN ultraviolet continuum with a blue bump, cpx ~ 1.4
and a photon index I' ~ 1.8 above 200 eV. For such a spectral shape, the ratio of the
traditional ionization parameter U(>1 Ryd) (e.g. Netzer 1990; defined over the full Lyman

continuum) and the one used here is U /U(>1 Ryd)=0.004.

Initially we attempted to model the absorption as a single-component ionized absorber,
plus a neutral column fixed at the Galactic 21 cm value, Ngo = 3.35 x 10%°cm™? (Elvis,
Lockman & Wilkes 1989). This model did not adequately describe the data, leaving a
residual s-shape in the 1-2 keV regime. However, as shown by Fairall, McHardy and
Pye (1982), EXO 055620-3820.2 is an edge-on spiral galaxy with clear indications for an
obscured nucleus. The observed Ha/Hf line ratio is very large (18), far in excess of the
distribution of this property in Seyfert 1 galaxies (e.g. Osterbrock 1977) and the optical
continuum is much steeper than that normally seen in such AGN (energy spectral index of
about 3.4, compared to a typical slope of about 0.7 for Seyfert 1 galaxies). More recent
observations of EXO 055620-3820.2 by Rafanelli (1985) give a lower value for the broad
component Ha/HQ line ratio (7.7), a somewhat shallower optical continuum slope (about
2.7 as estimated from his Fig. 1) but extremely large ratio for the narrow components,
Ha/HB = 23.6. These two observations are consistent, given the ambiguous separation of
the broad and narrow components of the Balmer lines and the likely variability of the broad
emission lines. However, even with the uncertainty on the shape of the intrinsic optical

continuum, and the observed range of the intrinsic Ha/HQ ratio in Seyfert 1s where large
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reddening is not suspected (Netzer 1990), the evidence for line-of-sight reddening in this
source is compelling. This is further supported by the infrared and X-ray analysis of Ward
et al. (1987), which shows the subclass of AGN similar to EXO 055620-3820.2 to have large
Ha/HS, steep optical-ultraviolet continua and large L(6 keV)/Ha. Ward et al. (1987) argue
that such objects (their ’class B’ AGN) are all affected by line-of-sight reddening. Analysis
of the X-ray spectra of some other reddened sources, such as MCG-6-30-15 (Reynolds et
al 1995), has not shown any requirement for a neutral screen associated with the dusty
material which is causing the optical reddening. A geometry where the X-ray source is
observed through a hole in the reddening material, or anomalous dust-to-gas ratios may
result in such a discrepancy. However, EXO 055620-3820.2 is a very highly reddened source
compared to other Seyfert galaxies, and the neutral column associated with the optical
reddening is proportionately high, making it easier to isolate in the X-ray analysis. This
component was therefore included in the modeling as a full-covering absorbing screen of
neutral material, with a column density Ng . at the redshift of the source. We assume
this extra neutral absorbing material is located in the host galaxy, given the inclination of
the host and the lack of such absorption in the nearby BL Lac object EXO 055625-3838.6
(George & Turner 1996).

Given the optical line and continuum measurements above, we estimate the visual
reddening of the continuum source, and the Broad Line Region (BLR), to be about
Av = 2 mag. The minimum (conservative) visual extinction consistent with the data is
Ay =1 mag., corresponding to a minimum full-covering column of neutral hydrogen of

Nyg.=1.5x 10%! cm™? assuming the Galactic dust-to-gas ratio.

We have considered two geometries for the ionized material: a) a full shell with all
emission and scattering components included; and b) a very small covering factor of the

ionized gas but a large cloud along the line-of-sight (i.e. the X-ray continuum is completely
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obscured, but the amount of ionized gas is very small compared to case a). As the data do

not allow us to distinguish between a) and b) we list only option a) here, as Model D in

Table 1 (see also Figure 2a).

Thus our first successful model assumes full obscuration by ionized material, with
additional attenuation occurring from the full-covering screen of neutral material in the
host galaxy, which turns out to be in good agreement with the observed reddening (Table 1,

Model D), plus the Galactic column due to material in our own Galaxy.

3.2.2. Partial Covering by Neutral Material

An alternative model, with the same number of free parameters as Model D is that
of partial covering by neutral material. This model consists of an underlying power-law
continuum (with a Gaussian line as described above due to iron K-shell emission) absorbed
by three neutral components: a local (Galactic) screen fixed at the column derived from
Galactic 21 cm measurements along the line-of-sight to the source and two components
at the redshift of the source (z=0.0344) - a screen fully covering the source (associated
with the optical reddening, as detailed above), and material partially covering the source.
As this i1s an interactive XSPEC model, we simultaneously fit for the parameters of the

absorber and the underlying photon index, in this case.

The results of this analysis are shown in Table 1, Model E. We find an acceptable fit
(x2=0.969) for an underlying power-law of [' = 1.823395 absorbed by a neutral column of

N, ~ 2.6 x 10% cm™? covering C? ~ 97% of the source, while the full-covering screen goes

to zero.

We repeated the fit with the full-covering screen constrained to lie above the minimum

column of neutral hydrogen consistent with reddening measurements, Ng, = 1.5x10?! cm™2,
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as determined in §3.2.1 above.

The best-fitting parameters of this model are shown in Table 1, Model F, while the
model is illustrated in Figure 2 b. It can be seen that this model provides an adequate fit
to the data with parameters very similar to those for Model E. However, it should be noted
that the column of the additional absorbing screen Ny , 'pegs’ at the lowest allowed value,
and has a - upper limit of 1.7 x 102! cm™2. Furthermore, enforcement of the constraint
on Ny, results in a systematic ezcess of counts over the model below ~ 1 keV (Figure 3).
This soft component contributes Fps_; ~ 1.2 x 1073 erg cm™2 57 (=~ 50% of the total)
in the 0.4-1 keV band, implying an observed luminosity* L&%_, ~ 3.2 x 10*! erg s™! in

this band. We investigate this soft excess further in §3.2.4., we postpone discussion of the

absorber until §4.

3.2.3. Partial Covering by Ionized Material

The overall success in fitting the observed spectrum with a model including partial
covering of the central source, led us to consider cases where the partially covering screen
is close to the central continuum source and is therefore highly ionized. We assumed an
underlying continuum slope I' = 1.8 (as justified in §3.1). Model D in §3.2.1 deals with an
ionized absorber fully covering the source (C% = 100%). An iterative fitting process was
used to determine the minimum covering fraction consistent with the spectral curvature in
the 2 keV regime, caused by absorption. These fits showed the minimum covering fraction
consistent with the data to be C% = 96%. We pursue a detailed treatment of this model,
and thus the two ionized absorber models presented in the Table (D and G) encompass the

range of parameter space for covering fraction appropriate for this source.

4Hy =70 km s™! Mpc™!, go = 0.5 assumed throughout
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A Galactic screen of neutral material Ny, was fixed at 3.35 x 102°cm™2, as before.
We then fit for the column density of the screen of neutral material at the source (Ng .),
the column density of the ionized gas covering 96% of the source (N},), and the X-ray
ionization parameter (U}). The results are given in Table 1, Model G. The model is a good
fit to the data, the model parameters are similar to those obtained for the full-covering
case. The model is shown in Figure 2c. Despite the inclusion of emission from the ionized
cloud, we again see an excess of soft emission, which we investigate further in §3.2.4., we

postpone discussion of the absorber until §4.

3.2.4. The Soft Excess

We attempted to parameterize the low energy excess (evident in the residuals to the
partial-covering models described in §3.2.2 and §3.2.3) by a simple model in order to
estimate its intrinsic luminosity. This requires some assumptions about the location and
spectral form of the component. We hypothesize that the excess is emission from a hot
plasma and parameterize it using standard Raymond and Smith models (leaving all other
parameters fixed at the values in Table 1 model F or G). For the following locations our

results are as follows:

1. Hot plasma behind the partial covering absorber: Here, the hypothetical soft
component is located in the innermost part of the AGN, close to the power-law
continuum source. The attenuation of the flux of this component is identical to
that of the central continuum, i.e. absorption by the partial-covering material and
the two complete neutral-gas screens. In the case of the neutral partial-covering
model (F) inclusion of this component reduced the fit statistic by Ax? = 23 for a

plasma of temperature kT=0.14130% keV. In this case the unabsorbed (intrinsic)

luminosity of this component is L%’, = 3.1 x 10* erg s~!, which is ~57% of the
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total unabsorbed luminosity L¥%_,, in the 0.4 — 1 keV band. In the case of the
tonized partial-covering model (G) its inclusion reduced the fit statistic by Ax?=6
for a plasma of temperature kT=0.09133 keV. The implied intrinsic (unabsorbed)

luminosity of the soft component in this case is L3’{’; = 3.5 x 10% erg s™* i.e. 60% of

tot
LOA— 1

2. Hot plasma between the partial covering absorber and the full-covering absorber:
The location of the soft component is further away from the nucleus, and could
correspond to the location of the Narrow Line Region (NLR). The soft component is
only attenuated by the two neutral screens (and not by the additional factor of 20 due
to the thick partial covering component). In the case of the neutral partial-covering
model (F) its inclusion reduced the fit-statistic by Ax? = 18 with a best-fitting
plasma temperature of kT=0.111555 keV. Under this scenario Ll =1.3 x 102 erg
s~! representing ~ 5% of L¥_,. In the case of the ionized partial-covering model
(G) its inclusion reduced the fit statistic by Ax? = 17 for a plasma temperature of
kT=0.14799 keV. This gives an unabsorbed L’ = 3.61 x 10%? erg s! (6% of

tot
L0.4—1 .

3. Hot plasma outside the full covering redshifted neutral screen: In this case the location
of the soft component is far from the nucleus and may correspond to the outskirts of
the host galaxy. Inclusion of a soft spectral component in this way reduced the fit
statistic by Ax? = 19. As this case involves an origin outside of the X-ray absorber,
the results are the same for the neutral and ionized cases. The best-fitting plasma

+0.05

temperature is kT=0.14139 keV which suggests an unabsorbed L{’f; = 3.9 x 10%

erg s™1, ~ 2% of LF%_,.

We stress that the signal-to-noise in this part of the spectrum is rather low and the

energy range very small. Thus, the fit results should not be overinterpreted. We postpone
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discussion of these findings until §4.

3.2.5. Additional Models

We have experimented with various other models, trying to cover more of the available
parameter space. In particular, we have verified that the spectrum is well described by two
different continuum components (e.g. a power-law and a hot plasma), if each component is
allowed to pass through independent (different) absorbing material. However, we do not
show these fits since the quality of the data warrant no meaningful interpretation of models
with such a large number of free parameters. While we cannot rule out such ad hoc models,

we consider them the least compelling explanation for the data.

4. Discussion

4.1. The Iron K-shell Regime

EXO 055620-3820.2 shows clear evidence for an iron K-shell emission line. The
equivalent width of the line is ~ 100 eV or ~ 300 eV, depending on whether a narrow or
broad line is assumed (respectively). The former value is easily consistent with predictions
based on reflection from an optically-thick accretion disk when observed close to face-on
(George & Fabian 1991). The latter value exceeds the maximum obtainable from such a
disk, unless the iron abundance exceeds that given in Morrison & McCammon (1983) by
a factor ~ 2 (George & Fabian 1991; Reynolds, Fabian, Inoue 1995) and/or the primary
continuum source preferentially emits towards the disk. Both of these possibilities are
feasible. The maximum amount of iron K-shell line emission expected from the line-of-sight

absorbing material is ~ 25 eV for Table 1, Model G and somewhat smaller for Models F
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& D. Constraints on the line width (o}) of EXO 055620-3820.2 suggest that the line may
be intrinsically broad as has been found to be the case for several AGN (e.g. Mushotzky
et al. 1995; Tanaka et al. 1995). In that case, the line energy is consistent with emission
from neutral iron. We find o/ ~ 0.5 keV, corresponding to a FWHM for the line of 31,000
— 77,000 km s~!. We find the line to be consistent with, but not required to have, the

distinctive asymmetric line profile expected from an accretion disk (e.g. Fabian et al. 1989).

However, we caution that unresolved spectral complexity in the iron K-shell regime

can give rise to misleading results, and even mimic a broad line.

4.2. Full Covering Ionized Absorption

This model (D) seems to be the best from the point of view of a minimal number of
components, the low energy fit to the data and the consistency with the neutral screen

reddening.

Our spectral analysis suggests that a single absorbed power-law continuum, with a
slope of I' = 1.8, explains both the iron K-shell regime as well as the low energy (0.4-1.0
keV) ASCA data. The column density is only slightly larger than that deduced from partial
covering models but the ionization parameter is larger by a factor 2. This forces the neutral
screen to a column density corresponding to Ay ~2 mag., close to that independently
determined from optical line and continuum measurements (§3.2.1). The ionized screen is
so highly ionized that dust is not likely to form or survive at this location and the gas is

completely transparent at energies below 0.3 keV.

As explained in §3, we are unable to distinguish between pure absorption by the
ionized gas and a case where emission is also important. This is partly a result of the

low signal-to-noise at low energies and partly because the emission features predicted
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are relatively weak. However, a visual inspection suggests a similarity between some of
the observed features and the calculated emission lines (Figure 4). We have therefore
looked for the strongest emission features predicted by the model. These are O VII 568 eV
(equivalent width, EW, of 17 eV); O vii1653 eV (EW=19 eV), Ne1x 911 eV (EW=41 eV)
and MgX11.34 keV (EW=6 eV). All numbers refer to the observed equivalent width — that
is relative to the local observed continuum. The Neix 911 eV line is, in fact, intrinsically
the weakest but is observed against a highly absorbed part of the continuum, and hence
has the largest equivalent width. (For a more complete discussion of these effects and line
intensities see Netzer 1996). We also note that the presence of a Ne1x 911 eV line of twice
the predicted strength might explain why we do not observe as sharp an absorption feature
as predicted by the model (Figure 3). This is not unreasonable in view of the possible

complex geometry near such sources.

4.3. Partial Covering Models

Our analysis of the X-ray spectrum of EXO 055620-3820.2 indicates that partial
covering by small clouds (either neutral or ionized, with a large covering factor) can explain
the hard X-ray continuum. However, we find such models reveal evidence for significant

excess emission below ~ 1 keV.

Partial covering of the AGN X-ray continuum source was first suggested as an
explanation of the soft excess observed in NGC 4151 (Holt et al 1980). Partial-covering
models have been investigated in some detail for NGC4151 (e.g. Yaqoob et al. 1993, Weaver
et al. 1994) and other sources (Bond et al 1993; Maisack et al. 1992 and Reynolds et al
1995) and may be applicable to many AGN. The most recent analysis of NGC 4151 by
Weaver et al. (1994) discusses a ’duel absorber’, where 40% of the source is covered by a

column 6 x 10*2cm™~? and the other 60% by 2 — 3 x 102cm=2. In the case of NGC 4151

1€451D1E. 1 0€ INAaXIINUIIl aII1ount oI 1ron n-snell line emission expected Irom the line-or-sight

absorbing material is ~ 25 eV for Table 1, Model G and somewhat smaller for Models F



- 18 -

however, the columns involved are an order of magnitude larger than those considered here.

4.3.1. Partial Covering by neutral material

Considering first partial covering by neutral material (Models E and F), such a
component must be far from the source to maintain the very low level of ionization. The
large partial-covering column of neutral material (2.5 x 10%2cm~?) implied by our analysis
is likely to be associated with dust which, given a Galactic dust-to-gas ratio, is completely
opaque at optical and ultraviolet wavelengths. Thus the optical continuum passing through
this shell must be attenuated by a factor of approximately 20 (the covering fraction is 95%)
compared with the flux above 3 keV, (which is passing through a transparent medium).
Thus the intrinsic optical flux must be considerably higher than that observed, and the
intrinsic a, must be steeper by Acay, = 0.5 than that observed. We used the Rafanelli
(1985) optical observations at 5000A (which are already affected by reddening), to calculate
the 2500A flux, and this, together with our 2 keV flux measurement was used to deduce
the intrinsic oo, for the source. (While the 2 keV flux is not completely free of absorption
effects, this is the most useful number to use, for comparison with other objects.) We do

not know the exact amount of visual reddening, therefore we considered two possibilities.

Assuming Ay=2 mag. and an unreddened energy slope of 0.7 between 5000A and
2500A then correcting for the reddening by the full covering screen we get ¢ = 1.49. As
explained earlier, an additional correction to the 2500A point due to the presence of the
partial-covering neutral material results in an implied intrinsic o, = 1.99. Repeating the
same procedure, but assuming Ay=1 mag., we get a,, = 1.33 with no correction for the

neutral partial covering, and an implied intrinsic a,, of 1.83 with that correction,

The two values of deduced intrinsic a,, (above) are larger than those observed in

most Seyfert 1 galaxies, where a typical range in this property is about 1.1-1.5 (Kriss
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& Canizares 1985; Stocke et al 1991). Our values are, in fact, in the range found for
radio-quiet quasars. On the other hand, correcting only for the full-covering neutral screen
vields ay; = 1.33 — 1.49, in perfect agreement with that observed for unreddened AGN (the
Ward et al. 1987 ’class A’ AGN). We note that values of a,, derived here are subject to
uncertainties in the shape of the intrinsic optical-ultraviolet continuum (used to estimate

the 2500A flux) and to optical and X-ray variability.

A similar conclusion is obtained from consideration of the optical luminosity of the
source. Correcting for up to two magnitudes of visual extinction implies that EXO 055620-
3820.2 is intrinsically somewhat more luminous than a typical Seyfert 1 galaxy, such as
NGC 5548 (see Table 4 of Ward et al. 1987). The additional ’attenuation’ factor of 20
implied by an opaque partial-covering screen, suggests that it is intrinsically almost as
luminous as 3C 273. Thus, under the neutral-partial-covering scenario, the implication is
that this galaxy hosts one of the most luminous quasars, at a distance corresponding to
z=0.0344. We consider this to be very unlikely, especially as our ionized-absorption models

infer more typical intrinsic X-ray and optical luminosities for this source.

4.3.2.  Partial Covering by Ionized Material

The problem of a large implied optical flux does not exist for the ionized partial-covering
model. In this case, the ionization level of the material indicates, for the assumed large gas
density, a location in the innermost part of the AGN. Gas clouds in this location are likely
to be smaller than the X-ray source size (e.g. the BLR clouds) and conditions are such that
dust cannot form (e.g. Laor & Netzer 1993). The possibility of high-ionization, low-density
material, much further from the center, is more difficult to analyze but conditions in such
gas are also not favorable for dust formation. The ionized-partial-covering model predicts

an intrinsic @,; which is inside the overall Seyfert 1 distribution of this property, as, in
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this case the reddening is only by the complete coverage neutral screen, which exists much
further from the nucleus. There is thus no need to assume an extreme intrinsic luminosity
for this source and we conclude that optical data favor the ionized absorption models for

this source.

4.3.3. The nature of the soft excess

Both partial covering models discussed in the preceeding subsections leave a large
residual soft excess below 1 keV. (Interestingly, the soft excess contributes about 50% of the
observed flux below 1 keV, the same fractional contribution as the extended component in
NGC 4151; see Weaver et al. 1994). The implied luminosity in this component is obviously
highly dependent upon its location relative to our three absorbing components. Since the
luminosities are similar in the neutral and ionized cases we combine the discussion of the

two.

1. Hot plasma behind the partial covering absorber: Here the soft component originates
in the innermost part of the AGN, close to the power-law continuum source. The
implied luminosity is L3%%, = 3—4 x 10 erg s~! which is ~ 60% of L{;_; and ~ 33%
of L |, A possible origin for this soft emission is the inner regions of the putative
accretion disk, either arising as a result of X-ray emission from the inner regions of
a high temperature disk {e.g. Laor 1990) or from the reflection of the central X-ray
flux by the disk atmosphere (e.g. Zycki et al. 1994). We note that in both cases, the

luminosity in this soft component is larger than that obtainable by current models.

2. Hot plasma between the partial covering absorber and the full-covering absorber: In
the second scenario, the soft component originates further away from the nucleus,

between the partial covering X- ray absorber, and the full covering (reddening) screen.
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This origin may correspond to hot gas in pressure equilibrium with the NLR. Such a
component has been discussed by Marshall et al. (1993) in the case of NGC 1068 and
by Krolik and Kriss (1995) in the general case. In NGC 1068 the temperature of the
gas is ~ 10°K but the integrated X-ray luminosity is much smaller than the measured
luminosity in EXO 055620-3820.2 (L3’ ~ 6% of LY, §3.2.2 and §3.2.3). Weaver et
al. (1994) proposed that the temperature expected from shock heating of outflowing

narrow line clouds is kT=0.2 keV. We suggest that the required X-ray luminosity in

EXO 055620-3820.2 is too large to be consistent with these models.

. Hot plasma outside the full covering redshifted neutral screen: As stated earlier, this
location may correspond to the outskirts of the host galaxy. Normal galaxies have
extended soft X-ray emission which is the sum of the contributions from sources such
as accreting binaries, supernova remnants and the hot interstellar medium and halo of
the galaxy. Einstein observations of spiral galaxies found 0.2-3.5 keV luminosities in
the range 103 < L%, 5 < 10% erg s~! (Fabian 1981; Long & Van Speybroeck 1983;
Fabbiano 1984, 1986, 1989), although thermal emission from the interstellar medium,
heated by supernovae, could give rise to L3’ 5 . ~ 102 erg s~! (see Fabbiano 1989).
EXO 055620-3820.2 lies at the high end of this distribution with L%, = 8.8 x 104

erg s™1.

The intrinsic luminosity of the soft excess in EXO 055620-3820.2 is Lfflfig = 1.2 x 10*2
erg s”!, a factor of 4 higher than that reported for the soft extended component

in NGC 4151 (Morse et al. 1995), and slightly higher (factor of ~ 2) than the
most luminous extended components noted by Weaver et al.(1995) for other
AGN. However, for NGC 4151 the absorption-corrected luminosity ranges from
Ly_10 ~ 3 —20 x 10*2ergs™!, while EXO 055620-3820.2 has Ly_10 ~ 6 x 10%%ergs™!.
As the nucleus of EXO 055620-3820.2 is more than a factor of 4 more luminous than

that of NGC 4151, any nuclear-driven excess, might be expected to result in a more
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luminous soft emission in EXO 035620-3820.2.

If the soft component originates in the outskirts of the host galaxy then it must

be constant in flux on a timescale of years, hence the same component should be
observable in previous soft X-ray observations of this source. EXO 055620-3820.2 was
observed by the ROSAT PSPC on 1993 Sept 25 for ~ 13 ks, and we have examined
those data in the light of the ASCA results. The PSPC spectrum shows the same
strong signature of complex absorption observed in the ASCA data, while the source
has an integrated 0.1 - 2 keV flux ~ 35% of that observed at the ASCA epoch. The
PSPC data confirm the softening of the spectrum to lower energies, and are consistent
with the presence of a soft component at the flux level inferred by the ASCA data,
although we note that the PSPC data prefer a plasma temperature ~ 0.23700° keV.
As the PSPC and ASCA data are from two different epochs, we do not consider joint
ASCA and ROSAT fitting any further.

5. Summary and Conclusions

The first uncontaminated hard X-ray spectrum of the Seyfert 1 galaxy EXO 055620-
3820.2 shows complex structure below ~ 2 keV, indicative of attenuation either by
an ionized absorber fully or partially covering the X-ray source, or a neutral absorber
partially-covering the source. While the X-ray data alone do not allow us to distinguish
between these models, consideration of the optical properties of the source suggests that
partial-covering by neutral material is unlikely, as the implied intrinsic optical flux would
be unusually large (§4.3.1). We find a good-fit to the X-ray data, and consistency with
the observed optical properties of the source, with either 96% of the source covered by a
column of 3.1 x 10?2cm™? of ionization state logyo UP* = —1.36 or full covering by a column

of 3.6 x 1022cm™2 with logyo U = —1.07. In the case of the partial-covering model, we find
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a residual soft excess whose origin seems most likely to be either from the outskirts of the

host galaxy, or from hot gas in pressure equilibrium with the NLR.

The full-covering ionized absorber model is the preferred explanation for EXO 055620

3820.2, from the point of view of its simplicity.

In addition to the complex absorber, we find evidence for a full-covering screen of

neutral material, which is consistent with the column implied by optical reddening.

We detect an iron K-shell emission line, which appears to be significantly broad and
whose equivalent width of ~ 300 eV exceeds that predicted to arise in the absorbing
material, as for many other Seyfert spectra recently reported. We find a FWHM for the
line of 31,000 — 77,000 km s~!.
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Table 1: Spectral Results for the ASCA4 observation of
EXO 055620-3820.2 performed 1995 Mar 23-24

Model Expressions and Best-fitting parameters? Notest x?%/dof
Powerlaw + line fits to the 3-10 keV band
Ay PL + GL 1,2 621/631
E! =6.5513055 keV
B) PL + GL 2 602/630
E! =6.267040 keV ol =04779% keV
C) PL+ DL 2 602/630
E!. =6.40 < 6.58 keV i =18%%°
Full Covering by ionized material
D) Ao x A, x A; x (PL + GL) 2,3,4 1228/1216
Np. =3.697335 x 102! cm—2
Nf . =3.611373 x 1022 cm~2 logyo Uz = ~1.07%558
Partial Covering by neutral material
E) Ao x A, x PC, x (PL + GL) 3.4 1177/1215
Npg. =0.0(<6.20) x 10%° cm~2
N, =2577015 x 1022 cm2 C% =96.670% %
r =1.823%¢ .
F) Ao x A, x PC, x (PL + GL) 3.4 1208/1215
Ng. =1.50(< 1.7) x 10®! cm™2
NE, =2511519x10% cm™2 Ct =95.010% %
I =1.82100
Partial Covering by ionized material
G) Ao x A, x PC; x (PL + GL) 2,3,4,5 1235/1216
Ny, =3.047052x10% cm—2 C% =96.0% (fixed)

Ny, =311713x 102 cm™?  logy UP* = —1.361912
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Notes to Table 1:

T The model functions and parameters are defined as follows: PL - powerlaw continuurm;
GL - Gaussian emission line; DL - line emission from a relativistic disk, parameterized by
its energy E. and the angle i between the normal of the disk and the line-of-sight (see text);
A - full covering absorbing material, parameterized by an effective hydrogen column density
Ny; PC - partial covering by absorbing material, parameterized by the covering fraction C%
of the absorption clouds, each with an effective hydrogen column density Ny. Quantities
marked with a subscript ., are either positioned at, or as measured in the rest-frame of the
source (with z = 0.0344); those marked with a subscript ¢ are local (z = 0). Quantities
marked with a subscript ? refer to the component responsible for the partial covering, and
those marked with a * refer to the ionized material, with an ionization parameter U} (as
defined in the text).

* The following parameters were fixed in the lines indicated: 1) ¢! fixed at 0.0; 2) T fixed
at 1.8; 3) Np fixed at 3.35 x 10%° cm™?; 4) E! fixed at 6.26 keV, and o' at 0.47 keV; 5)
C%" fixed at 96%.
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Figure Captions

Figure 1. The data-minus-model residuals to a simple absorbed power-law model. All

four ASCA instruments were fit, but only SISO data are shown here for clarity. 1 o error

bars are shown.

Figure 2. The best-fitting models to the EXO 055620-3820.2 data, as detailed in the
text (§3.2) and tabulated in Table 1.

a) Absorption by full-covering ionized material (Model D)
b) Absorption by neutral partial-covering material (Model F)
c) Absorption by ionized partial-covering material (Model G)

The attenuation by the Galactic column and the best-fitting neutral full-covering

screen is also included in each case.

Figure 3. The ratio of the data to the neutral partial-covering model (F). This

illustrates the systematic excess of counts below ~1 keV, which is discussed extensively in

§4.3.3.

Figure 4. Top Panel: The best-fit model of a power-law attenuated by full-covering
ionized absorption (D). The model includes self-consistent line emission and is shown with
the unfolded ASCA data. Bottom Panel: The ionized-absorber model (D) at the resolution

calculated for the model-fitting tables.
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