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ABSTRACT

In recent years it has become clear that understanding the absorption present in active galactic
nuclei (AGN) is essential given its bearing on unification models. We present the most recent
XMM-Newton observation of Mrk 6, with the goal of understanding the nature and origin
of the complex absorption intrinsic to this source. X-ray spectral fitting shows that a simple
warm absorption model provides an equally good statistical representation of the CCD data
as a partial covering model. Furthermore, once the Reflection Grating Spectrometer (RGS)
data are included in the spectral fitting, the simple warm absorber model provides a very good
fit to the data, without increasing the complexity of the model, in contrast with the partial
covering model which requires the addition of either a low-metalicity (<0.03 solar) thermal
plasma or low-temperature blackbody emission in order to provide a similar quality fit. The
warm absorber is also a considerably more natural way to explain the variability observed
in the X-ray absorbing column density between the previous XMM-Newton observation and
this one, requiring only a second, higher column density, higher ionization, absorber to be
present during the previous XMM-Newton observation. In comparison, the partial covering
models which requires moving, clumpy, material relatively close to the source that result in
two distinct lines of sight, with separate absorbing columns that each vary considerably without
any associated change in their covering fractions, in order to explain the observed variability.

We associate the warm absorber either with an accretion disc wind with densities of ~10° cm 3,

or with an ionized ‘skin’ or atmosphere of the molecular torus with densities of ~103> cm™>.

Key words: galaxies: active — galaxies: individual: Markarian 6 — galaxies: Seyfert — X-rays:

galaxies.

1 INTRODUCTION

Absorption has been widely recognized as playing a large role in
shaping the X-ray spectra of active galactic nuclei (AGN), from the
detailed ionized absorption features often observed in the soft X-ray
spectrum of Seyfert 1 galaxies (e.g. NGC 3783, Kaspi et al. 2002;
MGC-6-30-15, Fabian et al. 2002) through to the extreme cut-off of
the X-ray continuum emission observed in Compton thick Seyfert
2’s (e.g. NGC 1068, Bianchi, Matt & Iwasawa 2001; NGC 4945,
Done et al. 2003). For any individual AGN, a detailed understanding
of the properties of the absorption intrinsic to the source is essen-
tial to the understanding of the broad-band X-ray spectrum and,
in particular, the underlying X-ray continuum emission. More gen-
erally, detailed information on the absorption intrinsic to a wide
population of AGN gives us direct information on the general en-
vironment surrounding AGN and can test the geometry intrinsic to
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the standard unification models (Antonucci 1993; Risaliti, Elvis &
Nicastro 2002). Observations with older X-ray spectroscopy satel-
lites (i.e. Ginga, ROSAT, BeppoSAX etc.) supported the implied
synergy between the optical classifications and the level of X-ray
absorption observed in these sources (e.g. Nandra & Pounds 1994;
Smith & Done 1996). Recent work, however, has cast considerable
doubt upon the validity of the link between optical type and X-ray
absorption, providing the first indications that the simplistic AGN
unification model may be significantly incorrect. In particular, the
identification of optical type 1 sources with considerable X-ray ab-
sorption columns (e.g. Akiyama et al. 2000; Page, Mittaz & Carrera
2001), and the converse identification of optical type 2 objects with
no evidence of significant X-ray absorption (e.g. Pappa et al. 2001;
Barcons, Carrera & Ceballos 2003), appear to be explicit contradic-
tions of the implications of the standard unification model.

It is possible to reconcile these apparent contradictions with the
standard unification models but such explanations typically invoke
a specific, and often complex, absorption situations (e.g. Maiolino
2001). Typically, the heavy, neutral absorption observed in type 2
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AGN is comparatively simple; it is well represented by absorption
in single medium composed of cold, neutral, material of varying
opacity from Ny ~ 10?'-10°*. In contrast, some objects show
considerably more complex absorption properties (both in terms of
profile and variability).

Studies of the physical properties of the ‘intermediate’ class of
AGN, defined by Osterbrock (1981) as having weak composite H 1
line profiles (i.e. having both a weak broad and a narrow component)
in their optical spectra, are intriguing because of their potential to
test, and impact on, the standard unification models. The classifica-
tion of an intermediate Seyfert galaxy (i.e. Seyfert 1.5, 1.8 and 1.9)
is based on the strength of the broad component of the HB emis-
sion line relative to the broad component of the Ho emission line in
the sense that an optical spectrum with relatively prominent broad
Hp is defined as a Seyfert 1.5, an optical spectrum with weak, but
detectable, broad HS is defined as a Seyfert 1.8 and an optical spec-
trum with no obvious broad HB emission is classified as a Seyfert
1.9 (Osterbrock 1981; Cohen 1983). Typically, the ratio of the nar-
row components of the HB and Ho emission can be interpreted as a
measure of the reddening of the optical line spectrum, correspond-
ing to an increase in the amount of absorbing material along the line
of sight with increasing numerical subclass (Ward et al. 1987). The
ratio of the broad components, by comparison, is harder to interpret
and, although reddening is one possibility, it is far from universal
(see e.g. Corral et al. 2005).

In the context of the standard AGN unification models, these line
properties suggest a highly restricted range of possible viewing an-
gles. The viewing angle must be sufficiently highly inclined that the
high column density of cold material that forms the putative dusty
molecular torus does not completely obstruct the innermost regions
of the AGN responsible for the broad optical emission lines, yet
the viewing angle must be small enough that there is a sufficient
amount of material along the line of sight to significantly redden the
broad component of the HB line with respect to the Ho line. Such
a unique ‘glancing’ viewing angle highlights that the intermediate
Seyferts are the best, and possibly the only, sources that allow us to
study the high column density, relatively low ionization, absorbing
material that may form a ‘skin’ on the molecular torus or a wind
from either the torus or the material immediately interior to it. The
range of properties of the X-ray absorption intrinsic to intermedi-
ate Seyferts has proved to be considerable, both in terms of the
complexity of the model required to model the absorption and in
terms of the range of observed column densities (< 10%*; Schurch
& Warwick 2002; Barcons et al. Ceballos 2003). Typically the ab-
sorption is represented either by a ‘partial covering’ model (a model
in which slightly different lines of sight to the central continuum re-
gion sample separate absorption regions; e.g. Weaver et al. 1994;
Feldmeier et al. 1999) or by a ‘warm absorber’ model (a model in
which the absorbing material is partially ionized; e.g. Schurch &
Warwick 2002; Matt et al. 2004).

The Seyfert 1.5 galaxy Markarian 6 (Mrk 6), although well studied
at longer wavelengths, was not extensively studied in the X-ray
band prior to the advent of XMM-Newton. Mrk 6 is an SO spiral
galaxy at a distance of ~50-80Mpc (Stark et al. 1992, here we
use a distance of 70 Mpc) and was first identified as an intermediate
Seyfert through optical spectroscopy by Osterbrock & Koski (1976).
A combination of near-infrared and optical data were used by Rix
et al. (1990) to constrain the extinction, and by association, the
column density to be A, <2 and Ny ~ 4 x 10?! cm™2, respectively.
Mrk 6 is one of the few Seyferts to show considerable evidence
for an ionization cone (Meaburn, Whitehead & Pedlar 1989) and
there is some tentative evidence that the anisotropy of the ionizing

radiation is variable (Sergeev et al. 1999). Multi-Element Radio-
Linked Interferometer Network (MERLIN) observations of Mrk 6
reveal collimated jets extending out of the plane of the galaxy to both
sides of the nucleus (Kukula et al. 1996). These jets are remarkably
similar in structure to those seen in Mrk 3 and are qualitatively
similar to those seen in NGC 4151. Hubble Space Telescope HST
observations of Mrk 6 have revealed, in remarkable detail, an optical
emission-line jet cospatial with the southern radio jet (Capetti et al.
1995). The similarity between Mrk 6 and NGC 4151 has been well
noted in both the optical and X-ray regimes and Mrk 6 is often
referred to as a ‘4151 analogue’. NGC 4151 harbours one of the
best studied and brightest AGN in the sky, however, the complex
behaviour and properties that are evident in its X-ray and optical
spectra have not been observed in other nearby AGN.

Despite its relative brightness, Mrk 6 has only been observed
spectrally in the X-ray regime three times prior to the new ob-
servation presented here, once with ASCA, once with BeppoSAX
and once with XMM-Newton. The spectral analysis of the 40-ks
ASCA observation of Mrk 6 (Feldmeier et al. 1999), despite the
poor signal-to-noise of the data, revealed a 0.5-10keV X-ray spec-
trum composed of a canonical underlying X-ray continuum, Fe Ko
line emission and complex, heavy column density, absorption
(~10% cm™?). Feldmeier et al. interpret the heavy absorption in
terms of a partial covering model in which the direct line of sight
passes through a relatively dust-free torus ‘atmosphere’ with an
several lines of sight, each of which pass through a significantly dif-
ferent column density. The X-ray spectrum was remarkably similar
to the well-studied and complex Seyfert 1.5 NGC 4151, a similarity
that is further heightened by the similar 0.5-10keV X-ray lumi-
nosities of the two sources (Lx »—10 ~ 5 x 10*? ergs™!' =NGC 4151;
Schurch & Warwick 2002. cf. Lx -9 ~ 1 x 10¥ ergs™' — Mrk 6;
Immler et al. 2003). The interpretation of Feldmeier et al. accounts
for the complex absorption profile and resolves the discrepancy be-
tween the column density measured by the near infrared/optical data
and the X-ray data, because the dust-free region provides photoelec-
tric absorption but not optical extinction (Maccacaro, Perola & Elvis
1982). The recently published BeppoSAX observation yield similar
details but with the backing of considerably better signal-to-noise
(the Low-Energy Concentrator Spectrometer (LECS) exposure time
was ~110ks) and, thanks to the large bandpass of the BeppoSAX in-
struments, a well defined and constrained continuum (Immler et al.
2003; Malizia et al. 2003). The BeppoSAX data also demonstrate the
presence of complex heavy X-ray absorption, which they model with
a partial covering model similar to that of Feldmeier et al. (1999).
Malizia et al. note, however, that the BeppoSAX best-fitting col-
umn densities are considerably different from the column densities
observed with ASCA, implying that the absorption is considerably
variable on the time-scale of the two observations (~2 yr). Malizia
et al. associate the measured X-ray column density with absorp-
tion originating in the broad-line region, however, it is unclear from
the data whether the absorbing medium requires a partial-covering
model, a warm absorption model or indeed a combination of the
two. No significant variability was detected in either the ASCA or
BeppoSAX observations of Mrk 6. BeppoSAX appears to have ob-
served Mrk 6 in a brighter state than ASCA, resulting in a somewhat
different overall spectral shape. The first XMM—Newton observation
of Mrk 6, in conjunction with the BeppoSAX data, showed a simi-
lar situation, highlighting the similarities between Mrk 6 and NGC
4151 and revealing long time-scale absorption variability (Immler
et al. 2003). Despite having ~7 times the counts of the previous
ASCA data, the XMM—-Newton data were still insufficient to clearly
distinguish between a partial-covering model, a warm absorption
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model or a combination of the two for the intrinsic absorption. The
ability to distinguish between these scenarios was hampered in par-
ticular by the poor quality of the soft X-ray spectrum both in the
European Photon Imaging Camera (EPIC) and Reflection Grating
Spectrometer (RGS) instruments.

Here we present the most recent XMM-Newton observation of
Mrk 6. The observation was performed with the aim of understand-
ing both the nature of the soft X-ray emission through the RGS
data and the X-ray absorption through the EPIC instruments. This
paper is organized as follows. Section 2 details the XMM—-Newton
observation. Section 3 presents the spectra and discusses the spec-
tral modelling of both the soft X-ray emission and the absorption.
Section 4 compares the details of the current observation to the
previous data and the implications that arise as a result.

2 THE XMM-NEWTON OBSERVATIONS

Mrk 6 was observed with XMM—Newton on 2003 April 26 (orbit 619)
for a total of 55 ks. The EPIC and RGS instruments were active for
the full duration of the observation however considerable prolonged
background flaring was present during the first 10ks of the obser-
vation and as a result the EPIC cameras were operated in closed
mode during this period. For the remaining 45 ks of the observa-
tion the EPIC MOS and PN operated in full window mode with the
medium filter in place. The data were processed with the standard
EPIC and RGS processing chains incorporated in the XMM—-Newton
SAS v6.1.0. The EPIC data were processed using the latest CCD gain
values and only X-ray events corresponding to patterns 0—12 in the
MOS cameras and 0—4 in the PN camera were accepted. An exami-
nation of the full field light curve (excluding the emission associated
with Mrk 6 and other identified point sources) revealed several fur-
ther periods of brief, but considerable, background flaring. Periods
during which the background contribution to the count rate within
a 2-arcmin radius region centred on Mrk 6 exceeded 10 per cent
of the source count rate in this region have been excluded from
the subsequent analysis, resulting in total effective exposure times
of 34 and 28 ks for the MOS and PN instruments, respectively. A
brief analysis of the impact of pile up on the observation showed
that the effect was negligible due to the moderate brightness of the
source. EPIC light curves and spectra of Mrk 6 were extracted from a
l-arcmin radius circle centred on the source. Background light
curves and spectra were extracted from source-free regions of the
central CCDs of the MOS detectors. The background subtracted
EPIC MOS light curve is consistent with being constant for the dura-
tion of the observation [ x> = 445 for 410 degrees of freedom (d.o.f)]
with an average combined MOS count rate of ~1.7 counts™'.

The RGS instruments were active for the full 55-ks duration of
the observation but are subject to the same flaring periods as those
observed in the EPIC cameras which, again, have been excluded
from the the subsequent analysis. Dispersed RGS source and back-
ground spectra were extracted from the quiescent periods with the
automated RGS extraction tasks in the sAs. The second-order RGS
spectra contain no useful data, primarily because of the relatively
faint nature of the source, and as a result only the first-order spectra
are presented here. The resulting RGS spectra have a total effective
exposure time of 34 ks for both the RGS 1 and 2 instruments.

Spectral fitting was carried out using the XSPEC v11.3 software
package with instrument response matrices generated by the SAS
software for each of the spectra independently. The source spectra
were grouped to a minimum of 20 counts per bin to allow the use
of x? minimization techniques.
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Figure 1. The EPIC MOS (black — MOS 1, red — MOS 2) and PN (green)
spectra of Mrk 6. The lower panel shows the ratio of the data to a basic
absorbed power-law fit.

3 MODELLING THE XMM-NEWTON SPECTRA

3.1 The EPIC spectra

We begin by fitting the EPIC MOS and PN data between 1-5 and
7.5-10keV with a basic absorbed power-law model. This model,
while obviously unrealistic, allows us to characterize the basic prop-
erties of the X-ray spectrum, particularly for comparison with other
AGN. Fig. 1 shows the EPIC MOS and PN spectra of Mrk 6, along
with the ratio of the data to a basic absorbed power-law fit. The fit
is characterized by a very flat (I' ~ 1.2) continuum and absorption
an order of magnitude above the level of Galactic absorption in the
direction of Mrk 6 (7 x 10*! cm™2 cf. 6.4 x 10%° cm~2; Stark et al.
1992). The positive residuals around 6.4 keV are indicative of the
presence of a neutral Fe Ko line and the large positive residuals
below 0.8 keV demonstrate the presence of a strong ‘soft X-ray ex-
cess’, a feature that is common to many AGN (e.g. Piro, Matt &
Ricci 1997; Gierlifiski & Done 2004). The extremely flat contin-
uum in this simple fit is suggestive of a strong Compton reflection
component, coupled with a steeper underlying continuum. Indeed,
analysis of the high-energy (>10keV) X-ray spectrum of Mrk 6
from a previous BeppoSAX observation confirms this, detecting a
steeper underlying continuum (1.6 < I < 2.0) and a Compton re-
flection component with a reflection fraction of ~1.0 (Immler et al.
2003; Malizia et al. 2003).

Both the MOS and PN spectra show similar large-scale features
with one exception highlighted by the fit to the absorbed power-
law model. Between 0.5 and 0.6 keV, the PN shows a considerable
difference in spectral shape to both MOS spectra which both show a
dip in their spectra. An investigation of the RGS 1 spectra supports
the MOS spectral shape in this region (the RGS 2 spectrum suffers
from a defective CCD across this energy range). We initially limit
our modelling to the 0.8—12keV region for both the MOS and PN
cameras to exclude the soft X-ray excess and simplify the analysis
of the continuum, given the discrepancy between the PN and the
other instruments we retain the 0.8-keV lower limit for the PN data
in the broad-band spectral fits detailed in Section 3.3.

We define a base model, based on the phenomenological proper-
ties observed in the oversimplistic absorbed power-law fit, with the
following components.

(i) A power-law continuum. The continuum slope is initially
fixed to be I' = 1.81, as determined from the analysis of the
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high-energy BeppoSAX data by Immler et al. (2003), while the nor-
malization, A;, remains a free parameter in the fits.

(i) A neutral Compton reflection component (modelled by
PEXRAV in XSPEC; Magdziarz & Zdziarski 1995). The reflection scal-
ing factor, R, is fixed to be 1.21, the best-fitting value found from
the analysis of the BeppoSAX data by Immler et al. (2003) as are
the other remaining parameters (i.e. incident continuum slope, I' =
1.81; normalization, A, = 4.68 x 103 photoncm 2 s~ keV~!; in-
clination cos i = 0.94). In addition the metal abundance in the re-
flector was fixed at the solar value.

(iii) Complex absorption. Two distinct models were used for
the nature and form of the complex absorption. The first model
is the partial covering model favoured in previous analyses of the
X-ray spectrum of Mrk 6. The second model is a layered model that
incorporates a heavy column density (e.g. ~10?* cm™2) partially
ionized absorber, a model that has been extremely successful in
modelling the detailed X-ray spectrum of NGC 4151. The details
of the absorption modelling are the primary focus of the following
discussion and are given in detail there.

(iv) An intrinsically narrow Fe Ko emission line of intensity
Ixq, at an energy Ex,.

(v) Galactic absorption (6.4 x 10%° cm™2).

3.1.1 The partial covering model

As discussed in Section 1, previous approaches to modelling the
absorption intrinsic to Mrk 6 have been largely based on a partial
covering model (e.g. Feldmeier et al. 1999; Immler et al. 2003). In
partial covering models, a fraction, f..y, of the hard power-law con-
tinuum is absorbed by a cold gas with column density Ny ;, whilst
the remaining fraction of the continuum, 1 — fy, is absorbed by a
considerably different column density Ny . This absorption profile
was incorporated into the base model defined previously and fit to
the three EPIC data sets simultaneously, resulting in a reasonable
fit (x> = 2337 for 2263 d.o.f; Fig. 2; Table 1 — model PC1). De-
spite the fit being acceptable, there is a clear deviation of the model
from the data above energies of ~8 keV. The deviation is particu-
larly evident in the PN data, but is also observed to a lesser degree
in the MOS data sets. The high energy deviation is suggestive of
a mismodelling of the Compton reflection continuum which, given
the tight constraints employed in the base model, is not surprising.
Freeing up the relative reflection component, R, results in a con-

Counts s~ ! kev™?
0.1

0.01

Ratio
05 1 1

Energy (keV)

Figure 2. The EPIC spectra of Mrk 6 fit with the base model incorporating
partial covering absorption.

Table 1. The best-fitting EPIC spectral parameters.

Parameter PCl1 PC2 PC3 WAL WA2
+0.03 +0.05 +0.04 +0.02 b

Ni,“ 0.571003 0441003 028700 0477002 0.028

+0.05 +0.05 +0.03
feovit 0.43%y0 0377505 036750 - -
Nt 395N 220 130K Tasn aa6T
+0.007 +0.039
logé - - - 245555006 1897 0031
+0.04 +0.05 +0.04

feov,2 0.571 50 0.631002  0.64100% - -
Tyl 1.81¢ 1816 144750 181¢ 1.81¢
d +0.26 +0.42 +0.20 +0.07 +0.10
Ayi 5917028 4747042 3107020 6.18T00T  4.67T0 0
R 121° 400703 0607017 121¢ 4.3%02
+0.03 +0.03 +0.03 +0.02 +0.04

EK"‘ 6'44—().02 6'44—0.03 6'44—0402 6'45—0.03 6'44—0.03
4 +0.3 +0.4 +0.36 +0.33 +0.37
Ike® 18703 1.0%0% 134703 1.e2%0d 093103
x2 2337 2161 2117 2365 2172
dof 2263 2262 2261 2264 2263

4% 10%2 cm~2.

bUpper limit.

“Fixed parameter.

41073 photonkeV~! em=2 571,
€107 photoncm™2 s~

siderable improvement to the fit (A x2 =176 for 1 d.o.f, Table 1 —
model PC2) with a reflection component ~3.3 times stronger than
the previous measurement. Despite the considerable improvement
of the fit the PN data >9 keV still lie systematically above the model.
It is not clear that the PN calibration >10keV is well understood,
however, under the assumption that it is the under-prediction of the
model thus suggests that the continuum is incorrectly modelled by
the tightly constrained power-law model. A careful investigation of
x2 space when the photon index of the underlying continuum, I,
is allowed to be a free component in the fit reveals a considerably
better fit to the data (A x2 = 44 for 1 d.o.f; Table 1 — model PC3)
with a resulting best-fitting power-law photon index of ~1.44 and
a considerably weaker contribution from Compton reflection (R ~
0.6). The surprisingly flat slope appears to be well constrained, how-
ever, the corresponding change in the strength of the inherently flat
Compton reflection indicates a strong degeneracy between the two
parameters shown clearly by Fig. 3.

We reiterate that the discrepancy between the model and the data
was only present in the PN data for the previous fits and it is possible
that a calibration difference is responsible for the overprediction. Al-
lowing the relative reflection component and the continuum photon
index to take different values for the fit to the PN data than for the
MOS data to test this possibility resulted in two considerably differ-
ent best-fitting values for the continuum photon index and Comp-
ton reflection. The best-fitting MOS values are I' = 1.407009, R <
0.27, in contrast to the best-fitting PN values of I' = 1.577003, R =
1.0t8;§, again highlighting the degeneracy between photon index
and Compton reflection.

We stress that the fits with ' ~ 1.4 and I' > 1.6 both provide
a statistically acceptable fit to the data and, given that such a flat
continuum slope is incompatible with the previous wide bandpass
BeppoSAX data (which in several analyses has measured a best-
fitting photon index of I" > 1.6 using similar models to that presented
here), we argue that model PC2, despite a high contribution from
Compton reflection and residuals in the PN fit >9keV, is a more
plausible physical representation of the data.
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Figure 3. Confidence contour plot of I" and R for model PC3. The black,
red and green lines are confidence contours corresponding to 1o, 20 and 30,
respectively (Ax? = 2.71, 4.0 and 9.0). The diagonal nature of the contours
highlights the strong degeneracy between the parameters.

3.1.2 The layered model

The second approach to modelling the absorption intrinsic to Mrk 6
utilizes a model in which a heavy column density partially ionized
absorber is layered with a lower column density neutral absorbing
column. This model has been extremely successful in detailing the
X-ray spectrum of NGC 4151 (Schurch & Warwick 2002; Schurch
et al. 2003). In this model the absorption affects all the power-
law continuum flux, instead introducing the required complexity in
the absorption profile through the details of the ionized absorption.
Here, we use the same warm absorption model, calculated by XSTAR,
that was used in the Schurch et al. (2003) analysis of NGC 4151.
This absorption profile was incorporated into the base model de-
fined previously and fit to the three EPIC data sets simultaneously,
resulting in an acceptable, if marginally worse, fit to that of the
initial tightly constrained partial covering model (x> = 2365 for
2264 d.o.f; Fig. 4; Table 1 — model WAL1). Clearly the fit suffers
from the same deviations from the data at high energies that were

Data/Model Ratio

0.5
o L
(o]
)

Energy (keV)

Figure 4. The data/model ratio residuals resulting from fitting the EPIC
spectra of Mrk 6 with the base model incorporating partially ionized absorp-
tion.
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observed with the partial covering model fit, along with somewhat
more pronounced residuals <1.5keV. The change in the model of
the absorption profile does not strongly impact on the model fit
>5keV, as highlighted by the reaction of this fit when the relative
reflection parameter is allowed to be a free parameter (Table 1 —
model WAZ2); the fit improves considerably (A x? = 89 for 1 d.o.f)
and the reflection component is ~3.6 times stronger, a similar effect
to that previously observed with the partial covering model. The
increase in the strength of the reflection component is coupled with
considerable decreases in both the ionization state of the warm ab-
sorber and its column density. Similar effects to those detailed in
the previous section are also observed when the photon index, T',
is available as a free parameter in the fit and when the parameter
values for the PN data are decoupled from the values for the MOS
data.

3.2 The RGS spectra

The only appreciable difference between the best fits of the two
absorption models to the EPIC data is the presence of more sig-
nificant residuals in the 0.8-1.5keV band in the warm absorber
best fit. Given the apparent similarity between Mrk 6 and NGC
4151 it is not unreasonable to suspect that the soft X-ray emis-
sion in Mrk 6 is composed almost entirely of discrete line emis-
sion similar to that in NGC 4151 (Ogle et al. 2000; Schurch
et al. 2004). In such a scenario, the presence of increased resid-
uals around 0.8-1.5keV can be directly attributed to the presence
of this line emission (specifically, magnesium and neon emission
lines). To investigate this possibility in detail it is prudent to investi-
gate the RGS data, with a view to identifying specific emission-line
features.

The RGS data are shown in Fig. 5 along with the ratio of the
data to a basic absorbed power-law fit, in a similar fashion to Fig. 1.
The RGS spectra clearly demonstrate that the soft X-ray emission
in Mrk 6 is dominated by some form of continuum emission, very
different in nature to the soft X-ray line emission in NGC 4151.
Despite this difference, the emission does show features consistent
with possible line emission or edge absorption, particularly in the
0.4-0.7 and 1.3-1.9keV regions. Modelling of the RGS data inde-
pendently of the EPIC data reveals that the soft X-ray spectrum is

T%

TN +

" <\> %% +J£+H+##+ﬁﬁ»ﬁ+ %ﬁﬁ#ﬁﬁﬁ#ﬁ%ﬁﬁﬁ% **
1 2

0.5
Energy (keV)

Figure 5. The RGS (black — RGS 1, red — RGS 2) spectra of Mrk 6. The
lower panel shows the ratio of the data to the basic absorbed power-law fit
in the upper panel. The gaps in the data correspond to the energy ranges
covered by the failed CCDs in the RGS detectors (RGS1: ~0.8-1.25keV,
RGS2: ~0.5-0.66 keV).
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not well fit with simple models including a thermal plasma (x> =
280 for 95 d.o.f), emission from a blackbody (x? = 115 for 95 d.o.f)
or a simple absorbed power law (x? = 179 for 96 d.o.f). Following
these simple fits, we fit the RGS spectra with the most reasonable
fits from the EPIC analysis (models PC2 and WA2). Most of the free
parameters in the RGS fits were fixed to the values from the best fits
to the EPIC data, either because the components of the model they
refer to are outside the energy range of the RGS (e.g. the Fe K«
line) or the components are broad-band continuum components that
are considerably better constrained by the EPIC data. In the best-
fitting partial covering model (PC2), the power-law normalizations
and the lowest column density absorber were allowed to be free pa-
rameters in the fit. The model provides a barely reasonable fit to the
RGS data (x> = 130 for 95 d.o.f); in addition, the column density
of the absorption drops to ~ 2 x 10?! cm™2, well below the best-
fitting value from the EPIC data, and the model leaves considerable
residuals around the relatively complex 0.4-0.7 and 1.3-1.9keV
regions. Adding a thermal plasma component (MEKAL) does not sig-
nificantly improve the fit or allow the low column density to take on
a more reasonable value. Allowing the chemical abundance of the
thermal plasma to be a free parameter in the fit does improve the
fit but results in a chemical abundance <3 per cent of solar abun-
dance values, essentially removing all of the line emission from the
model. Adding a low-temperature blackbody component in place of
the thermal plasma provides a considerable increase in the quality
of the fit (Table 2) and may represent the tail of the thermal X-ray
emission from a the accretion disc. We note that the properties of the
blackbody component in the warm absorber model are poorly con-
strained due to an obvious degeneracy between the normalization
of the power-law continuum and the temperature of the blackbody
emission.

By contrast the best-fitting EPIC warm absorption model (WA2)
provides an excellent representation of the RGS data (x? = 83 for
93 d.o.f) without the addition of new spectral components. In this fit
both the warm and cold column densities, along with the power-law
normalization, remain free parameters. The fit differs from the best-
fitting EPIC values, suggesting a slightly more ionized medium,
a smaller column density of warm material and considerably more
cold material long the line of sight (Table 2). The considerably larger
cold column density is required to prevent the warm absorber model
overpredicting the soft X-ray emission.

Table 2. The best-fitting RGS spectral parameters.

Parameter PC2+blackbody WA2
NH,colda 104J—rgézt§ Ozztg??
NH,warma - 231—{}
log & - 1.93%0)7
A 36557 4.63%558
kT 0.157504 -
Ape’ 0.92+0-18 -

x?2 76 83
d.o.f 93 93

4 % 102 cm™2.

bUpper limit.

€10~3 photonkeV~! cm=2 51,

dkev—1.

€10~ photonkeV~! cm=2 s~ 1,

Counts s~ ! kev™!

Ratio

Energy (keV)

Figure 6. The EPIC and RGS spectra of Mrk 6 fit with the best-fitting partial
covering absorption model including emission from a blackbody.

3.3 Joint, broad-band, spectral fitting

The RGS spectra for Mrk 6 highlight the importance of fitting the
full energy range of the spectra when using warm absorption models
unless there is unambiguous evidence that the leaked flux from such
acomponent is not present in the soft X-ray emission (as is the case in
NGC4151). Taking into account the details of the best fits to the RGS
data, we performed joint spectral fits on the EPIC and RGS data over
the full 0.3-12keV energy range for the MOS detectors and a more
limited energy range for the PN detector (the PN data up to 0.8 keV
remained excluded for the reasons discussed in Section 3.1). The
initial models fit to the joint EPIC and RGS spectra have the same
free parameters listed earlier for the WA2 and PC2 models, however,
in keeping with the RGS fits, a simple blackbody model was added
to the PC2 model. Figs 6 and 7 show the best fits of the partial
covering absorption model and the warm absorber model to the
EPIC and RGS data, respectively. Both models are a good statistical
representation of the data with reasonable physical parameters (x> =
2327 and 2360 for 2419 and 2422 d.o.f, respectively). Details of the
fits are given in Table 3. The warm absorber fit is somewhat improved
by the addition of a scattered power-law component (A x? = 37 for
1 d.o.f), however, the statistically good nature of the fit prior to the
addition of the scattered power law prevents us from concluding

Data/Model Ratio

Energy (keV)

Figure 7. The data/model ratio residuals resulting from fitting the EPIC and
RGS spectra of Mrk 6 with the best-fitting warm absorption model.
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Table 3. The best-fitting parameters for the joint
EPIC and RGS spectra.

Parameter PC2+-blackbody WA?2

Ny 0.89%)12 0277,

fcov,l 069t8?§) -

Ny 38°03 280014

+0.025

log& - 2.0697 5 051

feov2 0317048 -

Tl 1.81¢ 1.81¢

d +0.78 +0.1

Apl 4487001 4.6_0
+0.34 +0.26

R 3477038 4.447 5750
+0.03 +0.03

Exq 6.447 03 6.447 )3
+0.33 +0.35

Iko® 0.987 )33 0.917 52
40.03

kT? 0.17700 -

: 0.16

App’ 0.68715 -

x2 2327 2360

d.o.f 2419 2422

@ % 10?2 cm~2.
bUpper limit.
‘Fixed parameter.

41073 photonkeV~! cm™2 s~ 1.
€107 photoncm =2 s~

71073 photonkeV~! em™2 s~ 1.

that this component is required in the modelling. When included,
the scattered power law contains ~3.5 per cent of the flux of the
underlying continuum.

4 DISCUSSION

The analysis presented in Section 3 demonstrates that the absorp-
tion profile of Mrk 6 is extremely complex and that distinguishing
between the plausible absorption profiles is a tricky endeavour. De-
spite the partial coverer providing a marginally better broad-band
fit to the XMM-Newton data, both the partial covering model and
the warm absorption model are good representations of the data
with reasonable physical parameters and there is little to distinguish
between the two.

4.1 A comparison with previous XMM-Newton data (1997)

Any model of the absorption in Mrk 6 needs to be both a good
statistical representation of the data in any specific observation and
needs to be able to explain any observed absorption variability in
a physically plausible manner. We stress the latter clause because
a comparison of the results from the spectral fitting from the ob-
servation presented here to the previous XMM—-Newton observation
clearly indicates that considerable Ny changes are evident in Mrk 6,
regardless of which absorption model you use to represent the data.

4.1.1 Partial covering

Analysis of the previous X-ray spectra from Mrk 6 have favoured
a ‘duel partial covering’ model, the details of which are consider-
ably more complex than the partial covering model presented here
(Feldmeier et al. 1999; Immler et al. 2003; Malizia et al. 2003).

© 2006 The Authors. Journal compilation © 2006 RAS, MNRAS 371, 211-220

The messy environment of Mrk 6~ 217

The model used in Section 3.1 defines two distinct lines of sight
to the source, both with different intrinsic amounts of absorption.
Such a model is only plausible in the situation where the absorb-
ing medium is sufficiently close to the continuum source that the
continuum source does not appear point-like with respect to the
absorbing material and that the region over which the column den-
sity changes significantly is small (i.e. that the edges of absorbing
clouds are relatively sharp). Taking the assumption that the X-ray
continuum emission originates in the inner regions of the accretion
disc, this would imply that the absorption originates in the broad-
line region clouds, or closer material (for a 108 Mg black hole, an
emission region of SR corresponds to ~3 arcmin at a distance of
0.1 pc, compared to 20 arcsec at a distance of 1 pc).

In fact, the ‘duel partial covering’ models favoured in previous
modelling of Mrk 6 define a total of four unique lines of sight, three
with different, distinct, intrinsic absorption and one intrinsically un-
absorbed line of sight. Despite the good statistical fit found with a
considerably less complex model, involving only two distinct lines
of sight, we fitted the XMM—Newton spectra with the more complex
model for the purposes of direct comparisons with the previous
studies. This model (Table 4 — XMM-Newton 2003) results in fit
of similar quality to the initial partial covering model (x> = 2330
for 2363 d.o.f). Examining the details of the four different lines of
sight in this model, it becomes clear that two of the absorbed lines
of sight are strongly dominant, accounting for a total of 50 and
47 per cent of the continuum flux and with column densities of
~4.5 x 102 and ~0.63 x 10?2 cm™2, respectively. These values
are extremely similar to the values for the two absorbed lines of
sight used in the initial partial covering model (cf. Table 1 — model
PC1) confirming that despite greater complexity the ‘double par-
tial covering’ model closely resembles the simpler fit. Similarly,
adding an unabsorbed continuum component to the simple initial
partial covering model does not improve the spectral fit consider-
ably (Ax? =1 for 1 d.o.f) and results only in an upper limit of

Table 4. The ‘dual partial covering’ model.

Parameter XMM-Newton 2001 XMM-Newton 2003
0.72 0.17
Ni@ 10324072 4434031
fcov.l 051t83§ 0504:88{
Nt 8.05708% 387038
+0.01 +0.01
fcov.Z 0'05—0,01 0'027001
Ny 3 2271098 0.6310:01
Joovs 040552 0461551
Ny 4 0 0
+0.01 +0.01
Jeov 0.04%5 0.02%57,
Ipi 1.81¢ 1.81¢
d +0.05 +0.04
Apl 5.3975.06 5.9875 03
+0.14
R 1217914 1216
+0.03 +0.02
Exq 6477003 6.457 703
+0.39 +0.3
Ixo© 1.6870_53 L7752
X2 813 2330
d.o.f 885 2263

@ % 1022 cm 2.

bUnabsorbed line of sight.
“Fixed parameter.

41073 photonkeV~! em=2 s~

€10~ photoncm 2 s~ 1.
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3.5 x 107> photoncm™2s~!'keV~! on the flux in the unabsorbed
component (<0.3 per cent of the flux in the absorbed components),
again confirming that there is little additional complexity in the
X-ray spectrum >0.8 keV.

A direct comparison between the best-fitting column density val-
ues for the 2001 and 2003 observations (Table 4) reveals a factor
of ~2-3.5 drop in the column density during the intervening pe-
riod. Remarkably, despite such a large column density variation,
the partial covering fits still require several lines of sight to the
source and, furthermore, the best-fitting lines of sight are very sim-
ilar to those present in the earlier observation. This argues strongly
against the partial covering model being the correct interpretation of
the complex absorption since it is difficult to conceive of a situation
in which absorption in clouds close to the source results in large
column density variations without considerable differences in the
covering fractions of the clouds.

4.1.2 Warm absorption

Despite not being the favoured model for previous observations of
Mrk 6, the warm absorption model does provide a good fit to the
XMM-Newton data. Comparing the details of the current warm ab-
sorber model parameters to those given in Immler et al. (2003) for
the 2001 observation reveals considerable changes in both ioniza-
tion and column density of the absorption (log&.g; = 2.42, log&o3
= 2.07; Nusor = 1.33 x 102 cm™2, Nyg3 = 0.29 x 102 cm™2).
Assuming that the absorption originates in a single ‘cloud’ (i.e. a
region of material with a single ionization state and density), these
differences imply very different properties for the cloud seen in the
2001 observation than for the cloud present during the 2003 ob-
servation. In particular, the considerable change in ionization state
implies either a large change in the radial distance, or a large change
in the cloud density.

An alternative interpretation can be made in terms of two sepa-
rate ionized regions, a uniform low column density, low-ionization
region and an irregular higher column density higher-ionization re-
gion. There is considerable evidence for absorption with multiple
ionization states in Seyferts, although as yet no multiple warm ab-
sorbers have been identified with such a heavy column density. In
this model, the lower column density, lower ionization state region
remains constant between both observations, while the second re-
gion (comprising a higher column density, higher ionization state)
is only present along the line of sight during the first XMM—Newton
observation and has a higher ionization state either as a result of a
closer proximity to the ionizing continuum emission or as a result
of a lower density. We note that this is not the same as the partial
covering model since it requires only one line of sight.

Fitting the EPIC PN and MOS spectra from the 1997 observa-
tions with this multizone warm absorber model (Fig. 8 and Table 5)
results in an excellent fit to these data with reasonable physical
parameters and, with the heavier warm absorbing material no longer
present along the line of sight, also results in a good fit to the current
XMM-Newton data.

We note that the model still includes a significant amount of cold
absorption as a free parameter in the fit and a scattered power law
(similar to that detailed in Section 3.3). There is a considerable de-
crease in the cold column density between 2001 and 2003 implying
that it is not associated with the large-scale galactic environment of
Mrk 6. The drop in the cold column density results in the scattered
power law becoming an apparently more important component in
the model fit to the 2003 observations. Despite this, the scattered

Count 57" kev™!

Ratio

1

by i
e uﬂlﬂuliﬁ\ |I
it HM}M

0.5

Energy (keV)

Figure 8. The 2001 EPIC spectra of Mrk 6 fit with the best-fitting multizone
warm absorber model.

Table 5. The best-fitting parameters for the XMM—
Newton 2001 spectra.

Parameter Multizone warm absorber
Nu,® 11.6734
+0.031
log £, 2.512%503
Nu2’ 2.89
log &,° 2.069
Nu,cold” 1.25 f8j§§
Tyl 1.81°
Apf® 439702
+0.52
R 1.9370:32
Ascat pl d 104:8(1)?7;
Exo’ 6.44
Ika® 1474038
X2 1866
dof 2425

@ % 10?2 cm 2.

bFixed parameter.

¢ 1073 photonkeV~! ecm =251,
410~* photonkeV—! em=2s~!.
€10~ photoncm~2 s~

power law only contains ~2.5 per cent of the flux of the underlying
continuum in the fits to the 2001 data, an extremely similar value to
that found from the 2003 XMM-Newton observations.

4.2 The origin of the complex absorption in Mrk 6

Despite the progress made on the characterization of the absorp-
tion in Mrk 6 it remains difficult to make any concrete statement
on the physical origin of the absorption. The two models discussed
here imply very different origins. The partial covering model sug-
gests that the origin of the absorption arises from material in the
broad-line region, or closer, and that the absorbing column changes
considerably (presumably through clouds moving across the line of
sight) without significantly changing the partial covering fractions.
Given the complexity of the partial covering model as it is, it is
not possible to draw any clear conclusion on whether or not the
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partial covering material is genuinely cold from the data. However,
under the assumption the partial covering material is not signifi-
cantly ionized then the material must reside a considerable distance
from the ionizing source (the absorption profile from material with
an ionization parameter of <1 is not considerably different from
that of strictly cold material, and given an ionizing luminosity of
10* erg s~! and a density of 10'?> cm™ results in an a cloud distance
>100Ry). This does not rule out absorption in a wind from the ac-
cretion disc, particularly given the lack of tight constraints on the
possible ionization states of the partial covering media.

Similarly, possible origins for the warm absorber interpretation
include an ionized skin on the torus, warm gas in the vicinity of the
broad-line clouds or a disc wind, however, in this instance the ion-
ization state can give us a handle on how plausible an origin in each
of these regions is. For a given distance, ionizing luminosity and
measured ionization parameter, we can calculate the density of the
absorbing material. Examination of these density values in compar-
ison to the densities expected for the material in these regions can
help us locate the absorbing material (we assume a 10° Mg black
hole, an ionizing luminosity of 104 ergs~' and distances of 60R;,
10 light-days and 0.5 pc for the disc wind, broad line region (BLR)
and the inner edge of the torus, respectively). Locating the absorp-
tion in a torus skin results in densities of ~103~% cm™3 which, at
the upper limit, is consistent with the values calculated by Risaliti
et al. (2002) for clouds in the torus with column densities of the
order of 10 cm™2. Locating the ionized material in the BLR (at
~10 light-days; Peterson 1993) results in densities of ~10°~7 cm~3,
considerably lower than the densities inferred for several AGN from
ultraviolet observations (e.g. Gaskell & Sparke 1986). Placing the
absorption in a disc wind close to the ionizing source results in den-
sities of ~10° cm™ which are in excellent agreement with the disc
wind simulations by Proga & Kallman (2004). Given the somewhat
low values implied for a location at distances appropriate with the
torus and BLR, we favour a location in a disc wind extending on
scales of tens to hundreds of Schwartzchild radii. In such a scenario
the ‘double warm absorber’ seen in the 2001 XMM—Newton obser-
vation is easily explained as a line of sight which passes through
two regions of the wind, one located somewhat closer to the ionizing
source (and hence more ionized) than the other. The apparent vari-
ability of the column density is then easily explained as an effect of
the clumpy, outflowing turbulent nature of the wind which, given the
possible range of outflow, radial and turbulent velocities, may show
absorption variability on time-scales from hours upwards. The two
observation of Mrk 6 discussed here are each insufficiently long to
probe absorption variation on time-scales longer than ~4 h making
future long, or monitoring, observations of this source important to
place any constraints on the nature of the wind.

5 CONCLUSIONS

A key feature of AGN unification schemes is the capability of ab-
sorbing material to change the appearance of a the central engine.
To this end is it essential to understand the absorption present in
these systems both to confirm or refute the standard model and to
allow us to make conclusions regarding the central engine and the
primary emission regions in AGN.

In this paper, we have presented an analysis of the most recent
XMM-Newton observation of Mrk 6. In particular, we test the hy-
pothesis that the absorption can be well characterized by a warm
absorption model that offers a more physical and testable descrip-
tion of the X-ray absorption than the standard, rather ad hoc, partial
covering model. We find that the simple warm absorption model,
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with only a single line of sight, provides an equally good statistical
representation of the XMM-Newton CCD data as a partial covering
model. Furthermore, we find that once the RGS data are included in
the spectral fitting, the simple warm absorber model provided a very
good fit to the data, without adding any additional components to the
model, contrasting with the partial covering model which requires
the addition of either a low-metalicity thermal plasma or blackbody
emission in order to provide a similar quality fit.

Further support for the presence of warm absorption comes when
the previous XMM-Newton observation is considered. The absorb-
ing column density has varied considerably between the two obser-
vations. Fitting the partial covering model to both sets of spectra
does provide a reasonable fit and can explain the Ny changes but,
crucially, the covering fractions of the two dominant line of sight
in the model have remained the same. To put this in context, this
implies a situation in which absorption in moving clumpy material
relatively close to the source results in two distinct lines of sight to
the source, both with separate absorption that varies considerably
without resulting in any appreciable change in the covering fractions
involved. By contrast the warm absorber model needs only a second,
higher column density but higher ionization absorber to be present
along the line of sight during the previous XMM-Newton observa-
tion to explain the absorption variability. The presence of a second
‘phase’ of the warm absorption is simple to interpret; an origin for
the absorbing material in an ionized, outflowing, clumpy accretion
disc wind or skin of the molecular torus provide a natural explanation
for the absorption variability. The densities implied by the ioniza-
tion state of both the original warm absorber and the second, higher
column density, higher ionization, absorber are in good agreement
with the densities found from simulations of these regions. Further-
more, the presence of several distinct ionization ‘phases’ is in good
agreement with the results from the high resolution grating X-ray
spectra of most bright type 1 AGN. Observations of these sources
often display complex absorption with several distinct, clearly iden-
tifiable, ionization phases (e.g. NGC 3783, Behar et al. 2003; Netzer
et al. 2003; NGC 3516, Turner et al. 2005 etc).

Based on this evidence, coupled with the relatively arbitrary na-
ture of the partial covering model, we strongly favour the interpre-
tation of this absorption as originating in ionized clumpy material,
probably resulting from an accretion disc wind.
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