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On the nature and role of absorption and continuum
reprocessing in the X-ray spectra of obscured Seyfert galaxies

Nicholas J E Schurch

ABSTRACT

This thesis presents an investigation of the X-ray properties of four nearby galaxies, NGC 4151, NGC
7582, Mrk 3 and NGC 4945, all of which harbour a bright, heavily obscured Seyfert nucleus. It explores
the implications of the results from these sources for heavily obscured active galactic nuclei (AGN) in
general.

The work focuses largely on data from the XMM-Newton X-ray satellite, concentrating initially on hard
X-ray spectra from the EPIC CCD cameras. The analysis emphasises the complex nature of the X-
ray absorption in NGC 4151 and highlights the massive impact that absorption has on the observed
X-ray spectrum and variability of all four sources. The range of column densities exhibited (10?® cm=?
to >10%* cm~2) encompasses both Compton-thin, continuum-dominated sources (such as NGC 4151)
and Compton-thick, reflection-dominated sources (e.g. Mrk 3 and NGC 4945). The often-subtle role
that Compton reflection plays in the X-ray spectrum and variability of these sources is discussed in de-
tail. The source spectra, in each case, contain an intrinsically narrow, neutral, iron Ko line emission
and a sharp iron K edge, adding to the growing body of evidence which suggests that iron reprocess-
ing features are ubiquitous constituents of the hard X-ray spectra of AGN. The analysis of NGC 4945
demonstrates the enormous impact that a nuclear starburst can have on the X-ray properties of AGN.
A preliminary analysis of the soft X-ray spectrum of NGC 4151, revealed by the high spectral resolu-
tion XMM-Newton RGS instruments, shows the spectrum to be completely dominated by line emission
and radiative recombination continua from hydrogen-like and helium-like ions. It is argued that the soft
emission originates in photoionized and photoexcited gas located in X-ray/optical ionization cones.

The observational findings presented in this thesis are all generally consistent with the unified AGN
picture, in which the major differences between the sources are produced by different orientations with
respect to our line-of-sight.
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Chapter 1

Introduction

1.1 Overview: Obscured AGN and the unified picture

Despite the fact that most (if not all) nearby galaxies appear to contain a central supermassive black
hole (Magorrian et al. 1998), the vast majority of the total energy output of nearby normal galaxies
can be attributed solely to their intrinsic stellar populations. Some galaxies however, show optically
bright, unresolved nuclear point sources which can be up to a thousand times more luminous than the
underlying galaxy (bolometric luminosities between 101-10*8 erg s=1). Optical and X-ray variability
indicates that the luminosity from these unresolved nuclear point sources, known as Active Galactic
Nuclei (hereafter AGN), must originate from within a region of <1 pc (3.086x10'® cm) in radius. The
term AGN encompasses a wide range of objects that often show remarkably different properties. In fact
the full complement of AGN constitutes a zoo of different taxonomies and observed properties (Lawrence
1987).

The rest of this chapter provides a brief introduction to the subject of heavily absorbed AGN and the
relevance of X-ray observations. Section 1.2 gives a brief summary of the history behind the attempt
to unify the plethora of empirically defined AGN types, with an emphasis on the X-ray measurements.
Section 1.3 presents the current unified picture of AGN and the components that make up this picture.
Finally, Section 1.4 details the overall aims and structure of the rest of the thesis.

1.2 Heavily obscured AGN; an historical perspective

The history of heavily obscured AGN is intimately entwined with that of AGN unification. Indeed, the
putative molecular torus present in the unified picture of AGN is solely responsible for the gross distinc-



tions between Type 1 and Type 2 objects, a classification based on the properties of an objects optical
line spectra. Type 1 AGN are defined as sources which have optical spectra that show strong, broad,
permitted emission lines. Type 2 AGN are defined as sources that have optical spectra that display only
narrow, forbidden, emission lines and do not show significant broad line emission. Heavy obscuration
was first suggested as the intrinsic cause of the differences between the Type 1 / Type 2 classification
of AGN by Rowan-Robinson (1977) in a discussion on the emission line profiles observed in optical
AGN spectra, when he suggested that “it is dust surrounding the optical core which attenuates the broad
wings and causes the distinction between Type 1 and Type 2 spectra”. The possibility that this obscu-
ration is orientation dependent is noted in the same work. Following this, many conclusions regarding
the intrinsic properties of active galaxies were drawn from correlations between the X-ray emission and
the optical narrow line and broad-line emission for a sample of 16 objects by Lawrence & Elvis (1982).
Much of this analysis was based around the *“standard Seyfert nucleus” picture, described for example in
Weedman (1977) and Osterbrock (1978). At the time the standard Seyfert nucleus picture was devised,
the only Seyferts that had been positively detected in X-rays were NGC 1275 (in fact, this may have
been a mis-identification of the Perseus cluster), NGC 4151 (Gursky et al. 1971) and NGC 3783 (Cooke
et al. 1976). Furthermore, virtually all of the conclusions regarding the properties of Seyfert 2 galaxies
as a whole were based on the analysis of NGC 1068, which was assumed to be a good representative of
Seyfert 2 galaxies as a class.

A major breakthrough came a few years later with the proposal of an AGN unification model by An-
tonucci (which became affectionately known as the Straw Person Model, hereafter SPM; Antonucci
1982, 1984). Initially focusing on radio galaxies, his work revealed that several prominent radio galaxies
showed optical polarisation perpendicular to the radio structure axes and had a significantly less core-
dominated radio morphology, in contrast with the other sources in the sample. In one object, 3C 234,
the polarisation was very strong, ~14%, a value similar to the polarised fraction observed for the well-
known Seyfert 2 galaxy NGC 1068 (~16%), prompting the hypothesis that these two objects may well be
analogous. The spectropolarimetry of NGC 1068 (Miller & Antonucci 1983) proved to be crucial to our
understanding of AGN. The optical spectrum of NGC 1068 observed in polarised light revealed broad,
permitted, line emission, that was not observed in the total flux spectrum (Figure 1.1)! Furthermore, the
broad lines had equivalent widths identical to those seen in normal Seyfert 1 galaxies.

This strongly suggested that the observed polarisation in this source was the result of the scattering
of the optical emission into our line-of-sight by dust grains or electrons in gas aligned with the radio
structure axis of the galaxy. In addition, both NGC 1068 and 3C 234 displayed a photon budget problem,
in that extrapolating the ultraviolet continuum emission into the optical band did not provide sufficient
numbers of ionizing photons to account for the optical narrow line emission (Antonucci 1983, Wilson,
Ward & Haniff 1988). This all built into a picture in which the continuum source was enclosed by a
geometrically-thick ‘torus’ of material perpendicular to the axes of the radio structure (Figure 1.2). In
this model, only photons escaping perpendicular to the torus are capable of being scattered into our
line-of-sight. This situation results in us observing only a fraction of the continuum photons, but all of
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Figure 1.1: Spectropolarimetry of NGC 1068. Top Panel: The total optical flux spectrum from
NGC 1068. The narrow line features and the lack of broad line features classify this as a Type
2 object. Bottom Panel: The polarised flux spectrum from NGC 1068. The obvious broad line

features in this spectrum would classify this as a Type 1 object. (Miller, Goodrich & Mathews
1991)

the line photons (resolving the photon budget problem). The photons escaping in the polar direction
will become highly polarised by the scattering process, resulting in a polarised Type 1 spectrum being
scattered into our line-of-sight, in contrast to the Type 2 spectrum sampled by the direct line-of-sight to
the central source. This was the first strong evidence for the “hidden Seyfert 1 nucleus” in the core of
heavily obscured AGN.

Over the last two decades, the development of ever more powerful telescopes has resulted in the extensive
study of Seyfert 2 galaxies across the electromagnetic spectrum. However since this thesis focuses on the
X-ray spectra of heavily obscured AGN, the rest of this brief history will concentrate on describing the
recent developments regarding heavily obscured AGN from an X-ray perspective. The first detections
of Seyfert 2 galaxies in X-rays were reported by Kriss, Canizares & Ricker (1980) as part of a series
of observations of 37 Seyferts with the EINSTEIN X-ray Observatory. Of the 14 Seyfert 2 galaxies



Figure 1.2: Diagrammatic representation of the central regions of an AGN, showing a continuum
source (C) and broad-line clouds (b) surrounded by a geometrically and optically thick disk. This
representation was first presented by Antonucci (1984) as a model for the observed properties of
NGC 1068.

included in this sample, 4 were positively detected in the 0.5-4.5 keV band (Mrk 78, Mrk 348, Mrk 507
and NGC 4507). The EINSTEIN X-ray spectra from the Seyfert 2 galaxies were considerably steeper
than the spectra from the Seyfert 1 objects but, given that a smooth transition in luminosity was observed
between Seyfert 1’s and Seyfert 2’s, it was suggested that Seyferts 2 galaxies may simply be intrinsically
less luminous examples of Seyfert 1 sources. As it turns out, this simplistic interpretation is incorrect,
with Seyfert 2 galaxies showing a large range of intrinsic luminosities (e.g. ~10°-10%* erg s—!; Turner
et al. 1997a) very comparable to the range of luminosities observed for Seyfert 1 galaxies. There is
now growing evidence (e.g. Kinkhabwala et al. 2002) that the soft X-ray spectrum of Seyfert 2 galaxies
is composed largely of photoionized emission lines from an extended Narrow Line Region (NLR); this
point is discussed in more detail in Chapter 6.

By the late 1980’s soft X-ray emission from Seyfert 2 galaxies was a well known phenomenon, but it
wasn’t until 1988 that the first clear hard X-ray detection of a Seyfert 2 galaxy, NGC 1068, was published
(Elvis & Lawrence 1988). The X-ray spectrum from the first EXOSAT observation of NGC 1068 was
extremely flat and showed a possible (though very weak) detection of fluorescent iron K« line emission
(Figure 1.3). The lack of any observed variability in NGC 1068 and the extremely flat nature of the
hard X-ray spectrum strongly suggested that the direct line-of-sight to the continuum in NGC 1068 is
completely obscured (e.g. Ny~10%5 cm~2)! The nature and components of the X-ray spectrum, in
conjunction with the spectropolarimetry results, all supported the unified picture of AGN proposed by
Antonucci (1984).

As an aside here I note that the well known Seyfert 1 galaxy, NGC 4151, which occupies a large part
of the work in this thesis, was one of the first Seyferts detected in X-rays and, in fact, Gursky ef al.
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Figure 1.3: The unfolded X-ray spectrum from the first EXOSAT observation of NGC 1068. This
was the first clear detection of hard X-ray emission from a Seyfert 2 galaxy. The best-fit to the
data (shown here as a solid line) is a model incorporating a simple absorbed power-law continuum
plus a single Gaussian line to represent the possibility of iron Ko emission. (Elvis & Lawrence
1988)

(1971) detected X-ray emission from NGC 4151 up to ~7 keV despite it being classified optically as a
Seyfert 1. More recent observations of NGC 4151 have unearthed considerably evidence for a large X-
ray absorbing column comparable to those seen in Seyfert 2 galaxies. Detailed background information
specific to NGC 4151 is presented at the beginning of Chapter 3 and will not be discussed further here.

Over the next few years, X-ray observations of bright Seyfert 2 galaxies (for example, Mrk 348; Warwick
et al. 1989, NGC 4388 Hanson et al. 1990) with Ginga revealed hard X-ray spectra characterised by a
power-law continuum with a photon index relatively typical of AGN in general (i.e. ' ~1.7; Turner &
Pounds 1989) and line-of-sight X-ray column densities somewhat smaller than that observed in NGC
1068 (e.g. Ni~102% cm~2 in the case of Mrk 348). The spectral index of the power-law continuum, the
relatively high 0.5-10 keV luminosity (~1.1x10*3 erg s=! for Mrk 348, c.f ~3x10*! erg s~! for NGC
1068) and the range of substantial, but not overwhelming, column densities were all consistent with a
picture of Seyfert 2 galaxies in which the putative torus is geometrically-thick but not necessarily always
Compton-thick. More spectral evidence for this picture came from Mrk 3. Observed with Ginga in
1989 (Awaki et al. 1990), the hard X-ray spectrum of Mrk 3 was flat (I'=1.3%0.3) with a strong iron
Ka emission line and the largest X-ray absorbing column density ever directly measured for a Seyfert
galaxy at that time (63 x 102 cm~2). Concurrent optical spectropolarimetric studies of Seyfert 2
galaxies revealed at least four additional examples of Seyfert 2’s with hidden broad line regions, one of
which was Mrk 3 (the others being Mrk 348, Mrk 463E and NGC 7674; Miller & Goodrich 1990). The
consistency between the X-ray spectral properties and the broad lines found in polarised optical light
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dramatically strengthened the case for the hidden Type 1 nucleus in both Mrk 3 and Mrk 348.

The following few years saw an explosion in the number of Seyfert 2 galaxies detected in X-rays, largely
from observations with the Ginga satellite (e.g. Hanson et al. 1990, Awaki et al. 1991a, Awaki et al.
1991b, Mulchaey, Mushotzky & Weaver 1992). The absorbing column densities in the observed Seyfert
2 galaxies ranged from 1022-10%* cm™2 and the presence of UV emission combined with the observed
hard X-ray absorption argued strongly for a specific geometry for AGN which must have the general
properties highlighted in the unified AGN model (Mulchaey, Mushotzky & Weaver 1992). Many of
the X-ray spectra also displayed evidence for strong iron Ka line emission, as predicted by the unified
AGN picture. Optical spectropolarimetry continued to have considerable success in detecting broad line
features in polarised light with the detection of Type 1 optical spectra in yet another 4 Seyfert 2 galaxies
(Mrk 477, Mrk 1210, NGC 7212, and Was 49b; Tran, Miller & Kay 1992). By the mid-nineties more
than 20 Seyfert galaxies had been detected in hard X-rays (Smith & Done 1996) and the spectra from
these sources not only showed considerable evidence for the high absorbing column densities and an
iron Ko line, but also began to indicate the presence of a strong Compton reflection component that was
initially associated with reflection off a cold accretion disk (George & Fabian 1991, Matt, Perola & Piro
1991, Ghisellini, Haardt & Matt 1994). This new component to the X-ray spectrum of heavily obscured
Seyferts was invoked to explain both the extremely flat spectra of some of the sources and the presence
of a strong iron K« line.

The neutral Compton reflection component was found to be significant in more than half of the 23 Seyfert
2 galaxies in the sample analysed by Smith & Done (1996). In each of the sources where the reflection
component was found to be significant, strong iron Ko line emission was also detected suggesting that
at least some of the iron line flux may be associated with the neutral Compton reflection. It was also



recognised that a cold accretion disk is not the only region of an AGN capable of producing neutral
Compton reflection (Ghisellini, Haardt & Matt 1994, Krolik, Madau & Zycki 1994). According to Smith
& Done (1996) “there is also a possibility of an additional reflection component from optically thick
parts of the molecular torus”.

In sources where the observed Compton reflection component and the iron Ko line are associated with
reprocessing in the torus, the properties of these components, such as the iron Ko line equivalent width
(EQW), can provide diagnostics of the physical properties of the torus. Identifying the warm scattering
gas in the AGN with the warm absorbers seen in Seyfert 1 galaxies implies a torus opening angle of
between 55°-70° (Ghisellini, Haardt & Matt 1994). The properties of the iron K« line emission associ-
ated with Compton reflection from the molecular torus were calculated by Matt, Brandt & Fabian (1996)
and Krolik, Madau & Zycki (1994) and it was shown that the expected EQW of the iron K« line in a
“Compton-thick” (i.e. Ng>1.5x10%* cm~2) Seyfert 2 was typically greater than 1 keV (Figure 1.4). At
this point the only Seyfert 2 with an observed EQW greater than 1 keV was NGC 1068 (Awaki et al.
1991a), further strengthening the interpretation of NGC 1068 as a Compton-thick source. The possibility
of torus reflection as a strong contribution to the X-ray spectrum was initially rejected by the model fits
to the Ginga spectra, but it is an idea that has since re-surfaced. Around this time it was also recognised
that the nature of the absorbing column density in these objects will have a profound impact on the X-ray
spectrum (Smith & Done 1996). Specifically, ionized absorbing material produces a low-energy cut-off
that is considerably less sharp than the standard ‘cold’ absorption and this can produce an abnormally
flat spectral form (this point is discussed in detail in Chapter 3).

In 1993 the Advanced Satellite for Cosmology and Astrophysics (ASCA) X-ray telescope was launched
by Japan and almost immediately it began observing individual Seyfert galaxies. ASCA was the first
X-ray astronomy mission to combine imaging capabilities with a broad (0.3-10.0 keV) pass band, good
spectral resolution, and a large effective area. ASCA was also the first X-ray astronomy satellite to use
CCD detectors. As part of a series of observations with ASCA, covering 25 Type 2 AGN, Turner e al.
(1997b) identified 6 objects (NGC 1068, NGC 4945, NGC 2992, Mrk 3, Mrk 463 and Mrk 273) that
they conclude are completely dominated by reprocessed X-rays (this conclusion was drawn from X-ray
spectra, variability and [O III] line emission arguments). These extreme examples of the Type 2 class of
AGN, with absorbing column densities >>102* cm~2, showed considerable evidence for ionized emission
below 3 keV, although in all but one case it was not possible to distinguish between re-emission from
warm absorbing material or thermal emission from a nuclear starburst. The one exception to this was Mrk
3 which did not show significant starburst contamination and in this case Turner et al. (1997b) concluded
that the spectrum below 3 keV was dominated by emission from gas that is more highly ionized than
the warm absorbing gas typically observed in Seyfert 1 galaxies. This conclusion regarding the nature
of the soft excess was a significant advance over the previous hypothesis, namely that the soft X-ray
emission in Type 2 AGN was generated entirely by scattering of the direct continuum emission into our
line-of-sight. Although ASCA spectra were not of sufficient quality to clearly resolve individual features
in the soft X-ray spectrum, Griffiths er al. 1998 tentatively suggested that a broad feature at 0.9 keV



in the soft X-ray spectrum of Mrk 3, which they interpreted as O VIII recombination, is indicative of a
photoionized medium rather than thermal emission from hot gas. The remaining sources in the sample of
heavily obscured Seyferts used in Turner et al. (1997a) showed a remarkable variety of spectral forms and
variability properties, although the mean spectral index of the underlying hard X-ray continuum from this
study (I" ~2) is remarkably similar to that found for Seyfert 1 galaxies around the same time (Nandra &
Pounds 1994), supporting the AGN unification schemes. In an even larger study, a sample of 45 heavily
obscured Seyfert galaxies (Risaliti, Maiolino & Salvati 1999) found that 75% of the Seyfert 2 galaxies in
the sample were very heavily absorbed (N >1023 cm~2), and that around 50% of them were Compton-
thick sources (Ng >102* cm™2). In contrast, the X-ray spectra from the sources classified as Seyfert 1.8
and 1.9 galaxies were best modelled with a considerably smaller average absorbing column. The large
fraction of Compton-thick objects strongly implies that the majority of the obscuring material in heavily
obscured Seyferts is located within a radius of a few tens of parsecs from the nuclear continuum source,
consistent with he AGN unification schemes.

One of the most significant scientific results to come out of the ASCA mission was the detection of
iron Ko line emission in AGN spectra with a skewed line profile suggesting that the line was being
relativistically broadened and hence must originate in material very close (within a few Schwarzschild
radii) to the supermassive black hole core of the AGN (Figure 1.5). The first clear example of a broad,
skewed, iron Ka line profile in the X-ray spectrum of an AGN came from a long ASCA observation of
the famous Seyfert 1, MGC-6-30-15 (Tanaka et al. 1995; Figure 1.6). Following this discovery, Nandra
et al. (1997) and Reynolds (1997) studied more than 20 Seyfert 1 galaxies and found that the iron line
profiles in most of these sources were significantly broader than the spectral response of ASCA. In a
similar vein, Turner et al. (1998) studied the iron K line profiles observed in the ASCA spectra of a
sample of 25 Type 2 AGN and found that the majority of the sources showed line profiles indicative of
the reprocessing of nuclear X-rays in a face-on accretion disk, very similar to the line profiles observed
in the Seyfert 1 galaxies. The inferred face-on orientation of the accretion disks in these sources from
is not in good agreement with the predictions of the unified AGN models, which predict that the inner
regions of Seyfert 2 galaxies are viewed edge on.

The generic view of Seyfert 2 galaxies resulting from the numerous ASCA observations was one of
a complex set of sources displaying a large range of luminosities, a large range of absorbing columns,
significant Compton reflection emission, complex soft X-ray emission components associated with either
a nuclear starburst or with a warm absorber intrinsic to the AGN and, finally, a fluorescent iron Ko line
with a complex, relativistically broadened line profile. Despite this picture there is a strong body of
evidence which indicates that the hard X-ray properties of Type 2 AGN depends largely (if not solely)
on a single parameter, the absorbing column density along the line of sight (Bassani et al. 1999), in
accordance with the unified model.

Some of the complexities of this picture were addressed with observations by the BeppoSAX X-ray
satellite, launched in 1996 by the Italian Space Agency. With its combination of wide bandpass (0.1-
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Figure 1.5: The emission and physical processes that combine to make the relativistically broad-
ened iron Ko line profile observed in Seyfert galaxies. Top Panel: Symmetric double-peaked
profiles from two narrow annuli on a non-relativistic disk. Upper-middle Panel: Adding the ef-
fect of relativistic beaming and transverse Doppler-shifts to the two line profiles shown in the Top
Panel. Lower-middle Panel: Adding the effects of gravitational redshift to the total line profiles.
Bottom Panel: The total line profile integrated over a range of annuli and including all of the above
effects. (Fabian et al. 2000)
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Figure 1.6: The iron Ko line profile observed by ASCA in MGC-6-30-15 (Tanaka et al. 1995).
Only the SIS data are shown here for simplicity. The dotted line shows the best-fit line profile

from an externally illuminated accretion disk around a Schwarzschild black-hole (Fabian et al.
1989).

300 keV) and good spectral resolution, BeppoSAX observed 20 Compton-thin Seyfert 2 galaxies and 7
Compton-thick Seyfert 2 galaxies. The observations of the Compton-thin sources (Risaliti 2002) con-
firm the ubiquitous presence of a Compton reflection component in the X-ray spectra of the observed
Seyfert 2 galaxies. The large bandpass of BeppoSAX was particularly important in providing the tightest
possible constraints on the properties of the Compton reflection components observed in these sources
because the Compton reflection continuum peaks at ~30 keV (Section 2.4.3), well outside the band-
pass of many other X-ray astronomy satellites. All the low column density sources showed strong iron
Ka line emission, with EQW’s between 100-300 eV, the majority of which did not show the broadened
line profile described previously. These results are in good agreement with the unified AGN schemes,
implying that the problematic broad iron K« line profiles found in the ASCA data may be artefacts of
the spectral modelling of the ASCA data (this is discussed in detail in Chapter 3). The Compton-thick
sources observed with BeppoSAX (Matt et al. 2000) follow in this mould, showing ubiquitous Compton
reflection and strong iron Ko line emission. In several of the sources there were indications that the
Compton reflection component may originate in ionized material, however the data were not of sufficient
quality to tightly constrain the properties of the ionized reflector. The two brightest Compton-thick AGN
observed with BeppoSAX (NGC 4945 and Circinus) also showed marginal evidence of a mild (i.e. less
than a factor of two) overabundance of iron relative to solar iron abundance.

The advent of the XMM-Newton and Chandra X-ray satellites is beginning revolutionise our understand-
ing of heavily obscured AGN. Chapter 2 gives a brief description of the details of the XMM-Newton satel-
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Figure 1.7: Grayscale Chandra image of NGC 1068. The image has been smoothed with a
0.5" Gaussian kernel. The linear feature running across the nucleus is an instrumental effect.
(Young, Wilson & Shopbell 2001)

lite and its instruments, however for a complete description of XMM-Newton, Chandra and their relative
capabilities, see Jansen ef al. 2001 and Weisskopf et al 2002 (and references therein), respectively. The
extremely high spatial resolution of Chandra is yielding an unparalleled view of the X-ray emission from
the nuclear regions of galaxies, helping to resolve source confusion issues and often revealing consider-
able extended X-ray emission. A recent Chandra observation of the archetypal Seyfert 2, NGC 1068,
has revealed an incredibly detailed and complex X-ray morphology in this nearby source, including the
bright, compact AGN core and considerable extended emission (Figure 1.7). The extended emission is
tightly correlated with the [O IIIJ(A5007) emission, detected by the Hubble Space Telescope (HST), and
clearly traces the spiral arms and other structures out to a considerable distance from the nucleus of the
galaxy. The nuclear soft X-ray emission is extended in the same direction as the optical line emission and
the radio emission, coinciding with the optical narrow line ionization cone in NGC 1068. There is con-
siderable evidence that extended soft X-ray emission associated with the optical narrow line ionization
cones is a common feature in AGN, particularly in heavily obscured AGN. Extended soft X-ray emission
associated with the optical narrow line ionization cones is also detected in Mrk 3, although with poorer
spatial resolution due to the distance of Mrk 3 (Sako et a/ 2000; Figure 1.8: Left Panel), and in NGC
4151 (Ogle et al 2000; Figure 1.8: Right Panel). The properties of this emission are discussed in more
detail in chapter 6 of this work.

At the time of writing, the XMM-Newton EPIC CCD spectra of only 3 heavily obscured AGN galax-
ies have been published outside of this work (NGC 4138; Foschini ef al. 2002, NGC 4258; Pietsch &
Read 2002 and UGC 4203; Guainazzi et al. 2002) and hence the work presented in this thesis repre-
sents not only the first publication of these recent observations of individual heavily obscured sources,

but it also represents a large fraction of the XMM-Newton observations of heavily obscured AGN pub-
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Figure 1.8: Examples of extended soft X-ray emission coincident with the optical narrow line
ionization cones in heavily obscured Seyferts. Left Panel. 0.5-4 keV Chandra ASIS-S image of
Mrk 3 (the contours and the greyscale both relate to the X-ray emission) showing the unresolved
core and faint extended emission. The extended emission is coincident with the [O III] emission
(Sako et al. 2000). Right Panel: Chandra X-ray contours (0.4-2.5 keV) overlaid on an HST [O
IIT] image of NGC 4151, clearly demonstrating the co-spatial nature of the soft X-ray and optical
line emission gas. (Ogle et al. 2000)

lished so far. In addition to the high spatial resolution afforded by Chandra, the large collecting area
of XMM-Newton and the high resolution X-ray spectroscopy capabilities (in the form of X-ray grating
and CCD instruments) of both missions across the whole 0.1-12 keV band is beginning reveal many
new details of the X-ray emission from heavily obscured AGN, a prime example of which is the Circi-
nus galaxy, a well known Seyfert 2. A recent Chandra grating observation has confirmed that the hard
X-ray spectrum of this source is dominated by Compton reflection with a strong iron line emission (Fig-
ure 1.9) and has reinforced many of the conclusions drawn from previous observations of this source
with ASCA and BeppoSAX. On the other hand, the nature of the soft X-ray emission was revealed to be
remarkably different to that inferred from the previous observations of Circinus. The soft X-ray spectrum
from the Chandra High-Energy Transmission Grating (HETG) is dominated by X-ray emission lines, the
measured properties of which currently provide the tightest constraints yet on the detailed nature of the
soft X-ray emission in this source (Sambruna ef al. 2001). A Chandra observation of Mrk 3 revealed a
very similar picture, namely that the soft X-ray spectrum is composed of a multitude of X-ray emission
lines (Sako et al. 2000). Recent observations of NGC 1068 with the Reflection Grating Spectrometers
(RGS) on XMM-Newton have provided the highest signal-to-noise, high-resolution, soft X-ray spectrum
of a Seyfert 2 galaxy so far, giving us a uniquely detailed view of the origin and properties of the ion-
ized emitting gas in this source (Kinkhabwala ef al. 2002). This observation is discussed in detail and
compared to the RGS spectrum of NGC 4151 in chapter 6.



Chandra ACIS—-S/HEG1
ASCA/SISO

L e L A A SR B M

counts/sec/keV

0.05
counts/sec/keV

w1l |

+t#+!‘;i#+#+ﬂr+ﬁ}+w " b

+++—’- o) - —
7

Wﬂ

|
2 4 5]
Energy (keV)

4 5 §
Energy (ke¥)

Figure 1.9: A comparison of CCD and grating X-ray spectra. Left Panel: ASCA SIS CCD spec-
trum of the Circinus galaxy (Matt, Brandt & Fabian 1996). Right Panel: Chandra High-Energy
Transmission Grating (HETG) spectrum of the Circinus galaxy (Sambruna et al. 2001)

1.3 The current AGN unification picture

The X-ray spectra of the heavily obscured AGN presented in this thesis have been analysed from the
point of view of the unified picture of the AGN nucleus. As such it is important that the reader has a
clear understanding of the current unified AGN picture. The latest incarnation of AGN unification is best
(and most often) described by a modified version of the cartoon figure presented in Urry & Padovani
(1995) for radio loud objects (Figure 1.10). In this picture the various observed empirical ‘types’ of
AGN are reproduced by a product of the orientation of the nucleus with respect to our line-of-sight and
whether the source is radio-loud or radio-quiet (all the sources presented in this thesis are radio-quiet).
The radio-quiet picture is composed of the following components:

1. A central black hole with a mass in the region of 10%-10° M, (see Rees 1984 and references
therein for a review of the black hole models for AGN).

2. A hot accretion disk (~108 K). Matter pulled towards the black hole looses angular momentum
through viscous or turbulent interactions forming a disk-like structure around the central black
hole. The loss of gravitational potential energy by the in-falling material in this disk as it is
pulled onto the central black hole powers the output of the whole AGN system at all wavelengths,
from gamma-rays to radio synchrotron emission. The exception to this is if the black hole has

appreciable spin, in which case it is possible to extract energy electromagnetically from the black
hole itself (Wilms et al. 2001).

3. A corona of hot electrons surrounding the accretion disk. It is this hot corona of electrons that is
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Figure 1.10: A schematic (not to scale) of the current paradigm for the unification of the various
types AGN (Urry & Padovani 1995)



thought to be responsible for the high-energy AGN continuum emission, produced by the thermal
Comptonization of soft seed photons from the accretion disk (Section 2.4.3; Zdziarski, Pouta-
nen & Johnson 2000; Petrucci et al. 2000). An alternative mechanism for the production of the
X-ray continuum emission is through magnetic flaring on the surface of the accretion disk (e.g.
Nayakshin & Kazanas 2001). Such a model predicts that small regions of the accretion disk are
illuminated by the X-ray emission from individual magnetic flares, and each flaring region will
travel in co-rotation with the accretion disk. In principle, future X-ray telescopes will have the
capability to detect the moving emission features that would result from this model. Such a de-
tection, amongst other things, will be a powerful test of both the mechanism by with the X-ray
continuum is generated in AGN and the accretion disk geometry.

. A thick torus of cold gas and dust that, from a large range of viewing angles, obscures the central
continuum source and the broad-line region. In reality, the size, density and homogeneity of the
torus is likely to be unique to each individual source. However, in general the properties of the
absorber should be similar between sources, particularly between sources with similar intrinsic
luminosities. Despite the implication from the ‘cartoon’ AGN picture shown here, the outer edge
of the obscuring torus is not necessarily (or even likely to be) sharp or well defined. In fact, when
Antonucci originally proposed the SPM he deliberately did not define the outer limits of the torus
(Antonucci 1984; Figure 1.2).

. Fast moving, dense, gas clouds close to the black hole. These clouds produce the broad lines that
are observed in the total flux optical spectra of Type 1 AGN and the polarized flux optical spectra
of some Type 2 AGN. Diagnostics of the properties (size, bulk motion etc) the Broad-Line Region
(BLR) are particularly important given that the optical classification of AGN results almost entirely
on the relative visibility of the broad features that originate from this region (Antonucci 1984 and
references therein).

. Uniform, optically-thin, warm scattering region composed of ionized gas and dust that extends
from the inner regions of the BLR out to the extended NLR. This material is responsible for
scattering the optical line emission into our line-of-sight, resulting in the Type 1 observed in the
polarized optical flux of Type 2 AGN, and is also responsible for any scattered X-ray continuum
emission observed in the soft X-ray spectra of AGN. The ionized gas in this component also
contributes strongly to the soft X-ray line emission observed in a growing number of heavily
obscured AGN.

. Slow moving gas clouds further out from the black hole. These clouds, with the warm scattering
medium, form the extended NLR and are responsible for the narrow lines observed in the total
flux optical spectra of Type 2 AGN, and also contributes to the soft X-ray line emission observed
in a growing number of heavily obscured AGN. This region is extended on scales of hundreds of
parsecs.
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To get an idea of the scales involved in this picture, the Schwarzschild radius of a 108 Mg, black hole is
~3x1013 cm and the accretion disk emits in a region between ~1-30x10'* cm from the centre of the
system. The broad line clouds are located at a distance of around ~2X 106 cm and the inner radius of the
torus is located between 1017-10'8 cm. On the largest scales, the NLR can extend out to approximately
10'8-1020 ¢cm (Urry & Padovani 1995). Typical 2-10 keV X-ray luminosities for radio-quiet AGN range
from ~5x10%9-10% erg s~! (e.g. NGC 7743; Terashima, Ho & Ptak 2000 and PDS 456; Reeves et al.
2000). Radio-loud AGN can be up to 100 times brighter still, but it is likely that this is a direct result of
the X-ray emission in these cases being relativistically beamed.

1.4 The aims of this thesis

The work presented in this thesis primarily concerns the hard X-ray spectroscopy of four, nearby, bright,
heavily obscured Seyfert galaxies. This analysis has two main aims:

1. To emphasize the extremely complex nature of the X-ray absorption observed in heavily obscured
AGN and to stress the massive impact that this absorption has on the observed properties of the
X-ray variability and the X-ray spectrum.

2. To highlight the role of continuum reprocessing in the observed X-ray spectra of AGN, specifically
underlining the strong impact that even mild levels of Compton reflection can have on conclusions
drawn from the X-ray spectra of AGN and demonstrating the ubiquitous nature of emission and
absorption features arising from transitions in iron atoms and ions.

The AGN studied here have a range of absorbing column densities (from 1023 cm~2 to >10?* cm~2) and
are presented in order of increasing absorption. All of the sources show strong evidence for Compton
reflection and features arising from continuum reprocessing by iron. The work focuses largely on the
analysis of recent data from the XMM-Newton X-ray satellite. Chapter 2 discusses some of the capa-
bilities of this amazing observatory, particularly in the context of earlier X-ray observatories. Chapter
2 also briefly discusses some of the basic physical processes required to produce the X-ray spectrum of
heavily obscured AGN. Chapter 3 begins the discussion of the individual sources, presenting a detailed
analysis of the hard X-ray spectrum of the well-known Seyfert 1.5 galaxy, NGC 4151, from 3 separate
X-ray satellites. In Chapter 4 the analysis of the hard X-ray XMM-Newton spectra of two sources, NGC
7582 and Markarian 3, which exhibit significantly heavier X-ray absorption than NGC 4151, are used to
emphasizes the effects of increasing absorption on the X-ray spectra of heavily obscured AGN. Chapter 5
is devoted to the analysis of the XMM-Newton EPIC hard X-ray spectrum of the Compton-thick AGN in
NGC 4945, where the apparently simple extrapolation from the heavily obscured sources in the previous
chapter is complicated by the introduction of a powerful nuclear starburst that strongly influences the ap-
pearance of this source. The final observational chapter, chapter 6, shifts the focus of the analysis to the
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soft X-rays and describes the preliminary analysis and modelling of the extremely high-resolution, high
signal-to-noise, reflection grating spectrum of NGC 4151. The final chapter presents the most significant
conclusions from the work presented in this thesis and identifies some of the important questions which
future work on heavily obscured AGN may help to answer.
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Chapter 2

Instrumentation and Physical Processes

2.1 Overview: The capabilities of XMM-Newton and physical processes in
AGN

Launched in 1999, the XMM-Newton X-ray observatory, with its three high-throughput X-ray telescopes
and a 30 cm optical/UV telescope, represents a significant step forward for many types of astrophysi-
cal investigation. XMM-Newton is targeted towards X-ray spectroscopy and its features are particularly
well-suited to the spectral study of AGN. Particular features that result in XMM-Newton’s unprecedented
capability for astrophysical X-ray spectroscopy are a large collecting area, good spatial resolution imag-
ing and medium-to-high spectral resolution spectroscopy across a wide energy range (0.1-15 keV). Ob-
servations with XMM-Newton are producing the best X-ray spectra of heavily obscured AGN yet taken
and much of the analysis presented in this thesis is based on observations with the XMM-Newton X-ray
observatory. |

Section 2.2 presents a description of the XMM-Newton observatory and gives a brief summary of the
capabilities of each of the major X-ray instruments. The comparison of the strengths and weaknesses
of XMM-Newton with those of other X-ray observatories is discussed in Section 2.3. This section also
briefly highlights the current state of the cross-satellite calibration between XMM-Newton and other X-
ray satellites.

Finally, Section 2.4 gives a brief description of some of the physical processes that are responsible for the
observed X-ray spectrum of AGN in general. Much of this will be familiar to readers with a background
in astrophysics and the intention of the discussion presented here is to bring these physical processes
to the forefront of the readers mind, rather than on providing a complete theoretical description of the
mechanisms involved.
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Figure 2.1: The XMM-Newton X-ray observatory. The mirror modules, two of which are equipped
with reflection grating arrays, are visible to the left. The focal plane instruments are shown on the
right, the EPIC MOS cameras with their radiators (black/green “horns”), the EPIC PN radiator
(purple) and the RGS detector assembly (light blue and orange). The OM telescope is not shown
here. (Dahlem 2002)

2.2 The XMM-Newton X-ray observatory

The XMM-Newton observatory is the second of four “cornerstone” European Space Agency missions
defined in the Horizon 2000 Programme. The satellite carries three Wolter type-1 X-ray telescopes with
a combination of high angular resolution CCDs (EPIC) and high spectral resolution reflection grating
spectrometer (RGS) instruments at their foci. The observatory also has a 30 cm optical/UV telescope
with a micro-channel plate CCD detector in its focal plane. Figure 2.1 shows the layout of the instru-
ments and the mirror modules on the satellite. The technical information presented in the beginning
of this section relies heavily on information from the XMM-Newton Science Operations Website*, with
particular reference to the XMM-Newton Users Handbook* (Dahlem 2002).

The Wolter type-1 X-ray telescopes on XMM-Newton, each made of 58 nested mirror shells, are the
largest effective area, focusing, X-ray telescopes yet flown, with a total effective area (at 1.5 keV) 0f4650
cm2. The mirrors achieve a point-spread function (PSF) with a full width at half maximum (FWHM)
~6" and a half-energy width (HEW; the width at which 50% of the total energy from the observed
source is encircled by the PSF) of ~15". Two of the X-ray telescopes are equipped with a combination
of an EPIC MOS CCD detector and an RGS instrument. The RGS grating assembly (RGA) intercepts

*http://xmm.vilspa.esa.es/
thttp://xmm.vilspa.esa.es/extemal/xmm_user_support/documentation/uhb/XMM_UHB.html
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Table 2.1: The basic characteristics of the EPIC MOS and PN detectors.

EPICMOS EPICPN

CCD size 600x600 400x384
pixel size 1.1"7x1.1"  4.1"x4.1"
Field of view 30/ 30’
Usable bandpass 0.3-10keV  0.3-12 keV
PSF 6" 6.6"
Sensitivity ~10714 ~10714
(ergs~tem™2)

~45% of the radiation focused by the Wolter mirrors and disperses this onto a linear strip of CCDs.
The third X-ray telescope does not have an RGS instrument associated with it and consequently the
back illuminated EPIC PN CCD detector at the prime focus receives ~90% more flux than either of
the two EPIC MOS detectors. If not prohibited by external factors (e.g. target brightness constraints)
all six XMM-Newton science instruments (EPIC MOS 1 and 2, EPIC PN, RGS 1 and 2 and the OM)
are operated simultaneously. XMM-Newton has been placed in a highly elliptical orbit which results in
continuous target visibility of up to 40 hours, a major advantage for studies of source variability.

2.2.1 Details of the EPIC MOS and PN cameras

Figure 2.2 shows the layout for the EPIC MOS and EPIC PN X-ray CCD detectors on XMM-Newton op-
erated both in full window (FW) and small window (SW) mode. Table 2.1 details the basic characteristics
of the EPIC MOS and PN detectors.

The EPIC MOS detectors consist of 7 identical, front-iiluminated CCD chips. The individual CCDs
are offset with respect to each other, closely following the curvature of the focal surface of the Wolter
telescopes. The two MOS detectors are rotated by 90° relative to each other to minimise the data loss
from any single observation. The EPIC PN detector consists of 12 CCD chips on a single wafer substrate
and consequently the PN CCDs are not vertically offset from each other. The PSF of the X-ray telescopes
is well sampled by the MOS CCDs, a result of the small pixel size in comparison to the mirror PSF,
however this is not the case for the PN detector where the CCD pixel size is directly comparable to the
PSF of the X-ray mirrors. The poor PSF sampling of the PN CCDs is compensated for by the increased
X-ray flux incident on the PN instrument and as a result of the increased statistical quality of the EPIC
PN data, the absolute spatial position capabilities of the two types of EPIC detector are, in practice, very
similar (S. Sembay. Priv. Comm). The spectral resolution of the EPIC detectors, as a function of photon
energy is shown in Figure 2.3. Good spectral resolution is required at energies where prominent line

emission is expected in the X-ray spectra of astronomical sources. Of particular importance in the X-ray
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Figure 2.2: The layout of the EPIC Detectors in full window (FW) and small window (SW) mode.
The images used in this example show the Seyfert nucleus of NGC 4151 at the prime focus of the
EPIC detectors (see chapter 3), the BL Lac, MS 1207.9+3945, located ~5' to the north of NGC
4151, and many point sources associated with the galactic disk of NGC 4151. Upper-Left: MOS
1, FW mode. Upper-Right: MOS 1, SW mode. Lower-Left: PN, FW mode. Lower-Right: PN,
SW mode. A readout stripe is associated with each bright source in the PN FW mode image.
The bright chip edges near the outside edge of the detector, and the fainter streaks that are not
associated with specific sources, are low energy noise features and can be removed by energy
filtering the data.
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Figure 2.3: The EPIC MOS and PN energy resolution (FWHM) as a function of energy, f

study of AGN is the region around the iron Ka line (~6.4 keV) where both types of EPIC detectors have
good spectral resolution (~130 eV).

2.2.2  Details of the RGS instruments

Figure 2.4 shows the layout for the RGS CCD chips. Table 2.2 details the basic characteristics of the

RGS instruments.

The RGS instruments associated with two of the X-ray telescopes on XMM-Newton each consist of a
reflection grating assembly (RGA) and an RGS focal camera (RFC). The RGS instruments are designed
for high spectral resolution X-ray spectroscopy and in order to maximize the science impact of the
instrument, the energy range covered by the RGS was chosen to encompass a region that exhibits a
particularly high density of X-ray emission lines, including the L shell transitions of heavy elements like
Fe and Ni and K shell transitions of lighter elements, such as N, O, Ne, Mg, and Si. The RFC consists
of a linear array of 9, back-illuminated, MOS CCDs, located along the dispersion direction of the RGA.
Each CCD has 1024x768 pixels, half of which is exposed to the sky, while the other half is used as
a data storage area. The field of view in the cross-dispersion direction is determined by the width of
the exposed regions of the CCDs (5°), in the dispersion direction the aperture of RGS covers the entire
FOV of the XMM-Newton mirrors however the response of the RGS decreases significantly for off-axis
sources. There have been technical problems with two of the RGS CCDs (CCD 4 in RGS 2 and CCD
7 in RGS 1), which has resulted in these CCDs having less than half their original effective area. This

thUp://www.xmm.ac.uk/onlines/uhb/xmm_uhb.html
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Figure 2.4: A schematic of the RGS CCD chip arrays. Half of each CCD is exposed to the sky
(labelled ‘image’), the other half is used as a storage area (labelled ‘storage’). The dispersion
direction is along the Z axis, such that higher energies (shorter wavelengths) are dispersed to
higher values in Z. (Dahlem 2002)

Table 2.2: The basic characteristics of the RGS instruments.

RGS
CCD size 1024x348
pixel size 2.5"x2.5"a
Field of view 5!
Usable bandpass  0.35-2.5 keV
Sensitivity* ~8x1lo~5
Resolution 100-800 A/JAA

a2.5" corresponds to 9x 10 3A in the dispersion direction
bO VII (0.57 keV) line flux in photons cm-2 s-1 for a 10 ks observation

significantly reduces the RGS capabilities over the wavelength ranges covered by the damaged CCDs.
The inter-chip gaps between two adjacent CCDs corresponds to a spectral gap of between ~85 MA at
short wavelengths and ~45 MA at long wavelengths. The RGAs produce several reflection orders of
dispersed spectra with each successive order showing a decrease in sensitivity but an increase in spectral

resolution (e.g. Figure 2.10).

The X-rays are reflected into the Is* and 2nd spectral orders with the highest efficiency and these are
expected to produce the useful data in the majority of astronomical sources. The count rate in the 2nd
spectral order is about a factor of 3 less than the count rate in the Is* spectral order. The spectral orders
overlap spatially on the CCD detectors of the RFC, however separation of the spectral orders can be
achieved by using the intrinsic energy resolution of the CCDs’. Figure 2.5 shows the X-ray spectrum
(from NGC 4151) dispersed onto an RFC array and split into the spectral orders by the energy resolution
of the CCD’s (this is the so-called ‘banana plot’). The Ist (lower) and 2nd (upper) spectral orders are

prominent and are clearly separated in the vertical direction (i.e. in CCD energy space).
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Figure 2.5: The RGS 1 ‘banana plot’ from a 60 ks observation of NGC 4151. This illustrates the
mechanism used for separating 1st and 2nd spectral orders in RGS data. Standard data selection
regions for the spectral orders are indicated by the red curves. The effects of low energy noise can
be seen at the bottom of the image and the signals from the calibration sources (short horizontal
features) are also clear.

2.3 A comparison between XMM-Newton and other X-ray observatories

2.3.1 X-ray imaging

In comparison with earlier X-ray satellites, XMM-Newton’s imaging capabilities are excellent. The
spatial resolution of XMM-Newton is considerably superior to that of earlier hard X-ray satellites {e.g.
ASCA and BeppoSAX), as demonstrated by Figure 2.6. For comparison, the Upper Panels of Figure 2.6
show false-colour X-ray images from an ASCA observation of NGC 4945. The spatial resolutions of
the instruments on BeppoSAX are similar to that of the ASCA GIS instrument and, for simplicity, are
not shown here. The Bottom-Left Panel of the same figure shows the XMM-Newton image of the same
galaxy. XMM-Newton clearly resolves considerably more of the galaxy’s complex X-ray morphology
than either of the ASCA instruments, although the SIS image does tentatively suggest the extended na-
ture of the source (I note here that the double-peaked nature of the nucleus in the ASCA SIS image is
caused by a chip-gap between two of the SIS CCDs, as is the rather abrupt termination of the northern
edge of the galaxy). With a PSF of ~¢" (FWHM), images from XMM-Newton are of comparable spatial
resolution to images from the High Resolution Imager (HRI) instrument on the ROSAT soft X-ray satel-
lite, however the XMM-Newton images cover a considerably greater energy range and, thanks to its large

effective area, are of considerably greater statistical quality.
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Figure 2.6: A comparison of X-ray imaging capabilities. The four, false-colour, logarithmically
scaled images are ofthe Seyfert 2 Galaxy NGC 4945 from different X-ray satellites. Each image is
12' on a side and is centred on the nucleus of the galaxy. Upper-Left Panel: ASCA GIS image from
a 63 ks observation. The image has 13"x13" pixels and been smoothed with a40" Gaussian kernel.
Upper-Right Panel: ASCA SIS image from a 63 ks observation. The image has ¢ "x6" pixels and
been smoothed with a 18" Gaussian kernel. Lower-Left Panel: XMM-Newton EPIC image from a
25 ks observation (see chapter 4 for details). The image has 4"x4" pixels and been smoothed with a
8" Gaussian kernel. Lower-Right Panel: Chandra ACIS-S image from a 34 ks observation (again,
see chapter 4 for details). The image has 0.492"x0.492" pixels and been adaptively smoothed
with a Gaussian kernel. The inset shows a blow-up of a 1.5' square region, ~1' (120 pixels) to the
west-southwest of the nucleus of the galaxy, highlighting the numerous points sources resolved by
the Chandra observation that are not easy to see in the larger scale image. This is an example of
the greatly superior spatial resolving power of Chandra.
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The overall imaging capabilities of XMM-Newton are, in general, greatly exceeded by those of Chan-
dra (Figure 2.6: Lower-right panel and inset) which, with a PSF of less than 0.5”, has the best spatial
resolution of any X-ray imaging satellite ever launched. In comparison to XMM-Newton the Chandra im-
age of NGC 4945 clearly resolves both the point source population of the galaxy and the bright extended
X-ray emission near the nucleus. Chandra resolves many of the “point sources” evident in the XMM-
Newton image into multiple point sources, most of which are likely to be hard X-ray binaries. Despite its
poorer spatial resolution in comparison with Chandra, the exceptionally high throughput and moderate
angular resolution of XMM-Newton make it somewhat more sensitive to low surface brightness X-ray
emission than Chandra.

2.3.2 X-ray spectroscopy

XMM-Newton is primarily an X-ray spectroscopy mission and the majority of the work presented in this
thesis is spectroscopy based. The nested X-ray mirrors on XMM-Newton make it the largest effective
area focusing X-ray telescope ever launched, resulting in a uniquely sensitive observatory for studying
the X-ray universe. The large collecting area is combined with the moderate spectral resolution EPIC
CCD cameras and the high spectral resolution RGS instruments resulting in high quality X-ray spectra
covering a wide energy range.

The EPIC cameras

A comparison of the effective areas of the XMM-Newton EPIC instruments with the individual detectors
on other X-ray observatories is shown in Figure 2.7. This figure highlights the great improvements, both
in increased effective area and increased bandwidth, that have been made with the current generation of
observatories (XMM-Newton and Chandra) compared to previous X-ray observatories (e.g. ASCA and
BeppoSAX). The large features in the effective area curves at ~0.3, ~0.5, ~1.7 and ~2.4 keV are the
result of carbon, oxygen, silicon and gold in the structure of the CCD detectors and the X-ray mirrors.
The large apparent difference between the EPIC MOS and the EPIC PN detectors is due to the imposition
of the RGAs on the telescopes with the MOS detectors at their focus. It is interesting to note that a single
EPIC MOS detector (Pink) and the Chandra ACIS-S instrament (Light Blue) are extremely comparable
in terms of overall effective area but that the XMM-Newton EPIC instruments afford a somewhat greater
effective area at hard energies while the Chandra ACIS-S instrument has a greater effective area at
energies below ~2 keV.

A comparison of the spectra from the earlier X-ray observatories to the XMM-Newton EPIC detectors
is shown in Figure 2.8 using the ASCA SIS detector as an example of the best X-ray spectra from ear-
lier missions and the XMM-Newton EPIC PN detector as an example of the best CCD spectra from
XMM-Newton. Several considerable differences are immediately apparent. The massive difference in
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Figure 2.7: The effective areas (Logarithmic scale) of individual instruments on recent
X-ray astronomy satellites (Black=ASCA GIS, Red=ASCA SIS, Green=BeppoSAX LECS,
Dark Blu"BeppoSAX MECS, Light Blue=Chandra ACIS-S, Ymk=XMM-Newton EPIC MOS,
Grey”-XMM-Newton EPIC PN).
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Figure 2.8: A comparison of the XMM-Newton EPIC PN (Black) and ASCA SIS (Red) spectra
for NGC 4151. The ASCA spectrum shown here is from a 100 ks observation while the XMM-
Newton spectrum is from a 60 ks observation.
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the effective areas (shown in Figure 2.7) is immediately apparent in the comparison of the counts present
in the two spectra (I note here that during the ASCA observation NGC 4151 was ~3.5 times brighter
than during the XMM-Newton observation!). The differences in the shapes of the effective area curves
for ASCA and XMM-Newton can be seen by XMM-Newton’s considerably greater sensitivity towards the
ends (both soft and hard) of the X-ray spectrum. The greater spectral resolution of XMM-Newton is
highlighted by the small intrinsic width and the prominence of the 6.4 keV iron Ko emission line (al-
though the line in the XMM-Newton spectrum is somewhat accentuated by the low flux level of the
underlying X-ray continuum during the XMM-Newton observation - see Section 3.7). At 6.4 keV the
resolution of each of the EPIC detectors is ~135 eV (FWHM,; Figure 2.3), considerably better than the
resolution of the ASCA SIS detectors, which at their best had a resolution of >200 eV (FWHM) at this
energy. In comparison with Chandra, the spectral resolution of the EPIC detectors at 6.4 keV is similar
to that of the front-illuminated ACIS-S CCDs and is somewhat better than the spectral resolution of the
back-illuminated chips.

The RGS

The RGS instruments on XMM-Newton, along with the Low Energy Transmission Grating (LETG) and
the High Energy Transmission Grating (HETG) on Chandra, are the first X-ray grating spectroscopy
instruments to form an integral part of major X-ray astronomy observatories. A direct comparison be-
tween the effective areas of the gratings on Chandra and on XMM-Newton is presented in Figure 2.9 and
strongly demonstrates the complementary nature of the grating instruments on each observatory. The
most obvious difference between the instruments is that both the RGS instruments on XMM-Newton (Lower
panel) are optimised for spectroscopy over a relatively narrow energy range (0.3-2.5 keV), whereas the
grating spectrometers on Chandra cover a significantly broader energy range. The RGS instruments are
most directly comparable to the LETG on Chandra. The RGS instruments have a considerably greater
effective area over the 0.3-2.5 keV energy band than the LETG on Chandra, however the combined RGS
effective area is at a similar level to the effective area afforded by the Medium Energy Grating (MEG)
at about 1.5 keV and above this, the MEG offers a somewhat greater effective area. A comparison of
the spectral resolution of the grating spectrometers on XMM-Newton and Chandra is complicated by the
fact that the spectral resolution is strongly wavelength dependent. Figure 2.10 shows the variation of
the spectral resolution of the RGS instruments over their operational wavelength range, for both the 15
and 2™ order RGS spectra. Focusing again on the LETG spectrometer on Chandra for the comparison
with XMM-Newton, Figure 2.11 shows the spectral resolution of the LETG as a function of wavelength.
The spectral resolution of the LETG over the 0-35A range is somewhat superior to that of the RGS in-
struments, although the differences are not dramatic. The wavelength dependency of the LETG is also
somewhat steeper than that of the RGS instruments, resulting in the LETG having considerably higher
spectral resolution at long wavelengths.
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Figure 2.9: A comparison of the effective area of the Chandra LETG, HETG and the XMM-
Newton RGS instruments. Upper Panel: The Chandra LETG (Solid line), MEG (Dashed line)
and HEG (Dotted line) effective area curves (liner scale) (CXC 2002)f. The HETG instrument
is a combination of the Medium Energy Grating (MEG) and the High Energy Grating (HEG)
displayed separately here. The effective area curves shown here are for the co-added Is* order
spectra and do not include chip-gap effects. Lower Panel. The XMM-Newton RGS 1 (Black) and
RGS 2 (Red) effective area curves, on the same scale as the Chandra plot. The effective area
curves for the RGS instruments also refer to the co-added 1st order spectra however these plots
do include chip-gap effects and, as an example, the effects of one of the failed RGS CCDs is also
shown.

thttp://cxc.harvard.edu/udocs/docs/
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Figure 2.10: The spectral resolution (A/AA) of the RGS instruments as a function of wavelength.
The curves represent the performance of both RGS 1and RGS 2, Ist and 2nd order grating spectra.
Individual measured points originate from a variety of targets and spectral order extractions
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Figure 2.11: LETG spectral resolution (A/AA) as a function of wavelength. The conservative solid
curve is based on plausible in-flight values of the aspect, focus, and grating period uniformity.
The dotted line is the theoretical performance of the LETG. The data points are derived from

observations of Capella and Procyon. The curve is based only on spectral lines that are considered
to be unaffected by line-blending at the LETG resolution.
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2.3.3 Cross-calibration between X-ray satellites

The cross-calibration of the spectral results from XMM-Newton with results from other X-ray satellites
is an essential aspect of the mission and a great deal of effort on the part of the instrument calibration
teams goes into the difficult task of calibrating and maintaining the scientific instruments, particularly
on current X-ray satellites (something for which the astronomical community owes a considerable debt
of gratitude). Following extensive pre-launch calibration of the instruments, the ideal in-orbit calibra-
tion would involve observing “standard candles”; sources whose spectral properties are simple and well
known. These observations would then be used to assess the in-orbit performance of the instruments and
update the instrument calibration. Unfortunately, the universe is not accommodating enough to provide
convenient standard candles, so assessing the relative in-orbit cross-calibration of XMM-Newton with
respect to Chandra and other previous X-ray satellites relies heavily on the study of ‘calibration sources’
(sources whose spectral form is complex, but is thought to be well known) and ideally involves si-
multaneous observations of the same source with many different instruments. In the absence of the
possibility of simultaneous observations, observations of spectrally constant calibration sources can be
used, and hence much of the cross-calibration results mentioned briefly here are based on the spectral
analysis of the galactic supernova remnant G21.5-0.9 (the sources 1E0102.0-7219 and MS1054.4-0321
are also included in the study referenced here, but their contribution to the conclusions given here are
minor; Snowden 2002). G21.5-0.9 is an extended, crab-like SNR (i.e. it displays a centre-filled X-ray
morphology) that is relatively heavily absorbed (2.3x 1022 cm~2; Warwick et al. 2001), but provides
a constant spectrum with a relatively simple spectral form between 1-10 keV. The study by Snowden
(2002) compares the results from XMM-Newton EPIC, Chandra ACIS-S and the ASCA SIS and GIS in-
struments (this work is currently being updated to include a comparison of the cross-calibration between
XMM-Newton and BeppoSAX). Snowden (2002) fit the X-ray spectra from each satellites observation of
G21.5-0.9 with a heavily absorbed power-law model, known to be a relatively good representation of
the X-ray spectrum (Warwick et al. 2001). The best-fit results from this model show that the measured
X-ray fluxes of G21.5-0.9 from XMM-Newton, Chandra and ASCA all agree to better than ~10%, as
do the best-fit absorbing column densities. The measured photon indexes of the best-fit power-law are
consistent across the different instruments to better than 0.05 (~3%). Figure 2.12 highlights the quality
of the spectral agreement between the different observatories for the simple model fit to this SNR.

2.4 Physical processes in AGN

This section provides a brief description of some of the physical processes that are responsible for pro-
ducing and modifying the X-ray emission from AGN. The aim of this is to bring the basic characteristics
of these processes to the forefront of the readers mind and to highlight the niche that each occupies in
the unified AGN picture.
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Figure 2.12: Confidence contours of absorbing column density vs. power-law photon index from
the spectral fitting of XMM-Newton EPIC (Black), Chandra ACIS-S (Red) and ASCA SIS (Green)
and GIS (Blue) observations of the SNR G21.5 -0.9. (Snowden 2002)

The overviews presented here are largely based on the excellent descriptions given in the series of books

by Longair (1997) and the comprehensive astrophysics text by Carroll & Ostlie (1996).

2.4.1 Photoelectric absorption

Photoelectric absorption is the dominant process by which ultraviolet/soft X-ray photons lose energy. It
is a process common in many astrophysical situations ranging from the opacity of the solar interior and
stellar atmospheres to the absorption responsible for the hard X-ray spectrum of distant Type 2 quasars.
The process is based fundamentally on the photoelectric effect, first presented by Einstein (1905), in
which a photon with an energy hu (where v is the frequency of the photon) can eject electrons that
have a binding energy of £ <hv, with any remaining energy from the absorption manifesting itself as
the kinetic energy of the ejected electron. The details of photoelectric absorption depend on the cross-
sections for absorption of the atoms that constitute the absorbing material. The absorption cross-section
for any given atomic species is extremely wavelength dependent. The energy levels within an atom for
which Av=E are know as absorption edges because, while it is impossible for photons with an energy
less than E to eject an electron from this energy level, all photons with an energy greater than £ are
capable of ejecting the electron. For a photon with sufficient energy to eject an electron from the energy
level in question, the cross-section for photoelectric absorption decreases as is~3-5. The total absorption
cross-section for an absorbing medium is given by the X-ray absorption coefficient cr* (A) that, for any
given wavelength, is the sum of the absorption cross-sections from all the atomic species that contribute

to the opacity of the absorber.
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In low resolution X-ray spectral studies of astronomical sources the absorption edges cannot be re-
solved individually as distinct features. The total absorption is represented by an optical depth 7x () =
zxox(A\)ngdl, where zx is the relative overall elemental abundance, ny is the equivalent hydrogen
density (cm™3) and the integral of ngd! along the line of sight to the source is the absorption column
density (cm~2). Details of the particular absorption models used in the X-ray spectral modelling in this
thesis can be found in Morrison & McCammon (1983) and Yaqoob (1997).

Particularly important in the scope of this thesis is the cross-section for the K-shells of atoms, because
K-shell absorption edges, particularly from iron and silicon, are becoming increasingly common discrete
features resolved in the high resolution X-ray spectra available from XMM-Newton and Chandra. The
K-shell cross-section for photoelectric absorption is strongly dependent on the atomic number, Z, of
the atom (increasing as Z3'), thus, despite being considerably less abundant than hydrogen and helium,
astrophysically rare heavy elements are major contributors to the total absorption cross-section.

2.4.2 Fluorescent line emission

Fluorescent line emission is a combination of the absorption of energy from a photon by an electron in
an atom and the radiation of some or all of this energy at a characteristic wavelength. The energy release
following the absorption process is the result of an excited electron making a transition from a high
energy level to a lower energy level (Figure 2.13) and is radiated as a single photon. The discrete nature
of the energy levels in the atom results in each atomic transition having a specific amount of energy
associated with it and hence every transition from one particular atomic energy level to another results
in a photon with a specific wavelength (Figure 2.13; Right Panel). The separation of the energy levels
is different for each atomic species and consequently the wavelength of a photon from a specific atomic
transition is also dependent on the atomic species.

Despite the theoretical implication that all the photons from a specific atomic transition have precisely
the same wavelength, observed spectral emission lines have a broadened line profile. There are several
origins for this line broadening that effect all spectral lines. Spectral lines have a ‘natural width’ from
the fact that the energy of any individual photon cannot have a precisely defined value, according to
the Heisenberg uncertainty principle. The thermal motions of the atoms that produce the line emission
also broaden the spectral lines. This is known as Doppler broadening and is dependent on the square-
root of the temperature of the emitting material. The resulting line profile is known as a Voigt profile.
In addition, collisional broadening, caused by a collision or close encounter with a nearby atom that
perturbs the electron orbitals of the emitting atom, also affects spectral lines and is also dependent on the
square-root of the temperature of the emitting material. In some cases, where the lines are produced in
regions with extreme physical conditions, the profile can be additionally broadened and even skewed in
shape by, for example, special and general relativistic effects (see Section 1.2).
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Figure 2.13: Fluorescent line emission. Left Panel: A simplified schematic of the absorption
(top) and emission processes (bottom) processes that produce the K-shell line emission in an
atom. Only electron transitions responsible for the Ka (n=2—>-n=l) and K/3(n=3—»n=1) emission
lines are shown in this diagram for simplicity. Right Panel. X-ray energy level diagram showing
the K series (transitions to the K-shell) and L series (transitions to the L-Shell) transitions in a
heavy atom. The diagram shows the transitions permitted by the AZ=+1; Ay=-1,0 selection rules.
Only the n=1,2 and 3 shell transitions are shown on this diagram for simplicity and the principle
quantum numbers of the energy levels are shown on the left of the energy level diagram (adapted
from Richtmyer, Kennard & Lauirtsen 1955).

Particularly important in the scope of'this thesis are the fluorescent Ka lines from neutral, astrophysically
abundant, ‘metals’ (‘metals’ here refers to any atomic species other than hydrogen and helium), particu-
larly those from neutral iron and silicon. Neutral iron Ka emission lines have been previously observed
in low resolution X-ray spectra of AGN and with the advent of high resolution X-ray spectroscopy the
details of the iron Ka line emission and the presence of Ka line emission from neutral silicon and other

heavy elements is becoming increasingly common.
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Figure 2.14: Diagrammatic representation of the Compton scattering process
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Figure 2.15: Diagrammatic representation of the inverse Compton scattering process

243 Compton scattering and its inverse

Compton scattering is the process whereby an incoming high energy photon collides with a slow-moving
or stationary electron and transfers a portion of its energy to the electron. The photon leaves the in-
teraction with an increased wavelength, and the electron leaves the interaction with an increased kinetic
energy (Compton 1923a, Compton 1923b). This is shown diagrammatically in Figure 2.14. Traditionally
the wavelength change from a single Compton scattering is described in terms of the fractional increase

in wavelength of the photon, given by:

A=A 1~ cos9)21>

where m e is the mass of the electron, 150 is the frequency of the photon prior to the collision and 6 is the
scattering angle. his§Im¢(? is known as the “Compton wavelength” and has a value of his0/m ec2=0.0254 (~510
keV). The inverse of this process occurs when an extremely high energy (i.e. a relativistic) electron col-
lides with a lower energy photon and transfers some of its energy to the photon. This results in the
photon leaving the interaction with a decreased wavelength and the electron leaving the interaction with
a decreased kinetic energy. This is shown diagrammatically in Figure 2.15. The effect of this energy gain
on the frequency of a photon with his *C 7 m ec2, following a single inverse Compton scattering from a
high energy electron, is that is « j 2is0 where is is the photon frequency following the interaction, I is
the photon frequency prior to the interaction and 7 is the relativistic 7 -factor of the high energy electron.
Compton scattering and its inverse are prominent processes in the X-ray emission from AGN particularly

in producing the hard X-ray continuum and Compton reflection.

Thermal Comptonization

The process of Comptonization in general refers to the scenario where Compton scattering or inverse
Compton scattering primarily determines the X-ray spectrum of a source. If the population of electrons
involved in the Compton scattering has a thermal distribution of velocities with a characteristic tempera-

ture, Te, then the net energy change of a photon involved in a single thermal Comptonization collision is
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given by:

AE  huy 4T,
= — 2.2
E MeC2 + MeC2 22)

where vy is the frequency of the photon prior to the interaction, m, is the mass of the electron and & is
the Boltzmann constant. This equation establishes a clear set of scenarios in which energy is transferred
between the electron and photon involved. In the scenario where hiry=4kT, no energy is transferred
between the particles, in the case where hyy > 4kT, energy is transferred from the photons to the
electrons and in the scenario where hyy < 4kT, energy is transferred to the photons. In many AGN
models, a corona of hot electrons with a thermal distribution surrounds the accretion disk and the thermal
emission from the accretion disk itself provides a source of soft (i.e. low energy) photons. The soft
disk photons are Comptonized in the hot electron corona and are sufficiently up-scattered to produce
the observed X-ray spectrum. Figure 2.16 shows a simulated thermal Comptonized X-ray continuum
spectrum (Wilms 1998). The total continuum from thermal Comptonization, in this case, is extremely
flat between 0.1 and ~30 keV and can be well approximated by a power-law, however it is possible to
construct physical conditions that will significantly reduce the average number of scatterings a photon
undergoes. This will result in a smaller contribution to the overall spectrum from the higher scattering
orders producing a total spectrum that may show significant spectral curvature and in this case the 0.1-30
keV spectrum may not be well approximated by a power-law.

The production of X-rays through magnetic flaring on the surface of the accretion disk is an alternative
mechanism for generating the underlying X-ray continuum. This mechanism also relies on Comptoniza-
tion for the production of the X-ray emission however in this case the electrons involved in the inter-
action are travelling relativistically along the magnetic field lines in the flares and have a non-thermal
distribution. This produces an X-ray continnum with a somewhat different spectral shape (Wardziriski
& Zdziarski 2001 and references therein). A concise description of the Comptonization process can be
found in Pozdnyakov, Sobol & Sunyaev (1983) and for details of the vital role of thermal Comptoniza-
tion in AGN see, for example, Haardt & Maraschi (1993); Zdziarski et al. (1994); Zdziarski, Johnson &
Magdziarz (1996); Zdziarski, Poutanen & Johnson (2000) and Petrucci et al. (2000).

Compton reflection

Compton reflection is not a genuine ‘reflection’ process, rather it is the product of photoelectric absorp-
tion and Compton scattering. For photon energies of ~15 keV or less the optical depth for photoelectric
absorption in cold, neutral, gas is considerably greater than that of Compton scattering, resulting in most
of the incident photons with these energies being absorbed. Conversely, Compton scattering dominates
over photoelectric absorption for photon energies much greater than 15 keV and these photons are down-
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Figure 2.16: The X-ray spectrum produced by thermal Comptonization from a sphere of hot gas
with an optical depth 7=5 and a uniform electron temperature of T.~205 keV. Seed photons were
injected with an energy of 50 eV from a point source at the centre of the sphere. The spectra
labelled 1-5 are the emerging spectra for the scattering orders (i.e. the photons that have undergone
1-5 scatterings respectively) and the top spectrum is the total resulting spectrum.(Wilms 1998)

scattered to a lower energy. Each successive Compton scattering reduces the energy of the photon until
it is either absorbed or scattered out of the medium. The resulting combination of these effects produces
a spectrum with a broad hump peaking around 30 keV. Figure 2.17 shows the simulated Compton reflec-
tion spectrum from a cold slab of gas (with solar elemental abundances) that is irradiated by a power-law
X-ray continuum. Figure 2.17 clearly highlights the additional impact that heavy elements (particularly
iron), present in the reflecting medium, have on the resulting Compton reflection spectrum. The heavy
elements impact the spectrum at energies less than ~10 keV, primarily in the form of an imprinted iron K
edge at ~7.1 keV and the associated iron Ka and K3 emission lines at ~6.4 and ~7.0 keV, respectively.

In the unified AGN picture Compton reflection can originate from several locations, namely the central
accretion disk or from the material that forms the putative molecular torus. In the first case the Compton
reflection spectrum can be strongly affected by ionization effects, particularly if the reflecting material
is located in the inner regions of the accretion disk where the underlying X-ray continuum is thought to
strongly ionize the accretion disk material. This can significantly alter the shape of the resulting Compton
reflection spectrum, particularly below ~10 keV. Compton reflection from neutral material in the outer
regions of the disk or from the cold, neutral, material of the torus will produce a spectrum similar to
that shown in Figure 2.17. It is important to note that the Compton reflection spectrum from a torus or
the outer accretion disk is expected to respond slowly to the time-averaged level of the central X-ray
continuum, and as such there is no specific reason why the flux of the Compton reflection component
should be directly related to the flux of the X-ray continuum at any given moment. This is not the case for
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Figure 2.17: Compton reflection spectrum from a slab of cold material (with solar element abun-
dances) irradiated by a power-law X-ray continuum spectrum. The spectrum at the bottom is the
resultant Compton reflection spectrum and the top two spectra show the incident power-law con-
tinuum and the total resulting X-ray spectrum from the incident and reflected spectra. Note the
strong iron K-shell features imprinted on the reflection spectrum. (Wilms 1998)

Compton reflection produced in the inner regions of the accretion disk, close to the region responsible for
the production of the X-ray continuum, which is expected to respond rapidly to changes in the continuum
flux (although its response may be complicated, for example, by rapid changes in the ionization of the
reflecting material in response to changes in the X-ray continuum flux).
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Chapter 3

The hard X-ray spectrum of NGC 4151

3.1 Overview: A complex mix of absorption, continuum and reprocessed

continuum features.

This chapter presents a detailed analysis of the complex hard (2.5-12 keV) X-ray spectrum of the bright
nearby Seyfert galaxy NGC 4151. The chapter concentrates on two main areas. The first part reports on
the analysis of BeppoSAX and ASCA data and highlights both the complex nature of the X-ray absorp-
tion inherent to NGC 4151 and the strong impact of Compton reflection on the properties of the X-ray
spectrum. The absorption arises in both warm (i.e. partially photoionized) and cold gas present in the
line-of-sight to the active nucleus of the source, which impacts on the X-ray spectrum between 2-6 keV.
A 1-100 keV spectral template model, which incorporates both complex absorption and Compton reflec-
tion, was constructed utilizing the large bandpass and medium spectral resolution afforded by BeppoSAX.
The spectral template model is then applied to an archival ASCA long-look of NGC 4151 with a remark-
able degree of success, highlighting that it is the level of the continuum which is the main driver of the
complex spectral variability exhibited by NGC 4151. The second part of the chapter details the analysis
of the recent XMM-Newton observations of NGC 4151, using the template spectral model developed in
the earlier sections of the chapter. Again the template model does an excellent job of modelling the hard
X-ray spectrum, reinforcing the earlier conclusions. However the majority of the XMM-Newton data
analysis focuses on the properties of the iron K-shell features imprinted on the X-ray spectrum. The
spectral modelling highlights the lack of any strong relativistically broadened iron Ko line and provides
a strong hint that the cold medium present in the NGC 4151 nucleus has an iron abundance at least twice
the solar value.

The chapter is organised as follows. Section 3.2 describes some of the extensive background and history
regarding the X-ray study of NGC 4151. The spectral template model is specified in Section 3.3 and
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the relevant spectral parameters are determined using a recent, long, BeppoSAX observation. Section 3.4
gives the details of the ASCA long-look observation and an outline of the relevant data reduction, along
with a characterisation of the flux and spectral variability apparent in the source light-curve. Detailed
spectral modelling of the ASCA data is described in Section 3.4.1 and Section 3.4.2, focusing on the
evidence for a photoionized absorber. Section 3.5 discusses the implications of these results in the
context of both previous and future studies. The most recent observations of NGC 4151 from XMM-
Newton are introduced and discussed in Section 3.7, including detailed modelling of the EPIC spectra
focusing on the iron features observed in the spectrum. Section 3.8 discusses the implications of the
XMM-Newton analysis, particularly with reference to the recent Chandra observation of NGC 4151.

3.2 NGC4151

The Seyfert galaxy NGC 4151 was identified as an X-ray source over thirty years ago (Gursky et al.
1971). As one of the brightest AGN accessible in the X-ray band, it has been extensively studied by
missions such as EXOSAT, Ginga, ROSAT, ASCA, CGRO and more recently RXTE, BeppoSAX, Chan-
dra and XMM-Newton. This observational focus has revealed that the X-ray spectrum of NGC 4151
from 0.1-100 keV is comprised of a complex mixture of emission and absorption components, probably
originating at a variety of locations from the innermost parts of the putative accretion disk, out to the
extended NLR of the galaxy. Given this spectral complexity it remains to be seen whether NGC 4151
should or should not be considered as an archetype of its class (Ulrich 2000; Zdziarski et al. 2002).

The intrinsic X-ray to <y-ray continuum emanating from the active nucleus of NGC 4151 appears to be
produced by the thermal Comptonization of soft seed photons (e.g. Section 2.4.3; Haardt & Maraschi
1993; Zdziarski et al. 1994; Zdziarski, Johnson & Magdziarz 1996; Zdziarski, Poutanen & Johnson
2000; Petrucci et al. 2000). Features associated with continuum reprocessing in material surrounding
the active nucleus are also present, in the form of Compton reflection and iron K fluorescence features
(e .g. Maisack & Yaqoob 1991; Yaqoob et al. 1995; Zdziarski, Johnson & Magdziarz 1996; Warwick
et al. 1996; Piro et al. 2002, Zdziarski et al. 2002). Below ~5 keV the hard X-ray continuum is strongly
cut-off by photoelectric absorption in a substantial (Nz~10%3cm™2) line-of-sight gas column density
(e.g. Holt et al. 1980; Yaqoob et al. 1993; Weaver et al. 1994a; Weaver et al. 1994b).

One of the long-standing problems in X-ray studies of NGC 4151 has been to understand the exact nature
and origin of this absorption. X-ray observations show very clearly that the cut-off is not as abrupt as one
might expect for absorption in a uniform slab of cold solar abundance material (i.e. the increase in opacity
with decreasing photon energy is less rapid than predicted for a uniform cold absorber). Various solutions
have been suggested including an inhomogeneous cold absorber (the partial covering model; Holt et al.
1980; Weaver et al. 1994b), an absorber with grossly non-solar abundances (Yaqoob & Warwick 1991)
and the partial photoionization of the absorbing medium (i.e. the warm absorber model, e.g. Krolik
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& Kallman 1984). However, none of these has provided a satisfactory explanation of the nature of the
absorber or the processes which gives rise to the large changes in the absorption apparent in NGC 4151 on
timescales of days or longer (Yaqoob, Warwick & Pounds 1989; Yaqoob et al. 1993). Unfortunately the
presence of additional soft X-ray emission components which first appear at ~2 keV and dominate the
spectrum below ~1 keV (Weaver et al. 1994a; Warwick, Done & Smith 1995) dramatically complicates
the situation. EINSTEIN and ROSAT High Resolution Imager (HRI) measurements (Elvis, Briel & Henry
1983; Morse et al. 1995) and, more recently, observations by Chandra (Ogle et al. 2000; Yang, Wilson
& Ferruit 2001) have revealed that much of this soft emission emanates from a spatially resolved (~1.6
kpc) highly ionized plasma coincident with the optical NLR of the galaxy.

A second long-standing issue for X-ray studies of NGC 4151 has been the nature and origin of the iron
Ka emission line. Some earlier studies based on ASCA observations concluded that the profile of the iron
Ka line is complex and may be composed of an intrinsically narrow component plus a relativistically
broadened line feature (Yaqoob et al. 1995; Wang, Zhou & Wang 1999). Furthermore the broad line
profile has been reported to be variable on timescales of 10*s, corresponding to an emitting region of
<0.02 AU, suggesting an origin close to the supermassive black hole presumably in the inner regions of
a putative accretion disk (Wang, Wang & Zhou 2001). However, alternative interpretations of the broad-
band ASCA spectra do not require the presence of an extremely broad iron line in NGC 4151 (Schurch
& Warwick 2002; Takahashi, Inoue & Dotani 2002). The correct interpretation of the nature of the iron
Ko line remains controversial.

3.3 The BeppoSAX data and the spectral template model

The broad bandpass of the instruments on BeppoSAX is of tremendous help when attempting to constrain
the form of the hard X-ray spectrum of NGC 4151. During the period 1996-1999, NGC 4151 was ob-
served three times with BeppoSAX (Schurch & Warwick 2002; Piro et al. 2002). The observation used
here was carried out in January 1999, and provides the best signal to noise ratio of the available Bep-
poSAX datasets. X-ray data from three of the four instruments on BeppoSAX [namely the Low-Energy
Concentrator Spectrometer (LECS), Medium-Energy Concentrator Spectrometer (MECS) and Phoswich
Detection System (PDS) instruments - see Parmar et al. 1997, Boella et al. 1997, Frontera et al. 1997
respectively] were obtained from the Agenzia Spaziale Italiana (ASI) Science Data Centre. In the case
of the LECS and MECS instruments, source spectra were pre-processed via standard BeppoSAX proce-
dures using on-source extraction regions of 6’ and 4’ radius respectively. Standard blank-sky background
files were available for the LECS and MECS whereas in the case of the PDS instrument, background-
subtracted source spectra were supplied directly. The spectra were accumulated over the full observation
giving an effective on-source exposure time of 83 ks in the MECS and roughly half this for the other
instruments.
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The BL Lac object MS 1207.9+3945 is located ~5' to the north of NGC 4151. The contamination
of the NGC 4151 spectra is negligible for the MECS instrument (~2%) but, on the basis of the Piro
et al. (2002) figures, the contamination may be as high as ~20% in the LECS at ~1 keV. In practice
the presence of this source in the LECS instrument will have little overall impact on our spectral fitting
(given the relatively soft spectrum of the BL Lac - Warwick, Done & Smith (1995)).

Spectral fitting was carried out using the XSPEC (v11.0.1) software package with the Sept 1997 instru-
ment response matrices. For this purpose the source spectra were grouped to give a minimum of 20
counts per bin to allow the use of x? minimisation techniques (e.g. Yaqoob 1998; Protassov et al. 2002)
and the data below 1 keV from the LECS instrument were excluded to avoid complications relating to
the form of the soft X-ray emitting components and the presence of the BL Lac. A template spectral
model is adopted for the spectral fitting that includes the following emission components:

1. A power-law continuum with a normalization, A;, and photon index, I, exhibiting a high energy
break at 100 keV;

2. A neutral Compton-reflection component (modelled by the pexrav model in XSPEC; Magdziarz
& Zdziarski 1995) with only the reflection scaling factor, R, as a free parameter (in this model the
reflection scaling parameter is defined such that R=1 corresponds to Compton-reflection from a
uniform slab of material that covers 27 steradians of the sky as viewed from the emitting source).
The parameters relating to the incident continuum were tied to those of the hard power-law com-
ponent. In addition cos 7 was fixed at 0.5 and the metal abundance in the reflector was fixed at the
solar value;

3. Aniron Ka emission line of intensity Ik, and a centroid energy E'x, (With an intrinsic line width
OKa setto 0.1 keV, based on previous analysis of ASCA datasets not presented in this work);

4. A second power-law continuum is included as a gross parameterisation of all the additional soft
X-ray emitting components. The power-law slope is coupled to that of the primary hard continuum
power-law, but with the normalization, As, as a free parameter. This representation is not intended
as a physical interpretation of the soft X-ray emission. The soft X-ray emission is known to be
comprised largely of emission lines (Ogle et al. 2000), and the nature and details of this emission
are discussed in detail in Chapter 6.

As noted earlier, the complex absorption of the hard X-ray continuum in NGC 4151 has previously
been modelled in number of ways, with arguably the most successful approach being the partial cov-
ering model (sometimes referred to in the literature as a dual absorber model e.g. Holt et al. 1980;
Yaqoob & Warwick 1991; Weaver et al. 1994b). In the partial covering scenario a fraction, f,q,, of the
hard continuum is absorbed by a cold gas column density, Ng,1, whilst the remaining fraction of the

continuum emission, 1 — fco,, intercepts a smaller column density, Ny 2. Despite the success of this
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Table 3.1: The results of fitting the template spectral model to the BeppoSAX data. The notation
d-o-f stands for degrees of freedom.

Model Best-Fit  Units
Parameter Value

NHwerm 239703 1022 cm~2

Nicua  34%53 102 cm™?

r 1651003

R 0.37+51%

log¢)  248%00%

Ay 46792 1072 photon keV~! cm™2 57!
A, 1.8%31 1073 photon keV~! cm~2 57!
Eka 6.37100s keV

Ika 3.47%4  10~* photon cm—2 571

x> 832

d-o-f 815

model, the analysis presented here focuses on a model employing the same number of free parameters
but with the absorber stratified along the line-of-sight rather than perpendicular to it. In this scenario
the complex absorber is represented as a product of two absorption components, namely a warm column
density, Ng warm, and a cold gas column, N co1g. The warm absorption is modelled using an XSPEC
multiplicative table model, previously generated via the photoionization code XSTAR (Griffiths 1999;
Kallman & Krolik 1997). The ionization state of the warm gas is governed by an ionization parameter,
given by:

¢ = Lim 3.1)

n r2

Where L;,, is the source luminosity in the 0.0136-13.6 keV bandpass (erg s~1). n is the number of
hydrogen atoms/ions in the gas (cm™3) and r is the distance from the central source to the inner edge of
the warm cloud (cm). The form of the ionising continuum was adopted from Krolik & Kriss (1995). For
further details of the photoionization modelling see Griffiths ef al. (1998) & Griffiths (1999). The cold
absorption was represented by the wabs model in XSPEC which is based on the absorption cross-sections
tabulated in Morrison & McCammon (1983). Solar abundances in both the warm and cold absorber are
assumed.

The adopted spectral model assumes that only the hard power-law continuum is subject to the complex
absorption. However absorption arising in the line-of-sight column density through our own Galaxy is
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Figure 3.1: The BeppoSAX LECS (black), MECS (red) and PDS (green) data fitted with the tem-
plate spectral model. Upper panel: The count rate spectra and best-fit model. Lower panel: The
ratio of the data to the best-fit model.

applied to all four emission components (Nu,Gal = 2 x 1020 cm~2t).

The results of fitting this spectral template to the BeppoSAX data are listed in Table 3.1, which details
the best-fitting values for the nine free parameters of the model. The quoted errors (here as elsewhere in
the thesis) are 90% confidence levels as defined by a A x2=2.71 criterion (i.e. assuming one interesting

parameter).

The template spectral model provides an excellent fit to the BeppoSAX data as illustrated in Figure 3.1.

Figure 3.2 shows the corresponding best-fitting model spectrum.

3.4 The ASCA long-look observation

Having defined the spectral template from BeppoSAX, the focus of the spectral modelling now shifts to
the final observation of NGC 4151 carried out by ASCA during the period \2¢h-25th May, 2000. This
exceptionally long observation (~13 days) was carried out during the last phase of the ASCA programme,
fully meriting its description as a “long-look”. The 4ASCA payload included four X-ray telescopes, two
equipped with Solid-state Imaging Spectrometers (SIS) and two with Gas Imaging Spectrometer (GIS)
instruments. All the relevant datasets pertaining to the SIS and GIS instruments were obtained from the
ASCA public archive at the High-Energy Astrophysics Science Archive Research Centre (HEASARCH).

+http://heasarc.gsfc.nasa.gov/
fhttp://heasarc.gsfc.nasa.gov/


http://heasarc.gsfc.nasa.gov/
http://heasarc.gsfc.nasa.gov/
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Figure 3.2: The spectral template model giving the best-fit to the BeppoSAX data. There are
four emission components comprising of an absorbed hard power-law continuum (red), neutral
Compton reflection (green), a neutral iron Ka fluorescence line (dark blue) and a second power-
law providing a gross representation of the soft X-ray emitting components (light blue). All the
emission components are subject to Galactic absorption.

Standard screening criteria and data reduction techniques were employed using software routines within
the FTOOLS software package. During the long-look observation the SIS instruments were operated in
single CCD mode with the nearby BL Lac object positioned at the very edge orjust off-chip in the SIS-0
and SIS-1 instruments respectively. In an attempt to reduce both the impact of the instrument background
and the contamination from the BL Lac to negligible proportions, a 1' radius source extraction circle was
used for the extraction of the SIS data. Compared to a more standard 3' radius extraction cell, this
reduced the 1-10 keV SIS count rate by ~ 1 1%. For the GIS data a 3' radius source extraction region was

used and a background spectrum was taken from an off-source region in the GIS field of view.

As discussed recently in Turner et al. (2001b), towards the end of the missions life the ASCA SIS detectors
showed a significant degradation in efficiency at lower energies, which was probably due to increased
dark current levels and decreased Charge Transfer Efficiency (CTE), producing SIS spectra which di-
verge from each other and from the GIS data. Furthermore, data from the latter phases of the mission
(specifically AO-s8 and later observations) revealed a non-linear evolution of the SIS CTE. An interim
solution, released on |3# February, 2001, by the ASCA guest observer facility (in the form of the CTE
correction file sisph2pi-130201 fits), has been applied to the data analysed here which reduces some
but not all of the spectral inconsistencies (see Section 3.4.1). To minimize the impact of the remaining
spectral uncertainties arising from the poor low-energy calibration of the SIS instruments (e.g. Appendix
A of Weaver, Gelbord & Yaqoob 2001), in this analysis the SIS data was restricted to the 1-10 keV band.

The total accumulated on-source exposure was 285 ks in the SIS and 435 ks in the GIS detectors.
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Figure 3.3: Upper panel: the combined SIS 1-10 keV X-ray light-curve from the long-look
ASCA observation. Lower panel: The variation of the 2-5 keV/5-10 keV softness ratio during
the observation. The horizontal bars illustrate how the observation was split into eight time seg-
ments for the spectral analysis. The coloured horizontal bars indicate the segments for which
spectra are shown in Figure 3.6.

The light-curve in the full 1-10 keV band is shown in Figure 3.3 for the combined SIS instruments. An
almost identical light-curve is obtained for the combined GIS instruments demonstrating that, at least
in terms of the broad-band variability, the two SIS and GIS instruments produce very similar results.
During the ~ 13 day observation the source shows a significant brightening by a factor of more than three
followed by a comparable decline. The fastest variation is a flux increase of ~35% in roughly 12 hours.
Figure 3.3 also shows the 2-5 keV/5-10 keV softness ratio versus time (again, for simplicity only the
SIS data are shown here). The brightening of the source is clearly associated with significant spectral

softening, although the spectrum remains relatively soft during the subsequent decline in flux.

The spectral variability exhibited by NGC 4151 is dramatically emphasised by the fractional rms vari-
ability amplitude as a function of energy (Edelson ef al. 2002), shown in Figure 3.4. This demonstrates,
in a model independent fashion, the steep rise in the amplitude of the variability above 1keV to a max-
imum at ~3 keV, followed by a shallow decline at higher energies. There is also a hint of a dip at the
energy of the iron Ka line (6.2-6.6 keV), implying that the iron Ka line may be considerably less variable

that the underlying hard X-ray continuum.

34.1 Fitting the spectral template model

In order to study the precise nature of the spectral variability exhibited by NGC 4151, the long-look

observation was broken up into eight sections utilizing gaps in the light-curve to define section boundaries
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Figure 3.4: The fractional rms variability amplitude as a function of energy calculated for the
ASCA long-look observation (SIS data).

as illustrated in the lower panel of Figure 3.3. Appropriate response matrices and ancillary response files
were constructed using standard FTOOLS routines and the spectra were again binned to a minimum of

20 counts per bin to allow the use of x 2 minimisation techniques in the spectral fitting.

Here the goal is to explain the softening of the spectrum as the continuum rises and the subsequent lack
of spectral evolution during the continuum decline in terms of photoionization effects. In the context
of the template spectral model discussed earlier, the spectral softening implies changes in the ionization
of the warm absorber driven by variations in the underlying continuum. However, the persistent soft
nature of the spectrum as the underlying continuum flux declines implies considerable complexity in the

behaviour of the warm absorber.

The template spectral model was tightly restricted when it was fit to the ASCA data, partly due to the
limitations imposed by ASCA's restricted bandpass and partly based on the expected variability proper-
ties of the individual components in the model. All but three of the spectral parameters in the template
model are fixed at the values derived from the BeppoSAX observation (Table 3.1). The remaining pa-
rameters are those expected to vary on sufficiently short timescales to be significantly different from the
values measured with BeppoSAX. The three parameters permitted to vary are the normalization of the
hard power-law continuum, A |, the normalization of the soft X-ray power-law, 42, and the ionization
parameter, £. The column densities of the warm and cold absorbing components are kept fixed, as is the
slope of the underlying continuum and the parameters of the iron Ka line. For the Compton reflection
component, the actual component flux was fixed at the BeppoSAX level (rather than only fixing the scale

parameter R).

47



Energy (keV)

Figure 3.5: A comparison of the best-fitting spectral template model to the combined SIS (black)
and GIS-2 (red) spectra from time segment 3 of the long-look observation. Upper panel: The
count rate spectra and best-fit model. Lower panel: The ratio of the data to the best-fit model.
Note the discrepancies between the SIS and GIS are most evident below ~2 keV and above 8 keV.

Comparing the SIS and GIS instruments

Before proceeding with the ASCA spectral analysis the degree of inconsistency between the SIS and
GIS instruments was investigated. A comparison of the residuals when the template spectral model is
fitted to the SIS and GIS-2 spectral data from time segment 3 is shown in Figure 3.5. As noted earlier
these correspond to data extracted with a 1' radius source cell in the case of the SIS and a 3' radius
cell for the GIS. Discrepancies between the two datasets are most evident below 2 keV and above s
keV. The contamination of the GIS spectrum by the BL Lac accounts for most of the excess flux in
the GIS spectra at low energies, in fact the GIS data extracted within a 1' radius cell (thereby greatly
reducing the BL Lac contribution) agree reasonably well with the SIS data, although this leads to a ~60%
reduction of the counts in the spectrum. The problem at the high energy end is similar in character to
that reported by Turner ef al. (2001b) in a comparable ASCA long-look observation of the narrow-line
Seyfert 1 galaxy Akn 564. Here, a somewhat different approach was taken to that employed by Turner
etal. (2001b). In the subsequent analysis only spectra derived from the SIS data are used. For this study
the exclusion of the soft BL Lac flux is a useful advantage that outweighs the spectral uncertainty above
8 keV, since a very tightly constrained model of the hard continuum (via the adopted spectral template)
is employed. In any case, the main aim of this analysis is to characterize the spectral changes rather than
to determine precise values for spectral parameters. Consistency checks show that very similar results to
those reported in Section 3.4.2 for the SIS data are obtained from the GIS data (in fact somewhat better
reduced x 2 are recorded) provided that an extra soft component representative of the BL Lac contribution

is included in the spectral modelling.
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Figure 3.6: The 1-10 keV combined SIS spectrum of NGC 4151 as measured in three time intervals
during the 4SCA long-look observation.

3.4.2 Modelling the spectral variability

Figure 3.6 compares the SIS spectra from time segments 1, 3 and 5 of the long-look observation during
which the source count rate in the 1-10 keV band increased by over a factor of 3. These SIS spectra
illustrate that the level of the hard continuum rises by a factor of ~2 and that it is the marked softening
of the spectrum in the 2-6 keV band that accounts for the greater than 2 factor in the count rate increase
(cf Figure 3.4).

The results of fitting the constrained spectral template model simultaneously to the spectra from the
eight segments of the long-look observation are given in Table 3.2. Overall the model provides a rea-
sonable representation of the eight spectral datasets with a combined x2 0f4616 for 3665 d-o-f (degrees
of freedom). In this and the following spectra fits the largest residuals are in range 1-2 keV, where the
simple power-law model of the soft emission components is clearly a gross over-simplification (Ogle
etal. 2000). However, the presence of these 1-2 keV residuals, which remain relatively constant (¢f. Fig-
ure 3.4), are very unlikely to influence the interpretation of the observed spectral variations in terms of a
variable warm absorber. Interestingly the spectral variation revealed by the long-look data largely encom-
passes the range of spectral forms exhibited by NGC 4151 in earlier ASCA observations (¢f. Figure 3.6
with Figure 3.7). In fact the template spectral model provides a good description of al/ the available
datasets from the previous seven years of observation by both ASCA and BeppoSAX (not presented here),

with a range of ionization parameter values not dissimilar to those derived from the 4SCA4 long-look.

If some of the parameter constraints are relaxed then further improvements in the fit to the ASCA long-

look segments can be obtained. For example, if E#a and [Ka are allowed to vary (but with the parameter
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Figure 3.7: The 1-10 keV X-ray spectrum of NGC 4151 as measured by ASCA in the period
1993-1995. These are count rate spectra from the SIS-0 detector only.

Table 3.2: Results from the spectral fitting of the eight time segments of the ASCA long-look data.

Segment log(£) A\ a A2b
9 489+0.009 1 qq+0.04 n 09+0.03
1 Z.4071_06009 04 1-87-0.03
0o ci9+0.007 9 ¢cq+0.04
2 Z.J 1-J_0.005  7z'D8-0.04 0.80+°;°!
9 CC4+0.006 0 7Q+0.03
3 Z.Jj4 _0002 J</y-0.05 0-85+<;°!
9 Alc+0.004 4 ¢q+0.10 .o
4 Z.01J_0013 4.3y-0.0i 0.851“;°*
+ c 9C+0.08
5 PRV Rt 0.871%;
9 A9A+0003 % cpt0.03
6 72.0i670008 9.0U _o.03 0.881%;
7 Z.0JU 0009 2+#274:83 0.93+8;8]
9 cit+0.04
+ .
8 %%1?798% z%,1-0.03 0.94+8:8]

a 10 2 photonkeV 1cm 25 1at lkeV
b 10-3 photon keV-1 cm-2 s-1 at 1keV
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value tied across the eight spectral datasets), then a x2=4552 for 3663 d-o-f is obtained, with the best
fit values of Ex4=6.395 £ 0.012 keV and Ix4=2.2}32 x 10~* photon cm~2 s~! (this improvement is
significant at greater than 5o significance according to the F-test). As a further step, allowing the two
column density components to vary (with respect to the BeppoSAX values) results in x2=4295 for 3661
d-0-f with N arm=2.0 £ 0.1 x 102 cm~2 and N ¢o1q=4.6 & 0.2 x 10?2 cm~2 (this improvement is
also highly significant according to the F-test).

The spectral fitting of the ASCA long-look segments results in a range of ionization states for the warm
absorber in NGC 4151 (Table 3.2). A clear correlation is apparent between the ionization parameter (£)
and the normalisation of the hard continuum (A;) for the first five segments of the observation (Fig-
ure 3.8) [these segments correspond to the period of increasing flux in the light-curve (Figure 3.3)].
However as the flux drops (segments 6-8) the correlation is lost and the ionization state remains at a
comparable level to that seen at the peak of the light-curve. In contrast, in the BeppoSAX observation,
although the continuum was at a level comparable to that at the peak of ASCA light-curve, the ionization
of the warm absorber was at the lower end of the range observed with ASCA (Figure 3.8). The observed
correlation in the ASCA long-look data lends strong support to the warm absorber interpretation for the
observed absorbing column. Furthermore, I argue in Section 3.5.1 that the lack of a sustained correlation
between ionization level and the continuum flux, is not inconsistent with the warm absorber description
of the absorbing column.

The normalization of the soft power-law component, Az, varies by ~15% during the ASCA long-look
observation. Bearing in mind that much of the soft emission in NGC 4151 originates in the spatially
extended component recently imaged by Chandra, (Ogle et al. 2000; Yang, Wilson & Ferruit 2001),
these results would suggest that there may be some leakage of the hard continuum flux through the
absorber down to ~1 keV (Figure 3.4), whereas in the current spectral modelling the variability cut-off
is nearer to 2 keV. Since the complex absorption in NGC 4151 is likely to arise from gas exhibiting a
range of ionization parameters, our two component (cold + warm gas) model must, at best, represent only
a coarse approximation to the real situation. A second possible explanation for the observed variability is
that a small fraction of the continuum flux is scattered into our line-of-sight from material in the vicinity
of the broad line region. The scattered continuum flux would avoid the absorption seen by the rest of the
nuclear flux. The contribution of scattered continuum flux to the soft X-ray spectrum of NGC 4151 is
discussed in more detail in Chapter 6.
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Figure 3.8: Correlation between ionization parameter (0 and the normalization of the hard power-
law continuum for the eight segments of the 4SCA long-look observation. The red points mark the
segments where the light-curve is rising, the green points mark the segments where the light-curve
is falling. The point marked by the star symbol is from the BeppoSAX observation; the error bar
is larger in this case due to the additional free parameters in the spectral fitting.

3.5 The results from BeppoSAX and ASCA

3.5.1 The physical state of the warm absorber

One of the major advantages of the warm absorber description of the complex absorption in NGC 4151
is that it is based on a physical model that is, in principle, readily testable. For example, given suffi-
cient spectral resolution, sensitivity and dynamic range, the true ionization state of the warm gas can be
determined directly from the absorption edges present in the X-ray spectrum. A further key diagnostic,
somewhat more in tune with current measurement capabilities in the case of heavily absorbed sources
such as NGC 4151, is that the ionization state of the warm gas should track the intensity of the ionizing
radiation field, albeit in a complex fashion (Nicastro et al 1999). In contrast the popular partial covering
(or dual absorber) models are based on rather arbitrary, constructed geometries that are very difficult to

verify observationally.

Previous studies of NGC 4151 have failed to demonstrate in an unambiguous fashion that the absorbing
medium in NGC 4151 does respond to changes in the level of the incident hard continuum (Yaqoob,
Warwick & Pounds 1989; Fiore, Perola & Romano 1990; Warwick ef al. 1996; Piro et al. 2002). How-
ever, the ASCA long-look observation provides an excellent opportunity to study the response of the
absorber to continuum changes. The correlation between ionization parameter and the level of the hard

continuum apparent over the rising part of the light-curve would appear to be the signature of a partially
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photoionized medium. However, a problem then presents itself in that the relatively high ionization state
is maintained over the latter part of the observation despite the decline in the continuum level. A pos-
sible explanation for this behaviour is that the timescale on which significant continuum variations are
occurring (~3x10° s) is somewhat shorter than the timescale on which the balance between photoion-
ization and recombination can be re-established in the plasma. The result is that with quasi-continuous
continuum variations (of which the light-curve in Figure 3.3 represents only a brief snapshot) the warm
absorber is invariably in a non-equilibrium ionization state. Nicastro et al. (1999) have discussed some
of the complications which arise in such circumstances and show that the delayed response of a medium
to sharp increases and decreases in the incident ionizing flux can give rise to variations in the ionization
state that are apparently unconnected with flux changes (and even anti-correlations of ionization level
with flux!). In the case of NGC 4151 there is clear evidence that the medium is slow to respond; for
example even during the period when the ionization parameter and the continuum show a correlation,
the former changes by a factor 1.8 compared to a factor of 2.5 for the latter. However, the fact that the
degree of ionization tracks the light-curve better during the rising segment than during the decline is
consistent with the fact that t;,,, ocL;;}L, as is evident from Figure 1 of Nicastro et al. (1999).

The parameter values for the warm absorber in NGC 4151 are similar to one of the standard cases
considered by Krolik & Kriss (2001) [although the assumed form of underlying continuum is somewhat
modified with respect to the version in Krolik & Kriss (1995), which has been adopted in the present
work]. Taking £=300 and L;,,,=10%* erg s~ as representative values for the warm absorber in NGC 4151
and taking the distance of the warm medium from the continuum source to be ~1 pc, then the inferred
gas density is n~4x10* cm~3. Table 1 in Krolik & Kriss (2001) gives the corresponding equilibration
timescales for selected ions in such a plasma. The warm absorber cut-off is best measured between
2-6 keV, where absorption edges due to the hydrogen- and helium-like ions of Mg, Si, S, Ar and Ca
will be of importance (although not individually resolvable in the ASCA data). For these ions the relevant
equilibration timescales are typically between 1-8x 106 s. Additionally, the measured column density for
the warm absorber in NGC 4151 of ~2x102% cm™?2 implies 7y,45~0.5 pc (Krolik & Kriss 2001), which
in turn (since t;,, o 72), requires a factor 4 reduction in the equilibration timescales quoted by Krolik
& Kriss. Nevertheless it is still true that the variability timescale in NGC 4151 is short enough for the
warm absorber to be continuously out of ionization equilibrium as required. Since different ions reach
their equilibrium abundance, for a given flux of ionizing radiation, on different timescales, the detailed
form of the absorption cut-off will depended on the luminosity history of the source stretching back over
a period equal to the longest relevant equilibration timescale, which in NGC 4151 will be ~107 s.

3.5.2 The properties of the iron K« line

In this work the iron Ko emission is modelled in a very simple fashion, namely as a single narrow line at
an energy appropriate to cold (i.e. neutral or low ionization) material. In the long-look ASCA observation,
the measured line flux was 2.2+3:2 x 10~* photons cm~2 s~!, with no strong evidence for any variations
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in either the line intensity or in the line profile during the observation. The BeppoSAX observation
measures a somewhat higher flux (at the 3o level) suggesting the possibility of line flux variations.
The lack of significant variability on timescales of about a year suggests that the origin of this narrow
component is in a medium located well outside of the immediate surroundings of the nuclear source (i.e.
not in a putative accretion disk), but does not exclude the region occupied by the warm absorber. The
predicted range of iron ionization states in the warm medium is FeXVI-FeXXI with the associated Ko
line emission ranging in energy from 6.4-6.6 keV. Since the measured line energy excludes much of this
range, it is likely that the bulk of the line equivalent width (which ranges from 82-195 eV during the eight
segments of the observation, depending on the continuum level in each case) derives from less strongly
photoionized material located further from the nucleus than the warm medium identified here. The cold
absorber in this model cannot realistically account for the observed iron Ko flux, since this would require
the cold absorbing material to subtend a full 47 steradians as viewed from the central source and to have
an iron abundance a factor ~3 higher than solar.

In contrast with previous claims suggesting a complex broad iron line structure in NGC 4151 (Yaqoob
et al. 1995; Wang, Zhou & Wang 1999; Wang, Wang & Zhou 2001; Yaqoob et al. 2001), no compelling
evidence to include a relativistically broadened line is present in any of the modelling undertaken in this
work (the best fit intrinsic line width of the “narrow” line in the ASCA data was 110 =+ 20 eV but this may
over estimate the true line width given the SIS calibration uncertainties; Section 3.4.1). The lack of any
variability in the line profile during the observation contrasts with earlier claims of line profile variability
in NGC 4151 on 10* s timescales Wang, Wang & Zhou (2001).

Clearly a very extended broad line profile is easily confused with a continuum form that includes a
non-negligible contribution from Compton reflection and is modified by a complex absorption. If this
continuum is mis-modelled then the complex variable nature of the underlying continuum and the ab-
sorption may easily manifest itself as apparent variability in the broad line profile. The details of the iron
Ka line properties in NGC 4151 are discussed considerably more extensively in Section 3.8, utilizing
newly acquired data from XMM-Newton.

3.5.3 The impact of Compton reflection

The presence of Compton reflection, the form of which is shown in Figure 3.2, has a significant impact
on the X-ray spectrum of NGC 4151 from 4 keV right out to 50-60 keV. The parameters of the Compton
reflection continuum in NGC 4151 are well constrained by a combination of the good signal to noise,
large bandpass, spectra from BeppoSAX, particularly significant is the energy range encompassed by the
PDS instrument. Despite the limited statistics afforded by the PDS instrument, the PDS data are sensitive
to the curvature of the spectrum introduced by a Compton reflection component at energies >10 keV
(Risaliti 2002). A model including Compton reflection provides a significantly improved fit (at >30)
to the PDS spectrum in comparison to a simple power-law model. The origin for the neutral Compton
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reflection continuum lies in Compton-thick material possibly associated with the putative molecular torus
and, in moderate to heavily absorbed Seyferts (Seyfert 1.5’s-Seyferts 2’s), this component is expected
to be a strong contribution [and possibly even the dominant contribution in some sources, e.g Mrk 3
(Chapter 4); NGC 4945 (Chapter 5)] to the hard X-ray spectrum (Risaliti 2002).

The most noticeable effects of Compton reflection on the form of the observed X-ray spectrum are a
significant hardening of the spectrum, particularly at high energies, the introduction of a significant
change of the continuum shape in the 4-10 keV range and the addition of a strong absorption edge at
~7.1 keV associated with neutral iron. Arguably the most significant of these effects is the impact
that the reflection continuum has on the 4-10 keV X-ray spectrum of NGC 4151. The curvature and
variability in this range were previously interpreted as evidence for a relativistically broadened iron Ko
line emission however, the model including a modest Compton reflection component accurately models
this region of the X-ray spectrum. The implication here is that mis-modelling (or indeed the absence of)
the reflection continuum can result in the spurious detection of a feature that appears to be consistent
with a relativistically broadened iron Ko line. Such spurious detections can be avoided with the use of
large bandpass data where the reflection component can be well constrained. I note that while reflection
strongly impacts on the detection of relativistically broadened iron K« lines in more absorbed Seyferts,
in Seyfert 1’s the reflection continuum is, relative to the direct continuum, a smaller contribution to
the X-ray spectrum and, hence, relativistically broadened iron Ko lines detected in these objects (e.g.
MCG-6-30-15; Fabian et al. 2002) are less likely to be spurious detections.

3.5.4 The spectral index versus flux correlation

Previous observations of NGC 4151 with both EXOSAT and Ginga revealed an apparent correlation
between the spectral index measured in the 2-10 keV band and the level of the underlying continuum
(Perola et al. 1986; Yaqoob & Warwick 1991; Yaqoob ez al. 1993). Figure 3.9 shows a conipilation
of measurements from EXOSAT and Ginga (taken from Yaqoob et al. 1993) which suggests that as
the source brightens the photon index steepens, from I'~1.35 to I'~1.7, at which point the correlation
saturates. Yaqoob et al. (1993) also note that the spectral slope changes occur on roughly the same
timescale as the flux variations. However, a perplexing aspect of the spectral index flux correlation
observed in the 2-10 keV bandpass is that the effect is not mirrored in the hard X-ray/soft y-ray regime
(Johnson et al. 1997; Piro et al. 2002).

An underlying assumption of the template spectral model adopted in this chapter is that the spectral index
of the hard power-law continuum in NGC 4151 remains constant (at a value I'~:1.65), as the continuum
flux changes, in apparent contradiction to the correlation noted above. Testing this assumption against
the ASCA observation demonstrates that the ASCA data are broadly consistent with the assumed value of
I'=1.65. However the parameter values are poorly constrained due to the very limited effective bandpass,
and the fact that the values of I" derived are very dependent on the exact details of the applied spectral
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model.

The possibility exits that the spectral index versus relation may actually be a misinterpretation of the
softening of the NGC 4151 spectrum as the source flux increases, bearing in mind that the reported
correlation was established using both proportional counter data with limited spectral resolution and a
simplistic spectral model (a power-law continuum model, modified by a heavy cold absorbing column).
To test this possibility the template spectral model and an appropriate Ginga response were used to simu-
late a set of five Ginga spectra using XSPEC. In this simulation, the normalization of the hard power-law
continuum was increased in steps from 1 to 10x 10~2 photons cm~2 s~1, but with all the other parameter
values, (including the ionization parameter and the flux in the Compton reflection component) frozen
at the values obtained from the BeppoSAX spectral fitting. The simulated 3.5-20 keV Ginga spectra
were then each fitted with the simple absorbed power-law model used to fit the previous Ginga and EX-
OSAT data (Yaqoob & Warwick 1991; Yaqoob et al. 1993). The best-fit photon spectral index, from this
simple model, was measured. The result was a spectral index versus 2-10 keV flux correlation closely
matching the reported correlation (Figure 3.9). Since the simulation did not include any of the complica-
tions associated with the varying ionization parameter of the warm absorber, it follows that the observed
softness vs flux correlation can be induced solely as a result of the presence of a non-varying, spectrally-
hard, Compton reflection component. Clearly, in this scenario, as the direct continuum brightens, the
relative contribution from Compton reflection declines and the overall spectrum softens until eventually
the measured spectral index saturates at the value pertaining to the underlying continuum.

3.6 Conclusions from BeppoSAX and ASCA

There has been much debate as to whether NGC 4151 is simply a very bright, nearby representative
of the broad class of galaxies harbouring luminous Seyfert nuclei or a unique object (Ulrich 2000). In
the X-ray band this uncertainty is due, in large measure, to the heavy, complex and variable absorption
which characterizes the 2-6 keV spectrum of NGC 4151 but which is not observed in the great majority
of well-studied Seyfert galaxies (Mrk 6 is arguably the best known example of a NGC 4151 analogue,
Feldmeier et al. 1999).

This work has so far presented a detailed analysis of two archival observations of NGC 4151, one from
BeppoSAX the other from ASCA, which test the hypothesis that the complex absorption is due to a
combination of warm and cold gas distributed along the line-of-sight to the active Seyfert nucleus in
this source. In this model, the complex spectral variability exhibited by NGC 4151 over timescales
longer than a few days is the product of changes in the source, driven predominantly by the level of the
underlying continuum. This relatively simple model provides a good description of the two datasets in
question and, in fact, gives a reasonable fit to all of the ASCA and BeppoSAX observations from the past
seven years. The key finding is that the warm absorber corresponds to a relatively low density (~10*~5
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Figure 3.9: Measurements of the spectral photon index versus the absorption-corrected 2-10 keV
flux from EXOSAT and Ginga observations, taken from Figure 2 of Yaqoob ez al. (1993). The solid
curve represents the results of a set of simulations in which complex absorption and a constant
Compton reflection component was included along with a power-law continuum with a variable
normalization but fixed slope (i.e. I'=1.65). See Section 3.5.4 for further details.

cm™3) gas, with a column density of ~2x10%3 cm~2 and with ionization parameter in the range log(¢)
~2.4-2.7. Since the equilibration timescale for the dominant ions in the gas is of the same order or
longer than the timescale of the continuum variability, the warm component is invariably observed in
a non-equilibrium ionization state. Non-equilibrium conditions help explain why past studies based on
relatively short observations spaced by weeks, months or years have failed to identify the consistent
signature of a warm absorber in this source.

In a recent paper, Krolik & Kriss (2001) discuss how evaporation from the inner edge of the obscuring
torus in an AGN can give rise to an inhomogeneous photoionized wind in which a broad range of tem-
peratures coexist in equilibrium. Krolik & Kriss go on to suggest that this wind is the origin of the highly
ionized, warm absorbers seen in over half of type 1 Seyfert galaxies. For most Seyfert 1 galaxies the
properties of the warm absorber are inferred from the O VII and O VIII absorption edges, whereas in
NGC 4151 the combination of warm and cold absorbers gives rise to a sharp spectral cut-off below ~2
keV, thus eliminating these features. Nevertheless, as noted earlier, the inferred properties of the warm
component in NGC 4151 are not too far removed from one of the standard cases detailed in Krolik &
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Kriss (2001). It is therefore reasonable to hypothesise that the warm absorber in NGC 4151 originates
in such a multi-temperature wind, but that the unusually complex character of the absorption is due to a
line-of-sight which grazes the top edge of the obscuring torus so as to intercept a substantial column of
both the warm (wind) and cold (torus) components. In essence, in terms of its X-ray absorption prop-
erties, NGC 4151 appears to be intermediate between the Seyfert galaxies in which the absorption, if
present, is predominantly due to the Krolik & Kriss’s multi-temperature wind (type 1 objects) and those
where the cooler material of the obscuring torus dominates (type 2 objects). Recent observations of NGC
3516, another well-known Seyfert 1.5 galaxy, have also revealed that the variability of the X-ray absorp-
tion in this source is the result of an ionized absorber that responds in a complex fashion to changes in
the underlying ionizing continuum (Kraemer et al. 2002). This work also suggests that (i) the reported
hardening of the spectrum of NGC 4151 as the continuum level falls may be simply due to the presence
of an underlying (hard and relatively constant) Compton reflection component and (ii) there is no com-
pelling evidence for a relativistically broadened iron Ke line in NGC 4151, again, due to the presence of
the underlying Compton reflection.

The focus of this chapter now shifts to the analysis of XMM-Newton observations of NGC 4151. With
greatly increased collecting area and spectral resolution over the 2-10 keV range, the XMM-Newton data
is expected to provide a much more stringent test of the validity of the model for NGC 4151 developed
from the ASCA and BeppoSAX analysis. The XMM-Newton data is also likely to reveal subtleties in the
spectral details that were not evident from the previous data.

3.7 The XMM-Newton observations

NGC 4151 was observed by XMM-Newton three times during the period December 21-23, 2000 (orbit
190). In all three observations the EPIC MOS and PN CCD cameras (Turner et al. 2001a; Striider et al.
2001) were operated with the medium filter in place. A brief summary of the XMM-Newton mission and
instrumentation is given in Chapter 2 (for a more detailed discussion see Jansen et al. (2001) and refer-
ences therein). The first observation (~33 ks) was carried out with both CCD systems in Small Window
Mode (SWM), whereas the remaining two observations (~23 ks and ~63 ks respectively) employed Full
Window Mode (FWM). The events recorded in FWM were screened with the XMM-Newton Science
Analysis Software (SAS) version 5.2 to remove known hot pixels and other data flagged as bad (the lat-
est SAS release, now SAS v5.3, was not available at this time). The SWM observations were processed
with a local developers version of the SAS, which included a patch with up-to-date corrections for the
PN charge transfer inefficiency (CTI), prior to the public release of these corrections in SAS v5.3. The
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 examination of the temporal
variation in count rate from the full available field (but excluding the bulk of the NGC 4151 contribution)
in all three observations revealed a single background flaring event during the first observation, which
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Figure 3.10: Upper Panel: The 2-10 keV light-curve from the co-added XMM-
Newton EPIC MOS detectors. The light-curve is binned to a resolution of 500
seconds and covers the three separate observations (indicated by the data gaps).
Lower Panel: The variation of the 2-5 keV/5-10 keV softness ratio during the
observation.

was screened from subsequent analysis. The resulting total effective exposure times were 110 ks and 91
ks for the MOS and PN instruments respectively.

An investigation into the impact of pile-up on the observations showed that the effect was negligible
in almost all cases, largely due to the low flux level of NGC 4151 during the observation period. The
exception to this is the FWM MOS observation, which shows marginal pile-up above 8 keV. The best-fit
spectral parameters and x? values quoted in this paper are for spectral fits in which the MOS FWM data
above 8 keV have been excluded.

3.7.1 The light-curve

A source light-curve was extracted for the MOS cameras from each individual, screened observation.
The source counts were taken from within a 100” x 100” box for the SWM case and a 2’ radius circle for
the FWM observations. Background subtraction was not applied since the background contributes no
more than a few percent to the total signal.

The light-curve (Figure 3.10, Upper Panel) shows slow drifts in the X-ray flux of NGC 4151 on timescales
longer than ~10* s, behaviour which is very characteristic of this source (Yagoob & Warwick 1991;
Yaqoob et al. 1993). The largest flux variation seen was an increase of ~25% over the last ~2x10% s
of the observation. The previous analysis of BeppoSAX and ASCA observations of NGC 4151 revealed
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complex spectral changes associated with long-timescale flux variations (Section 3.4) . However, the
2-5 keV/5-10 keV softness ratio measured during the XMM-Newton observations (Figure 3.10, Lower
Panel) remains fairly constant with just a hint of spectral softening towards the end of the observation,
correlated with the overall flux increase.

3.7.2 The spectral analysis

The lack of significant spectral variability over the course of the three observations (Figure 3.10 Lower
Panel) allows the following spectral analysis to utilise the spectrum averaged over all the observa-
tions without needing to consider the complex spectral variability highlighted by the analysis of the
ASCA long-look observations. The background-subtracted spectrum of NGC 4151 from all the EPIC
instruments, averaged over the three XMM-Newton observations, is used for this analysis. For the MOS
spectra, source counts were extracted from the same source regions that were employed for the light-
curves. In the FWM observations, the background was taken from a region offset from the source but on
the same chip (MOS 1 and 2 cameras). This same background was also used to correct the SWM obser-
vation. For all the MOS observations the total background amounted to less than 3% of the source plus
background count rate. For the PN camera a 2’ radius source cell was used for the FWM observations
with an offset background region located on the same chip as the source. For the SWM observation the
source spectrum was derived from a 4’ x2' box and the background from a similar size region offset from
the source but on the same chip. In this latter case the contamination of the background by the wings
of the source response resulted in a background subtraction amounting to ~8% of the source plus back-
ground count rate. The loss of source flux in the various cases is accounted for both in the spectral fitting
and in the quoted fluxes. For convenience the spectra from the two FWM observations were co-added
to produce a single source spectrum and a single background spectrum for each of the three instruments.
In keeping with the previous analysis, the resulting spectra were binned to a minimum of 20 counts per
spectral channel in order to apply x? minimisation techniques. Here the focus is on the hard X-fay spec-
trum of NGC 4151 and hence the following analysis is restricted to the 2.5-12 keV range. This avoids
any contamination from the soft X-ray emission line spectrum in NGC 4151. The preliminary analysis
of the complex soft X-ray spectrum of NGC 4151, based on the XMM-Newton RGS data (along with a
brief comparison of the RGS spectrum with the EPIC data), is presented in Chapter 6.

The spectral template model, developed to model the previous BeppoSAX and ASCA observations, is
adopted for the analysis of the hard X-ray XMM-Newton EPIC spectra. The model details are described in
Section 3.3. However a single modification has been made for the analysis of the XMM-Newton spectra,
namely the normalisation of the Compton reflection component has been fixed at the same value as the
normalisation of the directly observed power-law continuum (the reflection scaling parameter, R, is left
as a free parameter in the model fits).

To recap, the spectral model requires a total of just six free parameters relating to the continuum and
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Figure 3.11: Upper Panel. The 2.5-12 keV X-ray spectra measured by the
EPIC instruments on XMM-Newton. The MOS data, shown here in black
(MOS 1) and red (MOS 2), are from the SWM observation. The PN data,
shown here in green, are from the FWM observation. In each case, the solid
lines show the best-fit of the spectral template model (Table 3.3; Model A).
Lower Panel: The ratio of the data to the model prediction.

reflection normalisations, the iron Ko: line properties and the ionization state of the warm absorbing
column. In the simultaneous fitting of the SWM and the co-added, FWM EPIC spectra for each detector
(MOS 1, MOS 2, PN), I also employ five scaling factors to allow for the relative instrument calibrations.
The two MOS instruments agree to better than 3% and the PN is within 5% ofboth the MOS instruments.

Although the resulting best-fit was formally unacceptable, with x2=5193 for 4756 degrees of freedom,
the remaining residuals were largely at the few percent level, which is close to the limit of the current
calibration uncertainty. In fact including a 1.5% systematic error to allow for the calibration uncertainties
(S. Sembay, private communication) reduces the x2 to 5049. By way of illustration, Figure 3.11 shows
three of the six available EPIC spectra (for simplicity) along with the overall model and the fitting resid-
uals. The corresponding best-fit parameter values are listed in Table 3.3 as Model A. Again, the quoted
errors are at the 90% confidence level as defined by a A x2=2.71 criterion (i.e., assuming one interesting

parameter).

Remarkably, the spectral template model provides an excellent description of the XMM-Newton spectra
with only minor adjustments to a limited number of free parameters. Given the very high quality of
the EPIC spectra (the PN and the combined MOS 1/2 spectra contain in excess of 340,000 and 240,000
counts in the hard X-ray band, respectively!), it would be surprising if further subtle spectral features
had not to emerge. For example, inspection of the data/model residuals (see Figure 3.11, Lower Panel)

suggests a systematic deficit of counts between 7 and 8 keV. This is interpreted as a need for extra



Table 3.3: The best-fitting spectral parameters

Parameter Model A Model B Units

R 1.9570 T 1.937012

log ¢ 263470903 3 6247590

Ap 1.28%093 131139 1072 photon keV~! cm™2 57!
FXa 6.3931399% 639310003 keV

OKa 0.03973:90%  0.03313.90¢  keV

Ixa 1.324393 1267037  10~* photon cm~2 5!

EX Edge - 711400 keV

TK Edge - 0.1243:05

X2 5049 4859

d-o-f 4756 4754

absorption over and above the current model prediction, which in terms of the spectral modelling requires
the addition of an extra absorption edge, with the edge energy and optical depth as free parameters. Also
at this stage a contribution from iron K3 emission is included; for this purpose a Gaussian line was added
at a rest frame energy of 7.058 keV, with the same intrinsic width as the iron K« line and at 10% of the
Ka intensity (i.e. the appropriate branching ratio).

These modifications to the model result in a significantly improved fit (x2=4859 for 4754 d.o.f)). The
model fit to the data is shown in Figure 3.12 and the best-fitting parameter values for this revised model
are listed as Model B in Table 3.3. The null-hypothesis probability of this latter model (0.14) indicates
that this is a reasonable representation of the spectral data to within the limits of the instrument calibra-
tion.

3.8 Details of the XMM-Newton spectrum

On the basis of the models in Table 3.3, the absorption corrected flux of NGC 4151 measured by XMM-
Newton in December 21-23, 2000 was 5.8x107!! erg s~! (2-10 keV). This is a very faint flux level for
NGC 4151 as judged against previous extensive X-ray monitoring by missions such as EXOSAT, Ginga,-
BeppoSAX and ASCA (Yaqoob et al. 1993; Piro et al. 2002; Schurch & Warwick 2002). A number of
points follow from a detailed comparison of the parameter values in Table 3.3 (Model B) with those
quoted in Tables 3.1 & 3.2. For example, the ionization parameter pertaining to the warm absorbing
medium remains high (log £=2.62) despite the decline in the level of the hard power-law continuum
by almost a factor 4 compared with the January 1999 BeppoSAX observation (Table 3.1). This may
be further evidence for long recombination timescales in the warm absorber. The value of the ioniza-
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Figure 3.12: Upper Panel. The 2.5-12 keV X-ray spectra measured by the
EPIC instruments on XMM-Newton. The MOS data, shown here in black
(MOS 1) and red (MOS 2), are from the SWM observation. The PN data,
shown here in green, are from the FWM observation. In each case, the solid
line shows the best-fitting spectral model (Table 3.3; Model B). Lower Panel
The ratio of the data to the model prediction.

tion parameter derived from the XMM-Newton observation falls at the high end of the range recorded
in the ASCA long-look observation (£=2.48-2.65; Table 3.2), although in the latter case the underly-
ing continuum was a factor of 1.5-4 brighter. The rather high value of the reflection parameter (R«2)
derived from the XMM-Newton spectra, in comparison to that derived from the previous BeppoSAX or
ASCA data, might be explained by the continuum source having recently and/or temporarily entered a
low-flux period. The Compton reflection component however remains high due to the time lag inherent
for a component originating in material relatively distant from the central source of ionizing radiation.
For example, the bulk of the Compton reflection may be produced from the far side of a putative molec-
ular torus in NGC 4151, in which case the response time would be measured in years. The measuredflux
in the Compton reflection signal is a factor of 1.51JJ times higher than observed in the January 1999
BeppoSAX observation; this range encompasses the possibility of little or no change in the Compton
reflection signal over a 2-year interval. The remaining discussion focuses on the iron Kc* features in the
NGC 4151 spectrum.

3.8.1 The iron Ka line profile

The iron Ka emission observed in the EPIC spectra was modelled as a single, “narrow” (see Sec-
tion 3.8.2) Gaussian component. The line energy is consistent with the fluorescence of neutral or near-

neutral iron (taking into account up to 5 eV systematic error in the energy calibration). Including a



second Gaussian line component (Yaqoob e? al. 2001) with a significantly broader profile (e.g. 0~0.2
keV) does not improve the overall fit; the upper limit on the flux in a such a component is 1.0x1079
photons cm~2 s~1. Replacing the narrow line in the best-fit model with the line emission expected from
an accretion disk (the disk-line model in XSPEC, Fabian et al. 1989) results in a similar x? to that
obtained with a narrow line. However, in this case the derived inner radius of the accretion disk is rj,
~1000r, which results in a disk-line profile closely resembling a Gaussian narrow line. In summary,
the high significance XMM-Newton spectra reveal only a narrow iron Ko line with no evidence for the
presence of a strong relativistically broadened iron Ko feature. This is contrary to the earlier conclusions
of Yaqoob ez al. (1995), Wang, Zhou & Wang (1999) and Wang, Wang & Zhou (2001), who on the basis
of ASCA spectra identified broad iron Ka features in the NGC 4151 spectrum. Recall that the presence
of a broad line was not required in the spectral modelling of the final ASCA long-look observation of
NGC 4151 (Section 3.5.2; Takahashi, Inoue & Dotani 2002). It remains possible that a relativistically
broadened line appears in the X-ray spectrum of NGC 4151 only intermittently or for particular states
of the source. Further monitoring of NGC 4151 with XMM-Newton and Chandra should help clarify
whether this is the case.

3.8.2 Theiron Ko line flux

2 5~1, significantly lower than

The measured flux in the narrow iron K« line is ~1.3x10~* photons cm™
the line fluxes measured in earlier ASCA, BeppoSAX and Ginga observations, where the line flux was
more typically ~2.2x10~% photons cm~2 s~1; (Section 3.5.2; Yaqoob & Warwick 1991; Yaqoob et al.
1993). The present measurement is also somewhat lower than that reported in recent Chandra observa-
tions (1.8F3-2 x 10~* photons cm~2 s~1; Ogle et al. 2000). Ogle et al. (2000) state that Chandra spatially
resolves 651+9% of the iron line emission, placing its origin in the ENLR at a distances of up to ~500
pc from the continuum source. Thus an iron Ke line flux of up to 1.2x10~4 photons cm~2 s~ could be
attributable to the ENLR, a value very comparable to that measured in the current XMM-Newton obser-
vations. The implication is that a component of the iron K« line produced close to the central engine in
NGC 4151 almost completely disappeared over the ~10 month time interval between the Chandra and
XMM-Newton observations.

However, the spatial line properties are not well determined by the Chandra HETG observation anal-
ysed by Ogle et al. (2000) and the above scenario may not remain valid if it turns out that Ogle et al.
(2000) have not determined the line properties correctly (a recent re-analysis of the Chandra HETG data
tentatively suggests that Ogle et al. 2000 may have overestimated the spatially resolved fraction of the
iron Ko line emission; T. Yaqoob. private communication). If all the iron Ko line flux does originate
close to the central engine, the line flux from this vicinity would only need to decrease by ~35% be-
tween the XMM-Newton and Chandra observations. The decrease in line flux observed between the
BeppoSAX and XMM-Newton observations is in marked contrast with the behaviour of the Compton
reflection component, which remains at a similar flux-level or, if anything, is slightly stronger in the
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XMM-Newton observation than it was in the BeppoSAX observation. This decoupling of the iron Ko
and the reflection continuum suggests that at least part of the iron Ko line is formed in optically-thin,
cool clouds located within about a light year of the central source. In this setting the decline of the iron
Ka line flux presumably coincides with the central source entering a fairly prolonged low flux period,
sampled only latterly by the XMM-Newton observations.

The variability constraints suggest that a significant component of the iron Ko line may be associated
with the complex absorbing medium, including the warm absorber. In Section 3.5.2 I note that the
predicted range of iron ionization states in the warm medium, determined from a long-look ASCA ob-
servation, is FeXVI-FeXXI (for which the associated Ko line energy is 6.4-6.6 keV). The line energy
measured by ASCA (Exo=6.39510:012 keV), excludes much of this range and it was concluded that the
bulk of the line flux derives from less strongly photoionized material located further from the nucleus
than the warm medium. Comparison of the ASCA results with the present XMM-Newton observations
suggests that the narrow iron Ko line may typically be composed of a relatively constant component
amounting to ~1.2x10~* photons cm~2 s~! plus a more variable component of comparable magnitude.
Clearly the XMM-Newton measurements relate predominantly to the former. The line equivalent width
(~175 eV referenced to the observed power-law but ~60 eV for a more typical continuum level) and
energy derived from the XMM-Newton observations are consistent with an origin for the constant line
component in a neutral or lightly photoionized medium located outside the immediate proximity of the
nucleus i.e. r>1 pc (although I note that the line energy does not require the material in which the line
originated to be ionized). On the other hand the variable line emission component may still be associated
with the warm absorbing medium provided the dominant ionization state is closer to FeXVI than FeXXI
(which could apply if the line-of-sight samples the low end of the ionization distribution in the warm
medium). The typical equivalent width of ~50 eV for the variable component coupled with the estimate,
NH warm~2x10?® cm~2, then implies that the warm medium subtends an angle of ~m/A, steradians
as viewed from the central source, where A, is the iron abundance relative to solar abundance.

3.8.3 The intrinsic width of the narrow iron Ko line

The global best-fit to the XMM-Newton data is obtained for an intrinsic line width for the “narrow”
iron Ko line of oKa=33“_Lg eV. However, continuing uncertainties in the CTI corrections for the current
EPIC response matrices will impact on this measurement. An analysis restricted to the to the EPIC
MOS spectra provides a good check on the value of the line width, despite the marginally worse spectral
resolution at 6.4 keV, since the calibration is relatively better known for the MOS cameras compared with
the PN camera. This analysis used epoch-specific response matrices, incorporating a time dependent CTI
corrections (S. Sembay, private communication) and yielded an intrinsic line width of aKa=51“'_'; eV
(Note: instrument response matrices with a non-standard 1 eV energy scale were used for this analysis).
By way of comparison the effective MOS instrument resolution at the observation epoch was c~70 eV
(FWHM~165 eV).
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At face value the EPIC spectra suggest an intrinsic width of between 3000-6000 km s~ (FWHM) for
the iron Ko line. In contrast, Ogle ef al. (2000) report, on the basis of the Chandra HETG observations,
that “the narrow core of this line is unresolved, with FWHM=1800120) km s~!”. Clearly this cautions
against over-interpreting the EPIC line widths, particularly since the measurements are close to the limit
of the present calibration. However, as noted in the previous section, the line properties are not well
constrained from the Chandra observation due to the low throughput of the Chandra HETG (Yaqoob
private communication) and it is possible that improved Chandra observations may confirm the line
width measured by XMM-Newton.

What might be the origin of such line broadening, if confirmed? One consideration is that the iron Ko
line is in fact a doublet with components at 6.404 (Ka) and 6.391 (Koz) keV. However, modelling
the iron Ko emission feature with two Gaussian components with a fixed 13 eV energy separation and
flux ratio of 2:1 respectively (as per the branching ratio) has little impact on the observed line width.
A further possibility is that the Ko line appears broadened because it represents a blend of lines from
a range of ionization states. However, the measured line energy is fully consistent with that of neutral
iron at 6.400 keV (representing the centroid of the Ka; and Kay components) and adding non-neutral
line components fails to replicate the low-energy wing of the line. Finally the line broadening could be
due to Doppler shifts, which would place the origin of the Ko line observed by XMM-Newton squarely
in the Broad Line Region of the galaxy. Unfortunately this description is then at odds with the previous
suggestion that the relatively constant component of the line emission (observed by XMM-Newton) may
originate in lightly photoionized matter beyond ~1 pc from the nucleus.

3.8.4 The deep iron edge - a clue to iron over abundance.

The best-fit spectral model includes iron edge features imprinted on the direct continuum by the neutral
and warm absorbers and the Compton reflection component, with solar metal abundances are assumed
in each case. However, as detailed earlier, the high signal-to-noise EPIC spectra require the inclusion
of additional absorption above 7 keV suggestive of an overabundance of iron in the absorbing and/or
reflecting media.

The derived energy of the additional absorption edge is consistent with absorption by neutral iron (with
the upper limit of 7.13 eV, including a systematic uncertainty of 5 eV, formally excluding even Fe II). This
rules out an association of the excess absorption with the warm absorber, for which the predicted range
of edge energies is 7.8-8.3 keV (FeXVI-FeXXI). The observed optical depth in the edge (7x,Eqge~0.12)
can be interpreted as being due to an extra-solar abundance of iron in the cold absorber and if so this re-
sults in an iron overabundance of ~3.6, whereas its association with the Compton-reflector would imply
Arpe~2.3. Alternatively, allowing an overabundance in both the cold absorber and the reflector results in
an iron overabundance of ~2. Previous studies have also reported evidence for an overabundance of iron
in NGC 4151, for example Yaqoob et al. (1993) quote a canonical value of Ag~2.5 times solar, based
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on the average of many Ginga measurements.

3.9 Conclusions from XMM-Newton

Recent observations with the EPIC cameras on XMM-Newton have provided a very high signal-to-noise
measurement of the hard (2.5-12 keV) X-ray spectrum of the archetypal Seyfert galaxy NGC 4151.
Remarkably, the spectral template model developed in Section 3.3 and fit to previous BeppoSAX and
ASCA observations, also provides an excellent description of the XMM-Newton data, with only minor
modifications.

This supports the view that the complex spectral variability exhibited by NGC 4151 over timescales
longer than a few days is the product of changes in the source, driven predominantly by the level of
the underlying continuum. The ingredients of the spectral model are surprisingly simple. An under-
lying power-law continuum is absorbed below ~5 keV by a combination of warm and cold gas along
the line-of-sight but supplemented at higher energy by Compton reflection. The parameters specifying
the continuum slope, the column densities and the Compton reflection flux remain essentially constant.
There is no requirement for a relativistically broadened iron Ko line feature, but the intensity of the
narrow component definitely varies on long (years) timescales. There is also a strong hint for twice-solar
iron abundance in either the cold absorbing and/or reflecting media.

Further development of this picture of the hard X-ray properties of NGC 4151 will be possible through fu-
ture approved XMM-Newton observations aimed at monitoring spectral changes in the 2.5-12 keV band.
With the addition of a simultaneous INTEGRAL observation it will be possible to test the assumption
that it is the level of the broad-band hard X-ray continuum which governs such changes.
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Chapter 4

The hard X-ray spectra of Markarian 3
and NGC 7582

4.1 Overview: Increasing the absorption.

This chapter focuses on the analysis of the hard (2.5-10 keV) X-ray spectra of NGC 7582 and Markarian
3 (hereafter Mrk 3).

The most recent BeppoSAX observation of NGC 7582 (Turner et al. 2000) revealed a hard X-ray spec-
trum that was similar to the hard X-ray spectrum of NGC 4151 discussed in the previous chapter. The
recent XMM-Newton observation of NGC 7582, however, tells a somewhat different story. The XMM-
Newton EPIC spectra require a flatter spectrum with considerably heavier (~8x 102 cm~2) absorption
and strong iron features. The major spectral differences between these two observations (and other previ-
ous observations with ASCA and ROSAT) are interpreted as the result of a highly, albeit slowly, variable
absorbing column density impinging on the central AGN continuum. When the column density is rel-
atively low the source spectrum is similar to that of NGC 4151 (aithough there is no evidence for any
ionized absorption in this source). However, as the column density increases the hard X-ray spectrum
becomes increasingly dominated by Compton reflection. The iron edge feature observed in the X-ray
spectrum of NGC 7582 provides evidence for mild ionization of the reflecting material, although the
inferred ionization state of the iron in the Compton reflection component (Fe III) is not sufficiently high
to cause the associated iron Ko line emission to be distinguishable from that of cold, neutral iron. The
absorbing column density in NGC 7582, even at its highest observed value, is significantly smaller than
the absorbing column observed in Mrk 3. The XMM-Newton observation of Mrk 3 reveals an extremely
flat hard X-ray spectrum, imprinted with prominent iron features. Previous X-ray spectral studies with
BeppoSAX and ASCA revealed Mrk 3 to be a heavily absorbed source that, in the 2-10 keV range, may
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be dominated by Compton reflection (Cappi et al. 1999). The analysis of the XMM-Newton data con-
firms both the dominance of Compton reflection and the very heavy absorption (~10?* cm™2) of the
underlying continuum. No evidence was found for the partial photoionization of either the absorption
or Compton reflection components in Mrk 3, rather, both the absorption and the Compton reflection

component arise in neutral material.

This chapter is organised as follows. Section 4.2 focuses on NGC 7582. Section 4.2.1 presents the details
of the XMM-Newton EPIC and Chandra observations. Section 4.2.2 discusses the EPIC light-curve and
the possible impact of a variable absorbing column on the hard X-ray spectrum. Detailed modelling of
the XMM-Newton data is described in Section 4.2.3, focusing on the effect of the variable continuum
and the ionization of the Compton reflection component. Section 4.3 deals with Mrk 3. Section 4.3.1
presents the details of the XMM-Newton EPIC observation of Mrk 3 and the spectral modelling of the
EPIC data, focusing on the impact of the increased absorption on the X-ray spectrum, is described in
Section 4.3.2. Finally, Section 4.4 discusses the implications of the results from Mrk 3 and NGC 7582
in the context of AGN unified models and the similarities between these sources and NGC 4151.

4.2 NGC 7582

NGC 7582 is a nearby (z=0.0053) Seyfert 2 galaxy observable from the southern hemisphere. It is one
of four galaxies that form the Grus Quartet (Xue et al. 1999). Optically classified as Seyfert 2 galaxy, X-
rays studies have shown NGC 7582 to be the brightest “Narrow-Line X-ray Galaxy” (hereafter NLXG)
in the sky (Schachter et al. 1998). With optical line widths of less than 200 km s~! and no discernible
broad features (particularly an absence of broad He), it is the most likely of the NLXG’s to be star-
burst, rather than AGN, dominated (Moorwood & Oliva 1990; Wilson & Nath 1990). Previous X-ray
studies of NGC 7582 have failed to unambiguously resolve whether NGC 7582 is starburst or AGN
dominated (Turner et al. 1997a; Warwick et al. 1993), largely due to a high level of nearby source con-
fusion (specifically the cluster Abell S1101, 53' away, the BL Lac object PKS 2316-423 17’ away, and
an undefined source 2’ to the NE). However, the analysis of an observation with ASCA, in conjunction
with an observation from the ROSAT HRI, eliminated much of the source confusion and revealed a flat
X-ray spectrum that displays considerable rapid variability in the 3-8 keV band, clearly demonstrating
that NGC 7582 harbours an AGN (Schachter et al. 1998). The soft X-ray flux remained constant during
the ASCA observation, prompting Schachter et al. (1998) to suggest the soft X-ray emission is either
starburst in origin or, more likely, that it is the result of the reprocessing of its nuclear continuum (elec-
tron scattering, emission from photoionized material or emission associated with Compton reflection) in
distant material. The soft X-ray light-curve from the ASCA observation analysed by Turner et al. (1997a)
demonstrates considerable variability, however they note that the light-curve is difficult to interpret due
to the number of bright, nearby, confusing sources in their ASCA observation. The subsequent observa-
tion of NGC 7582 by BeppoSAX in 1999 proved to be somewhat more successful in modelling the X-ray
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Figure 4.1: Logarithmically scaled, smoothed XMM-Newton 0.3-10.0 keV X-ray image. The
image is 5' on a side centred on RA: 23 18 29.45, Dec: -42 23 0.0. The image is smoothed with a
2" Gaussian kernel.

spectrum and provided even stronger evidence for the presence of an AGN, through its high energy PDS
data (Turner et al. 2000). The 13-60 keV light-curve displayed considerable rapid variability (factor of
2 changes on ~15 ks timescales) that was correlated with the variability in the 5-10 keV band, clearly
demonstrating the presence of the AGN in NGC 7582. In modelling the X-ray spectrum, Turner et al.
(2000) conclude that a partial covering absorption model provided the best description of the hard X-ray
spectrum of NGC 7582, despite a Compton reflection dominated model providing a marginally better
fit to the data. A comparison of the level of absorption observed by BeppoSAX to that observed in the
earlier ASCA observation revealed considerable column density variations (by ~7 x 1022 cm-2) between

the two observations.

Despite the success of the ASCA and BeppoSAX observations in confirming the presence of an AGN
in NGC 7582, the detailed properties of the AGN are poorly constrained by the current observations.
Specifically, the detailed nature of the X-ray continuum, the heavy absorption that impinges upon it and
the possible presence of a Compton reflection component are not well constrained (Xue et al. 1999;
Schachter et al. 1998; Turner et al. 2000). Iron reprocessing features (a neutral Ko; line and edge) were
detected in both the ASCA and BeppoSAX spectra. Unfortunately, Xue et al. (1999) suggest that the
detected properties of the iron features in NGC 7582 do not necessarily help constrain the properties of

the absorption, continuum or the Compton reflection.
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4.2.1 The XMM-Newton and Chandra observations

The XMM-Newton observation

NGC 7582 was observed with XMM-Newton on May 25*, 2001 (orbit 267), for a total of ~23 ks. The
source was positioned on-axis in both the EPIC MOS and PN cameras (Turner et al. 2001b; Striider et al.
2001) with the medium filter in place. The EPIC cameras were operated in Full Window Mode (FWM)
for the full duration of the observation. The data were screened with the public release of the XMM-
Newton SAS v5.3 standard processing chains, to remove known hot pixels and columns. The data were
processed with the latest CCD gain values and only X-ray events flagged as good and corresponding to
patterns 0-12 in the MOS cameras and pattern 0-4 events in the PN camera were used to create the source
light-curves, images and spectra. Investigation of the full field count rate for the observation revealed no
significant flaring events, allowing the use of the full observation in the following analysis and resulting
in effective total exposure times of 22.5 and 18 ks for the MOS and PN instruments respectively. A
full field XMM-Newton image (Figure 4.1) highlights the complex nature of this field, including several
nearby discrete sources and prominent extension and structure associated with the central X-ray emis-
sion. Imaging analysis from a recent unpublished Chandra observation of NGC 7582 (brief details of the
observation and imaging analysis are given below) was used to investigate the source confusion issues
and to assess the nature and impact of the “extended” emission apparent in the XMM-Newton images.

The Chandra observation and imaging analysis

NGC 7582 was observed with Chandra twice, on October 14** and 15", 2000 for a combined total
duration of ~20 ks. NGC 7582 was positioned at the primary focus of the Advanced CCD Imaging
Spectrometer ‘Spectroscopy array’ (ACIS-S) without the gratings in place. The data were pipeline pro-
cessed by the The Chandra X-ray Center (CXC), and were obtained from the Chandra data archive via
HEASARCYH. Images were extracted from the pipeline processed events file in the bands 0.3-1, 1-2, 2-5
and 5-10 keV from the central on-axis region of the observation. The individual images were adaptively
smoothed using the csmooth task within the Chandra Interactive Analysis of Observations (CIAO) v2.1
software system. The 0.3-1 keV image (Figure 4.2; Left Panel) highlights the complexity of the field,
showing the dominant central AGN along with several nearby point sources. Along with considerable
low surface brightness extended emission the image displays prominent, bright, extended emission to the
W and SW of the source. This emission is unresolved but it is likely to be caused by point sources in
the vicinity of the nucleus of NGC 7582. Fortunately, the source confusion evident in the Chandra soft
X-ray image is not mirrored in the slightly harder 1-2 keV band image (Figure 4.2; Right Panel), effec-
tively eliminating source confusion as a problem for the spectral analysis of the central source, provided
that the analysis is restricted to energies above ~1 keV.

thttp:/heasarc.gsfc.nasa.gov/
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Figure 4.2: Logarithmically scaled, adaptively smoothed Chandra X-ray images. The images are
2.5' on a side centred on RA: 23 18 29.45, Dec: -42 23 0.0. The images are adaptively smoothed
with a Gaussian kernel with a minimum signal-to-noise of 2¢r and a maximum signal-to-noise of
S5a. Left Panel: 0.3-1 keV Image. The image clearly displays the central source along with several
nearby point sources. The extension to the west and southwest of the source is unresolved and is
likely to be caused by point sources near the nucleus of NGC 7582. Right Panel: 1-2 keV image.
The image clearly displays the increasing dominance of the central source along with only two
remaining nearby point sources to the NE of the central source.

4.2.2 The light-curve

Following the confirmation from the Chandra observation of the relatively uncontaminated nature of
the central AGN source above ~1 keV, XMM-Newton EPIC source light-curves were extracted from a
circular region of 40" radius [chosen to avoid including the bright off-nuclear source seen to the NE
of the nucleus in the 1-2 keV Chandra image (Figure 4.2; Right Panel)]. The light-curves were not
background corrected because an investigation of the background level during the observation revealed
no significant flaring episodes and the total background contribution to the light-curves is less than 3%
of the total source counts. The 2-10 keV light-curve (Figure 4.3; Upper Panel) shows extremely rapid
large scale variability, the most rapid period of which sees the source flux increase by ~701*0% in
a period of ~400 seconds! Similar scale rapid variability is seen across the entire 25 ks light-curve.
As well as marked short timescale variability, the 2-10 keV light-curve also displays longer timescale
variability with the mean flux falling by ~20% over the duration of the observation. An investigation
into any associated spectral variability revealed that the 2-5 keV band is somewhat less variable than the
5-10 keV band (testing the 2-5 keV light-curve against a constant value yielded a x ied="-" whereas
a Xred=1-35 was measured for 5-10 keV band). The 2-5 keV band shows significant short timescale
variability, demonstrated by the 2-5 keV/5-10 keV softness ratio (Figure 4.3; Lower Panel), but remains

relatively constant on long timescales (testing the softness ratio against an average constant value yielded
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Figure 4.3: Upper Panel The 2-10 keV X-ray count rate light-curve from the co-added XMM-
Newton EPIC MOS detectors (200s bins). Lower Panel The variability of the 2-5 keV/5-10 keV
X-ray softness ratio during the observation (200s bins).

a x2,;=0.91). The short timescale variability implies that a significant fraction of the underlying X-ray
continuum is present below 5 keV.

4.2.3 The spectral analysis

Source spectra for NGC 7582 were extracted from the same region as the light-curves (a circular region
of 40" radius, centred on the central source). Corresponding background information was extracted from
a distant, source-free, region (with the same physical dimensions) located on the same chip. Appropriate
spectral response matrices and ancillary response files were created with the SAS tasks rmfgen and
arfgen. As elsewhere in this work, the source spectra were grouped to give a minimum of 20 counts per
bin to allow the use of x? minimisation techniques. Figure 4.4 shows the full-band XMM-Newton EPIC
spectra of NGC 7582. The details of the soft (0.3-2.5 keV) spectrum of NGC 7582 are not discussed in
this work, due to the considerable contamination of the soft X-ray emission by the numerous nearby soft
X-ray point sources identified by Chandra. The remainder of this chapter is restricted to the analysis of
the hard X-ray spectrum of NGC 7582.

The 2.5-10 keV spectrum shows only a small degree of curvature between 2.5 and 6 keV, and above 6 keV
it is dominated by reprocessed continuum emission features; namely a strong iron Ko fluorescence line
and a correspondingly strong iron K absorption edge. NGC 7582 was initially modelled in a very similar
fashion to the spectral modelling of NGC 4151 described in chapter 3. The model consists of a heavily
absorbed power-law continuum, a neutral Compton reflection component and a Gaussian emission line
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Figure 4.4: The XMM-Newton EPIC co-added MOS (black and red) and single PN (green) spectra
of NGC 7582.

to represent the strong iron Ken line in the spectrum. In contrast to the modelling of NGC 4151, the
absorption employed here is not a mixture of ionized and cold gas, but instead originates entirely in cold
(i.e. neutral) material. The column density for the absorption is a free parameter in the model and was
initially set at the value previously reported for NGC 7582 (1.24x 1023 cm-2 ; Bassani et al. 1999), which
suggests that significant continuum emission is present in the spectrum down to below 5 keV (in keeping
with the conclusions drawn from the 2-5 keV light-curve variability). The photon index of the power-
law continuum is a free parameter in the model fits, despite the available BeppoSAX data, because the
previous analysis of the BeppoSAX data does not account for a Compton reflection component (Turner
et al. 2000). The cut-off energy of the hard power-law was fixed at 100 keV and the properties of the
neutral Compton reflection component were tied to those of the observed hard power-law continuum.
Similar to the analysis of NGC 4151, cos i was fixed at 0.5 and the metal abundance in the reflector was
fixed at the solar value. This model provides an excellent fit to the XMM-Newton EPIC spectra (x2=369
for 357 d.o.f); the model parameters are given in Table 4.1 (Model A) and the fit is shown in Figure 4.5.

Despite the excellent overall fit that this model provides to the XMM-Newton EPIC spectra, the data/model
ratios around 7 keV suggest that the spectrum around this energy is not particularly well modelled. The
most prominent spectral feature in this region is the iron K absorption edge and the systematic under-
prediction of the data by the model suggests that the iron edges currently included in the model (from
the neutral Compton reflection and the cold absorption) are at a lower energy than the edge present in the
data. There are several possible explanations for this discrepancy, the most plausible of which is that the
reflecting material is mildly ionized. This hypothesis was tested by replacing the neutral Compton reflec-

tion component in the model with ionized Compton reflection (using the pexriv model in XSPEC). The
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Figure 4.5: The hard X-ray MOS (black and red) and PN (green) spectra of NGC 7582 fit with the
initial spectral model (Table 4.1 - Model A ). The lower panel shows the data/model ratios.

Table 4.1: NGC 7582 Best-fit model parameters
Parameter  Model A Model B

NH 1.70+0.73 &.09¢°0f0 x1023 cm 2

r % 2400

APL 1904043 isfiit2? x10-2 photons s-1 cm-2 keV-1
R VRGE resvan

log(o - 0.26£8;21

EKa 6.455+8;%1] 8?{? 70'9)5’ keV

&Ka 0.053° 0.053° keV

iKa %ﬁfﬁ?'}ﬁ ilyQZi?.%g x10-5 photons s-1 cm-2

X2 369 354

d-o-f 357 356

° Upper Limit
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Figure 4.6: The hard X-ray MOS (black and red) and PN (green) spectra of NGC 7582 best-fit
with the spectral model including emission from ionized Compton reflection (Table 4.1 - Model
B). The lower panel shows the data/model ratios.

ionized Compton reflection model has two extra parameters that were not present in the neutral Comp-
ton reflection model, the “disk” temperature and the ionization parameter. The ionization parameter is
defined in the same fashion as the ionization parameter of the warm absorber detailed in Equation 3.1
(Section 3.3). The temperature of the emitting material (i.e. “disk” temperature parameter) was fixed
at a value of 3x104 K, while the ionization parameter was a free component in the fit. The remaining
model parameters for the ionized Compton reflection model were tied to the hard continuum power-law
in the same fashion as the neutral Compton reflection component described above. Fitting this model
yielded an improvement in the fit at almost the 4a level (Ax2=15 for 1degree of freedom, which results
in a significance for the improvement 0£99.98% according to the FTEST). The model parameters for the
ionized reflection model are given in Table 4.1 (Model B) and the fit is shown in Figure 4.6. It is also
plausible that a contribution to the residuals around this energy is due to the presence of iron K/3 line
emission. The impact of iron K/3 on the fit was assessed by the addition of a Gaussian emission line to
the model, in the correct ratio for the K/3 line relative to the Kc* line emission (10%) and with the correct
rest-frame line energy and the line width fixed at the line width of the iron Ka line. The addition of the
iron K/3 emission line did not improve the fit significantly and is not required by the data, however the

model including the iron K/3 emission line is consistent with the data.



4.3 Markarian 3

Markarian 3 is best known as one of a small subset of Seyfert 2 galaxies [along with NGC 1068 (An-
tonucci & Miller 1985), Mrk 348 and Mrk 463E (Miller & Goodrich 1990)] that display broad emission
lines in polarised light. This was the first evidence for a “hidden Seyfert 1 nucleus” in Seyfert 2 galax-
ies, a discovery that revived the long-standing hope that the two classes of AGN could be unified. The
discovery of bi-conical [O IIT] emission with HST (Pogge & De Robertis 1993) and the existence of per-
pendicular, highly collimated, bipolar radio jets (Kukula et al. 1993) is convincing evidence for Seyfert
activity in the nucleus of Mrk 3. Mrk 3 also provided some of the earliest X-ray spectral evidence
for the hidden Seyfert 1 nuclei in Seyfert 2’s. Mrk 3 was observed with Ginga in 1989 (Awaki et al.
1990), and this revealed a flat (I'=1.3+0.3), hard X-ray spectrum, a strong iron Ko emission line, and
the largest X-ray absorbing column density ever observed for a Seyfert galaxy at that time (673 x 10?3
cm™2). The detection of such heavy absorption in a Seyfert 2 is consistent with the broad lines found in
polarisation studies and can explain the weak detections (or often only upper limits) on the soft X-ray
fluxes of Seyfert 2s in EINSTEIN observations. Following these analyses Mrk 3 has been the subject
of extensive study with all the major X-ray satellites (ROSAT - Griffiths et al. 1998; ASCA - Iwasawa
et al. 1994; BeppoSAX - Cappi et al. 1999; RXTE - Georgantopoulos et al. 1999; Chandra - Sako et al.
2000) which has revealed a broad-band X-ray spectrum that is a complex mixture of heavy absorption,
Compton reflection, strong iron features, and a multitude of soft X-ray emission lines.

One of the most puzzling aspects of the X-ray study of Mrk 3 is the anomalously flat nature of its 3-10
keV spectrum. Modelling of the 3-10 keV spectrum alone highlights the strong impact that the input
spectral slope of the X-ray continuum has a on the measured absorbing column density. The very hard
(>10 keV) intrinsic X-ray to «y-ray continuum of Mrk 3, similar to the continuum described in NGC
4151 (Sections 2.4.3 & 3.2) has been tightly constrained by previous modelling of the BeppoSAX PDS
data (Cappi et al. 1999). The underlying hard X-ray continuum has a best-fit photon index of I'=1.8,
in contrast with the flat slope measured from the Ginga observation, but consistent with the “average”
continuum spectrum observed in Seyfert 1 galaxies (Nandra & Pounds 1994). To reconcile the 13-60
keV continuum slope with the flat spectrum observed in the 3-10 keV band, the continuum must be
extremely heavily absorbed (~10?* cm~2) and have little impact on the spectrum below ~7 keV (Cappi
et al. 1999). Instead the flat continuum slope observed by ASCA and BeppoSAX in the 2.5-10 keV range
is interpreted as the result of either a partial coverer (several different levels of absorption each partially
covering the source) or strong Compton reflection (Turner et al. 1997b). Neither the BeppoSAX, or the
ASCA data are of sufficient quality to strongly distinguish between these two models (Cappi ef al. 1999,
Griffiths et al. 1998), although the data are marginally better fit by a Compton reflection dominated
model than a partial covering model. A recent observation of Mrk 3 with the Chandra HETG provided
the highest resolution observation of Mrk 3 yet and showed a flat hard X-ray spectrum that, above ~6
keV, is dominated by a strong, near neutral, iron Ko line and a prominent iron K edge (Sako et al. 2000).
This broad spectrum is interpreted as a reflection dominated continuum however, the limited statistical
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Figure 4.7: Upper Panel The background subtracted XMM-Newton EPIC MOS light-curve of Mrk
3. Lower Panel The XMM-Newton EPIC MOS light-curve from a source free (i.e. background)
region with the same dimensions and on the same chip as the source extraction cell. In both
light-curves, the individual MOS detectors have been co-added for simplicity.
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quality of the data prevents the properties of both the Compton reflection component and the absorbed
power-law from being well constrained.

4.3.1 The XMM-Newton observations

Markarian 3 was observed with XMM-Newton twice on October 10", 2000 (orbit 158), for a total of
~100 ks. Mrk 3 was positioned on-axis in both the EPIC MOS and PN cameras (Turner et al. 2001b;
Striider et al. 2001) with the medium filter in place. Both the observations were performed in FWM for
all the instruments. The events were screened with the public release of the XMM-Newton SAS v5.3
standard processing chains, to remove known hot pixels and columns. The data were processed with the
latest CCD gain values and only X-ray events flagged as good and corresponding to patterns 0-12 in the
MOS cameras and pattern 0-4 events in the PN camera were used to create the light-curves, images and
spectra. The PN camera encountered problems during the first of the two observations, preventing the PN
data from this period being processed. Investigation of the full field count rate in the MOS cameras for
the observations revealed some relatively low significance flaring events during both of the observations.

Source light-curves and spectra were extracted from a circular region of 1.3’ radius centred on the source
(chosen to avoid including a nearby X-ray source) and corresponding background information was ex-
tracted from a source free region of the same dimensions located on the same chip. The MOS instru-
ments were co-added to simplify the analysis of the source and background light-curves. None of the
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Figure 4.8: The XMM-Newton EPIC MOS (black and red) and single PN (green) spectra of Mrk
3. The spectra here are co-added from both observations of Mrk 3.

background flaring events contribute more than an additional 0.4 c/s to the total co-added MOS count
rate within the source extraction region (~2/3 of the source count rate; Figure 4.7 Lower Panel). For-
tunately, the background flaring events are well represented in the background extraction region and the
subtraction of the background light-curve from the source light-curve is extremely effective at remov-
ing the effects of the flaring events from the source data. The background subtracted, co-added MOS,
light-curve is shown in Figure 4.7 (Upper Panel) and clearly displays the remarkable constancy of the
X-ray flux during this long observation. The successful background subtraction allows the entirety of
both observations to be used for the spectral analysis, resulting in effective total exposure times of 101
ks and 53 ks for the MOS and PN instruments respectively. Appropriate spectral response matrices and
ancillary response files were created with the SAS tasks rmfgen and arfgen. The spectral background
subtraction removes between 8-10% of the total counts from the source spectra in the MOS instruments,
and ~13% from the PN. Again, the source spectra were grouped to give a minimum of 20 counts per bin

to allow the use of x2 minimisation techniques.

4.3.2 The spectral analysis

Figure 4.8 shows the full-band XMM-Newton EPIC spectra of Mrk 3. The soft (0.3-2.5 keV) spectrum
of Mrk 3 is known to be composed of a multitude of X-ray emission lines (Sako et al. 2000), and the
details of the Chandra grating spectrum are compared with the RGS spectrum of NGC 4151 in chapter
6. The XMM-Newton RGS and soft X-ray EPIC spectra are not discussed in this thesis and the remainder
of this chapter is restricted to the analysis of the hard X-ray spectrum of Mrk 3.
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Figure 4.9: The hard X-ray MOS (black and red) and PN (green) spectra of Mrk 3 best-fit with the
initial spectral model. The lower panel shows the data/model ratios.

The 2.5-10 keV X-ray spectrum of Mrk 3 shows a qualitatively similar spectral form to that of NGC

7582 during the latter’s recent XMM-Newton observation. The spectrum is extremely flat with similar
strong neutral iron emission line and absorption edge features. The large iron line coupled with the

flat spectrum between 2.5 and ¢ keV is indicative of a Compton reflection dominated spectrum. This

interpretation for the hard X-ray spectrum of Mrk 3 was previously suggested on the basis of 4SCA and
BeppoSAX data (Cappi etal. 1999; Griffiths etal. 1998; Turner etal. 1997b) and the XMM-Newton EPIC
spectra presented here are modelled after the same fashion. The initial spectral model is the same as that
used to model NGC 7582 and, to recap, consists of a heavily absorbed power-law continuum, unabsorbed
neutral Compton reflection and a Gaussian emission line to represent the strong iron Kc* line. In this
analysis the photon index of the power-law continuum was fixed at T=1.79 and the cut-off energy of
the hard power-law was fixed at 200 keV based on the analysis of the BeppoSAX observation of Mrk
3 by Cappi et al (1999) (which included a Compton reflection component). In similar fashion to the
analysis of NGC 4151 and NGC 7582, the properties of the neutral Compton reflection component were
tied to those of the hard, absorbed, power-law, cos i was fixed at 0.5 and the metal abundance in the
reflecting material was fixed at the solar value. The absorption of the hard X-ray continuum is modelled
as absorption from cold material, similar to that used in NGC 7582 and the previous studies ofthis source.

Fitting this model to the XMM-Newton EPIC spectra results in an excellent fit to the data (x2=1397 for
1580 d.o.f), providing further confirmation ofthe success of the model proposed by Turner et al. (1997b).

The best-fit model parameters are given in Table 4.2 (Model A) and the fit is shown in Figure 4.9.

Despite the excellent overall fit of this simple model, it is clear from the spectral ratios that there are
several specific regions of the spectrum that are not well modelled. The slow rise below 3 keV may be

the result of the soft X-ray emission line spectrum impacting upon the nuclear spectrum of Mrk 3. The



Table 4.2: Mrk 3 Best-fit model parameters
Parameter =~ Model A Model B

Ng 143150170 1451012 x10%* cm2

Apr 2.22%012 22132 %1072 photons s~! cm™2 keV !
R 094109 095731

Eka 6.414709%  6.4141300%  keV

OKa 0.04¢ 0.04°  keV

Ika 3.907022  3.94702% %107 photons s~ cm~2

Exp - 7.08%00%  keV

x? 1397 1387

d-o-f 1580 1579

¢ Upper Limit

recent Chandra HETG observation of Mrk 3 revealed prominent soft X-ray emission lines from silicon,
sulphur and iron (see Section 6.5.2) that will effect the spectrum between 2-3 keV. These residuals are
not modelled any further here. A small feature is also clear in the ratios around 7 keV. Given the strength
of the iron Ko line it is likely that this feature corresponds to an iron K3 fluorescent emission line.
Including iron K4 in the model improves the fit and is significant at the ~3¢ level (Ax2=10 for 1 d.o.f).
The intrinsic width of the line is fixed at the intrinsic width of the iron Ko line, and the line flux is
fixed at the correct ratio with respect to the iron Ko emission line (10%). The best-fit parameters for the
spectral fit that includes the iron Kf line are given in Table 4.2 (Model B). The apparent feature in the
PN spectrum around 8 keV in Figure 4.9 is not mirrored in either of the MOS spectra, suggesting that
this is unlikely to be a real feature.

4.4 Discussion

4.4.1 The impact of heavy absorption on NGC 7582 and Mrk 3

The modelling presented earlier in this chapter reveals the strong inherent similarities between the hard
X-ray spectra of NGC 7582 and Mrk 3. Both sources have qualitatively similar spectral forms over
the 2.5-10 keV range and this manifests itself in the close resemblance between the spectral models
that provide a good description of the hard X-ray spectra in each case. Both sources exhibit heavy
line-of-sight X-ray absorption (0.5-1.5x10%* cm~2), which strongly limits the energy range over which
the underlying X-ray continuum is observed and enhances the prominence of the observed continuum
reprocessing features. The observed spectral shape is sensitive to comparatively small changes in the
level of the absorption. This effect is highlighted by Figure 4.10; the ~80% greater absorbing column
observed in Mrk 3 results in a significantly different spectral shape between 4-6 keV, and above ~7 keV,
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Figure 4.10: A comparison of the absorption in NGC 7582 (Black) and Mrk 3 (Red). Upper lines:
The total model (including the absorbed continuum, Compton reflection continuum and iron Ka
and K/3 emission line). Lower lines: The associated absorbed continuum component.

in comparison with the spectrum of NGC 7582.

In general, the contribution of Compton reflection to the X-ray spectra of AGN increases as one exam-
ines more heavily obscured sources, until the Compton reflection continuum dominates the hard X-ray
spectrum. However, the column density of the absorption is not the only determining factor for the ob-
served X-ray spectral form, as chapter 3 highlights. The ionization state of the absorbing material can
have a significant impact on the observed continuum shape. In both NGC 7582 and Mrk 3 the dominant
absorption arises in neutral gas, in contrast to the principal absorption observed in NGC 4151, which
arises in primarily in strongly photoionized material. The presence of a warm absorber in NGC 7582 and
Mrk 3, with similar properties to that observed in NGC 4151, is not ruled out by the analysis presented
here. The heavy warm absorber in NGC 4151 only impacts on the continuum below ~5 keV and it is
possible that, if such absorption is present in NGC 7582 and Mrk 3, then its effects will not be observed

due to the overwhelming cut-off imposed on the X-ray spectrum by the heavy cold absorption.

The heavy neutral absorption in these, and similar, objects also has a significant impact on the observed
X-ray variability. In general, the greater the X-ray absorption the more diluted the intrinsic underlying
continuum variability will become, since the Compton reflection component is only expected to vary
slowly (i.e. on timescales of a year or more). Both NGC 7582 and Mrk 3 show significant variability
however, the properties of this variability are markedly different in the two sources. A comparison of
the variability properties of NGC 7582 and Mrk 3, in terms of the effect of the heavy absorption, is
complicated by the fact that the two sources have extremely different underlying continuum variability

properties.
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Figure 4.11: Unfolded spectra of Mrk 3 from Ginga (open circles), ASCA (crosses), Bep-
poSAX (filled stars) and XMM-Newton (red data). The unfolded spectra span more than a decade
of observations and highlight the spectral variability observed in Mrk 3

Spectral variability

Mrk 3 shows significant variability only on long timescales (a factor of 2 change in ~100 days is the
swiftest observed variability in Mrk 3; Georgantopoulos ef al. 1999), as illustrated by the remarkably
constant flux recorded over the 105 s of the XMM-Newton observation (Figure 4.7). Previous observa-
tions with Ginga, ASCA and BeppoSAX have revealed that the flux variability of Mrk 3 is coupled with
considerable spectral variability. Figure 4.11 shows unfolded spectra from observations of Mrk 3 from
Ginga, ASCA and BeppoSAX over a period of eight years (Cappi ef al. 1999). By way of a comparison
with the previous data, the unfolded spectrum obtained from the best-fit (Table 4.2, Model B) to the
XMM-Newton EPIC spectra is overlaid on this plot. The unfolded spectra of Mrk 3, which span more
than a decade, highlight the spectral variability in this source. Little variability is evident below ~5 keV
(Cappi et al. 1999; Griffiths ez al. 1998), which is the point at which the hard X-ray continuum becomes
too cut-off to have any effect the X-ray spectrum (Figure 4.10). Above ~5 keV the scale of the of ob-
served variability increases with energy, as the impact of the X-ray absorption on the underlying hard
X-ray continuum decreases. By ~7 keV the heavy X-ray absorption has negligible impact on the un-
derlying continuum and the amplitude of the observed variability saturates at the level of the variability
of the continuum. Above ~7 keV the amplitude of the variability remains approximately constant with

energy.

As an aside from the more general discussion, Figure 4.11 highlights the similarity between the unfolded
spectra from the observations of Mrk 3 by BeppoSAX and XMM-Newton. This is due in part to Mrk

3 having a similar flux level in each of the observations however, the unfolded spectrum is a model-



dependent tool, and a large portion of the similarity undoubtedly arises because much of the modelling
of the XMM-Newton spectrum (Section 4.3.2), particularly regarding the details of the very hard (>10
keV) underlying power-law continuum, was based on the BeppoSAX analysis (Cappi et al. 1999). One of
the major differences between the two spectra is caused by the significantly better spectral resolution of
XMM-Newton. This clearly manifests itself in the considerably narrower appearance of the iron Ko line,
and the sharper appearance of the iron K edge, in the unfolded spectrum from XMM-Newton, relative to
the BeppoSAX spaectrum.

In stark contrast to Mrk 3, the variability observed in NGC 7582 is both extremely rapid and large-scale
(Figure 4.3 Upper Panel). This rapid variability is not accompanied by a correlated rapid change in
the 2-5/5-10 keV softness ratio, demonstrating that NGC 7582 shows little spectral variability on short
timescales. The lack of any clear spectral variability between the 2-5 keV and 5-10 keV bands suggests
that the hard X-ray continuum has considerable influence on the 2-5 keV spectrum. The absorption used
to model the XMM-Newton EPIC spectra of NGC 7582 is somewhat greater than the column densities
found from previous observations (8x10%% cm™2 ¢f 8x10%2 cm~2, Schmidt et al. 1998; 1.24x10%
cm™2, Xue et al. 1999), however the absorbed hard X-ray continuum does have a considerable impact
on the spectrum below ~5 keV (Figure 4.10), consistent with the softness ratio variability properties.

Column density variations

In addition to the intrinsic continuum variability, significant changes in absorption will imprint an extra
variability component on both the source flux and on the properties of the X-ray spectrum. There is evi-
dence, based on spectral fits to Ginga, ASCA and BeppoSAX data, for column density variations of about
a factor of two in Mrk 3 on year-long timescales (0.6-1.4x10%* cm~2; e.g. Awaki et al. 1990; Cappi
et al. 1999). The spectral variability observed in Mrk 3, particularly over the ~5-7 keV range, may well
be associated with slow variations in the absorbing column in addition to the intrinsic variability of the
underlying continuum. However, the evidence for column density variations in Mrk 3 is far from con-
clusive, particularly with regard to the low column density measurements resulting from the Ginga and
ASCA spectra, due to a combination of poor signal-to-noise data and poor continuum modelling. NGC
7582, in addition to the short timescale variability discussed in the previous section, is also known to
exhibit longer timescale variability. A factor of 2 decrease in flux was observed with ASCA over a pe-
riod of ~10° s (Xue et al. 1999) and longer timescale variations have been observed between RXTE and
ASCA observations (Turner et al. 2000). This variability may be related to absorption changes however,
too few high quality observations currently exist to support any conclusions regarding column density
changes in NGC 7582.
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4.4.2 The implications of Compton reflection

Seyfert 2 galaxies with flat hard X-ray spectra, such as NGC 7582 and Mrk 3, provide strong evidence
for a neutral (or near neutral) Compton reflection continuum in obscured AGN as a whole. In such
sources, the putative molecular torus may serve as a reprocessing site for the hard X-ray continuum.
Furthermore, for an inclined configuration, it is plausible that the geometry reveals a clear view of the
far-side inner wall of the torus, while obscuring the direct continuum and it follows from this geometry
that the observed neutral Compton reflection, at least in the sources presented here, may originate from
this “far-wall” location.

As discussed in the previous section, the relative dominance of the Compton reflection continuum in
NGC 7582 and Mrk 3 is entirely due to the heavy line-of-sight X-ray absorption that impinges on the
underlying continuum. A comparison of the 2-10 keV luminosity contained in the Compton reflec-
tion component reveals that both NGC 7592 and Mrk 3 have similar strength Compton reflection com-
ponents, relative to their intrinsic unabsorbed 2-10 keV X-ray continuum luminosity (~8% and ~5%
respectively). Furthermore, the relative strength of the Compton reflection in both these sources is ex-
tremely comparable to the relative strength of the Compton reflection observed in NGC 4151 [which
ranges between ~2% (BeppoSAX 1999) and ~11% (XMM-Newton 2000) of the 2-10 keV luminosity
of the underlying hard X-ray continuum]. This is highly suggestive of a similar physical origin for the
Compton reflection in each of these three sources and hints that all heavily obscured AGN may exhibit a
Compton refiection component with a luminosity of between a few and ten percent of the time-averaged,
unabsorbed, hard X-ray continuum luminosity. Interestingly, X-ray spectra from recent observations on
NGC 5548 with XMM-Newton and BeppoSAX require a neutral Compton reflection component whose
intrinsic 2-10 keV luminosity amounts to 9% of the unabsorbed 2-10 keV hard X-ray continuum lu-
minosity (Pounds, priv comm, 2002). This may indicate that a cold Compton reflection component of
around this relative strength is a ubiquitous component in the X-ray spectra of all types of AGN, even in
sources with little direct absorption.

Ionized Compton reflection

Of the three sources discussed so far, NGC 7582 is the only one to show any evidence for ionization
of the material responsible for the Compton reflection. The energy of the iron K edge is a considerably
more sensitive probe of the ionization state of the material, particularly for low ionization states, than
the associated iron Ko line emission and the detection of a deep iron K edge at an energy of 7.2 keV
in NGC 7582 is a strong indication of the presence of ionized material, when compared to the energy
of an iron K edge originating in neutral material (7.08 keV). The edge energy observed in NGC 7582
corresponds to a range of rest frame iron ionization states of Fe III-Fe V. Under the assumption that
NGC 7582 and NGC 4151 are intrinsically similar, and hence that NGC 7582 possesses a warm absorber
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similar to that seen in NGC 4151 (albeit one whose effects are unobservable in the X-ray spectrum due
to the effects of the extremely heavy cold absorption), a comparison between the ionization states of iron
found for the warm absorber (typically Fe XVI-Fe XXT) and those found in the ionized reflector suggests
that the material responsible for the Compton reflection component is either considerably more distant
than the warm absorber (by a factor of ~30), or that the reflecting material is considerably denser than
the warm absorber (by ~1000 times). Interpreting the warm absorber as a wind off the inner edge of
the obscuring torus (Krolik & Kriss 2001) and associating the torus with the material responsible for the
Compton reflection (Antonucci 1993; Antonucci & Miller 1985), suggests that an decrease in density is
responsible for the increase in ionization state as you move from the torus to the warm absorber. Given
a density of ~4x10* cm~3 in the warm absorber (Section 3.5.1), this interpretation implies a density of
~4x10" cm~3 for the region of the torus responsible for the ionized Compton reflection in NGC 7582.

4.4.3 Details of the iron K¢ line

The apparent strength of the iron Ko line in the X-ray spectrum of heavily obscured AGN can be sig-
nificantly enhanced if the X-ray absorption is sufficiently heavy. The intrinsic line properties (i.e. the
line centroid energy, line profile and line flux) are not affected however, significant suppression of the
intrinsic hard X-ray power-law continuum around the region of the line energy will boost the measured
equivalent width of the line relative to the observed total continuum. Relative to the total underlying
continuum emission, the equivalent widths of the iron Ko lines in NGC 7582 and Mrk 3 are 255 eV and
360 eV, respectively; ~1.5-2 times greater than the equivalent width of the iron line observed with XMM-
Newton in NGC 4151. However, both of these sources have X-ray absorption which strongly impacts
on the X-ray spectrum around 6.4 keV and as a result these EQWSs can be misleading relative to less
absorbed sources. A better measure of the iron Ko line strength is the EQW with respect to the Compton
reflection component. This measure is particularly useful in determining whether the observed iron Ko
line can be produced in the same material responsible for the Compton reflection. Matt, Brandt & Fabian
(1996) predicted that neutral Compton reflection from a solar abundance, Compton-thick, molecular
torus should have an associated iron Ko line with an EQW, relative to the Compton reflection contin-
uum, of ~1 keV (Figure 1.4). The iron line EQW from a neutral torus can be considerably reduced either
by reducing the opening angle of the torus and/or reducing the iron abundance in the torus material.

The equivalent widths of the iron Ko lines in NGC 7582 and Mrk 3, relative to the Compton reflection
continuum, are both ~520 eV; somewhat smaller than the predicted, ~1 keV. By comparison, the equiv-
alent width of the iron Ka line observed in the XMM-Newton observation of NGC 4151 is ~1 keV, how-
ever there is strong evidence for an iron abundance of about twice solar in NGC 4151 (Section 3.8.4).
These EQWs are well within the levels predicted by Compton reflection from a cold, Compton-thick
torus suggesting that the same material may well be responsible for producing both the iron line and the
Compton reflection continuum, and may even imply a somewhat smaller opening angle for the tori in
AGN than the current predictions assume. The line profiles for both NGC 7582 and Mrk 3 are well mod-
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elled by a Gaussian line profile that is consistent with being intrinsically narrow, supporting an origin for
the line emission in material distant from the central source.

4.5 Conclusions from NGC 7582 and Mrk 3

This chapter presents the detailed spectroscopic analysis of recent XMM-Newton observations of two
heavily obscured Seyfert 2 galaxies, NGC 7582 and Mrk 3, with the focus of the chapter resting on the
impact of Compton reflection and heavy absorption. The main results are:

e The 2.5-10 keV X-ray spectra from NGC 7582 and Mrk 3 are both well modelled by a simple
model incorporating a heavily absorbed power-law continuum, strong Compton reflection and
strong iron reprocessing features. In both sources the X-ray spectrum is dominated by the Compton
reflection component, resulting in an extremely flat 2-10 keV spectral form.

o The X-ray spectra of NGC 7582 and Mrk 3 do not rule out the presence of a similar warm absorber
to that seen in NGC 4151, because the heavy cold absorption impacts on the X-ray spectrum at
considerably higher energies than the warm absorber is expected to (i.e. >5 keV).

e The 2-10 keV luminosity of the Compton reflection in NGC 7582 and Mrk3 corresponds, respec-
tively, to ~8% and ~5% of the unabsorbed continuum luminosity in this range. The similarity of
these values to the range of values found for NGC 4151 (2%-11%) and NGC 5548 (~9%) implies
that a cold Compton reflection component of around this strength may be a ubiquitous component
in the X-ray spectra of all types of AGN, even in sources with little direct absorption.

o The observed iron edge in the X-ray spectrum of NGC 7582 occurs at an energy of 7.2 keV,
providing strong evidence for Compton reflection from mildly ionised material in this object. The
corresponding iron ionization states for this material are in the range of Fe III-Fe V. From this
detection, it is clear that the iron edge is considerably more sensitive to the ionization state of
reprocessing material, particularly to low ionization states, than the associated iron K« line energy.
Making the assumption than NGC 7582 and NGC 4151 are intrinsically similar (i.e. that NGC
7582 possesses a warm absorber similar to that seen in NGC 4151‘) a comparison of the ionization
states of iron found in the warm absorber (typically Fe XVI-FeXXT) and those found in the ionized
reflector suggests that the ionized reflecting material in NGC 7582 is either a factor of ~30 times
more distant or, more likely, that the reflecting material in NGC 7582 is ~10° times denser than
the material that constitutes the heavy warm absorber observed directly in NGC 4151.

e NGC 7582 shows extremely rapid, large amplitude, variability (~70783% in a period of ~400
seconds!) as well as considerable long-term variability (which can also seen in Mrk 3). The
extremely rapid variability makes NGC 7582 a prime target for considerably more intensive X-ray
spectral and timing studies in the future.
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Chapter 5

The hard X-ray spectrum of NGC 4945

5.1 Overview: Increasing the absorption and confusing the spectrum!

This chapter focuses on the interpretation of the X-ray spectrum of the nearby Seyfert 2 galaxy NGC
4945, focusing on its active nucleus and the immediate surroundings (within ~1 kpc of the AGN). Uti-
lizing the complementary capabilities of XMM-Newton and Chandra, a detailed imaging and spectral
study reveals a complex nuclear region with many distinct components including a predominantly hard,
but partially resolved, nuclear source and a spectrally soft, conically shaped X-ray “plume” that extends
30”(500 pc) to the northwest of the nucleus. The direct view of the AGN is blocked below ~10 keV
by extremely heavy line-of-sight absorption and, as a consequence of this, the X-ray spectrum from the
AGN is dominated by neutral Compton reflection and a 6.4 keV fluorescent iron Ko line. The AGN
spectrum is strongly confused however, by multi-temperature thermal emission associated with a nuclear
starburst, considerably complicating the analysis of the AGN spectrum. The excellent spatial resolution
of Chandra is used to extract individual spectra corresponding to the AGN core and the surrounding
nuclear starburst/X-ray plume. Despite the fact that these relatively poor signal-to-noise spectra are not
able to constrain the models particularly well, they are used to define a gross spectral model for each re-
gion. These are then combined into a single spectral model and jointly fit to both the XMM-Newton and
Chandra data. The superior throughput of XMM-Newton results in spectra of sufficient quality to tightly
constrain the properties of the individual spectral components identified by Chandra.

The chapter is organised as follows. Section 5.2 describes some of the detailed background work regard-
ing the X-ray study of NGC 4945. Section 5.3 presents the details of the Chandra and XMM-Newton ob-
servations and data reduction. Section 5.4 discusses the imaging analysis of both datasets. The spectral
analysis is dealt with in Section 5.5. Section 5.6 discusses the implications of the analysis, particularly
in the context of the unified AGN paradigm.
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5.2 NGC 4945

NGC 4945 is a nearby edge-on (i ~78°; Ott 1995) spiral galaxy (type SBcd or SABcd), believed to be
a member of the Centaurus group (Hesser et al. 1984), at a distance of between 3.7 Mpc and 8.1 Mpc.
Near infra-red observations have revealed the nuclear region of NGC 4945 to contain a powerful, yet
visually obscured starburst region with a ~200 pc (~10") ring morphology (Moorwood et al. 1996) and
a total infrared luminosity (8-1000 xm) of 2.2x101°L;, (Spoon et al. 2000).

Although much of the central activity can be explained in terms of a nuclear starburst, the presence of an
AGN in NGC 4945 has been confirmed by the detection of a luminous and variable hard X-ray source
coincident with the centre of the galaxy (Iwasawa et al. 1993; Guainazzi et al. 2000). In fact, NGC
4945 harbours the brightest known Seyfert 2 nucleus at 100 keV (Done, Madejski & Smith 1996), but
extremely heavy obscuration cuts-off the direct AGN continuum at energies below ~10 keV (Guainazzi
et al. 2000; Zycki et al. 2000). The measured X-ray column density (~4x 10?4 atom cm~2) places
it on the threshold of being a Compton-thick Seyfert 2. After correctly accounting for the effects of
Compton scattering in the absorbing material (Matt et al. 1999), the inferred intrinsic X-ray (0.1-200
keV) luminosity is ~1.8x10%3erg s—! (Guainazzi et al. 2000). The 0.5-10 keV X-ray spectrum of the
AGN is comprised of both thermal emission associated with a nuclear starburst and emission generated
through the reprocessing of the AGN continuum emission (Guainazzi et al. 2000).

The dense clouds that envelope the nuclear region produce a rich variety of molecular lines (Curran e al.
2001) including H,O megamaser emission, which requires an edge-on inner disk geometry (Greenhill,
Moran & Hermstein 1997). The megamaser emission provides a tight constraint on the mass of the
central black hole, Mpr=:1.4x 106 M, implying that the AGN is radiating at up to 60% of its Eddington
luminosity. ‘

Infrared and optical observations of NGC 4945 have also revealed the presence of a conical cavity,
attributed to a starburst-driven superwind, protruding above the disk of the galaxy (Chen & Huang 1997;
Moorwood et al. 1996). Extended line-emitting gas, co-spatial with the conical cavity, has been detected
in outflow along the galaxy’s minor-axis, despite the heavy obscuration at optical wavelengths, and this
is attributed to the interaction between the superwind and the surrounding medium (Heckman, Armus
& Miley 1990). The low spatial resolution of the currently published data has mitigated against the
detection of the superwind in X-rays, although Guainazzi et al. (2000) suggest that at least part of the
soft X-ray emission from NGC 4945 may originate in this component.
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5.3 The observations

5.3.1 The Chandra observation

The archival Chandra data were obtained from the UK mirror of the Chandra X-ray Center data archive,
maintained by the Leicester Data Archive Service. The Chandra observation itself was performed on Jan-
uary 27 and 28", 2000, resulting in a total exposure of 50 ks with the ACIS-S at the prime focus. The
data reduction and analysis of this dataset was performed using version 2.1 of the Chandra Interactive
Analysis of Observations (CIAO) software, and incorporated many of the standard analysis procedures
available online from cxc.harvard.edu/ciao. The data were initially filtered to remove all events outside
the 0.3-10 keV energy range. The full field light-curve revealed heavy contamination of the observation
by background flaring. The removal of all times for which the total detector count rate exceeded 8 counts
s~! dramatically reduced the background in the S3 chip, leaving a corrected event-list containing 33.1
ks of “good” data.

5.3.2 The XMM-Newton observation

NGC 4945 was observed with XMM-Newton during orbit 205 (January 21°¢, 2001) for ~24 ks as part
of the mission guaranteed time programme. The EPIC MOS and PN instruments were operated in Full
Window Mode (FWM), with the medium filter in place for the full duration of the observation. The raw
data were processed with the public release version of the XMM-Newton Science Analysis System (SAS)
v5.2 standard processing chains. After filtering for data flagged as bad, X-ray events corresponding to
pattern 0-12 for the MOS cameras and pattern 0-4 for the PN camera (single and double pixel events
only) were accepted. Investigation of the full field count rate revealed no significant background flaring
episodes during the observation. The effective exposure times for the MOS and PN cameras were 22.2
ks and 19.2 ks, respectively. Images, spectra and corresponding background information were extracted
with the SAS task xmmselect.

5.4 Joint imaging with Chandra and XMM-Newton

XMM-Newton and Chandra images were extracted for a 2’ square region centred on the nucleus of
NGC 4945, revealing a wealth of detail in the nuclear region including a predominantly hard nuclear
source and a soft X-ray “plume” extending to the northwest of the nuclear source. Figure 5.4 Panels (a)-
(c), show high spatial resolution energy-coded X-ray images from the Chandra ACIS-S detector, while
Panel (d) shows an ‘X-ray colour’ image from the co-added XMM-Newton EPIC cameras. Whereas
the nuclear source appears point-like with XMM-Newton, the Chandra imaging partially resolves the
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emission centred on the active nucleus (Figure 5.4 Panel (c) ). The nuclear point source is revealed as
an extremely hard source by both the Chandra hard band image and the XMM-Newton X-ray colour
image. Similarly to NGC 7582 and Mrk 3, the spectral hardness of NGC 4945 is almost certainly due
to heavy line-of-sight obscuration. Both XMM-Newton and Chandra clearly resolve the X-ray plume,
establishing its orientation and extent along the minor axis of the galaxy (30”= 500 pc, NW) and also its
intrinsic spectral softness (Figure 5.4 Panels (a),(b),(d) ). The medium band Chandra image reveals the
X-ray plume to have a limb-brightened morphology, qualitatively similar to the morphology of the X-ray
plume seen in NGC 253 (Strickland et al. 2000).

5.5 Joint spectroscopy with Chandra and XMM-Newton

The high spatial resolution afforded by Chandra resolves several of the major components that comprise
the total X-ray emission from the nuclear region of NGC 4945. However, the relatively low count rate
means the Chandra data cannot be used to place tight constraints on the spectral form of these compo-
nents. Conversely, despite the greater count rate, the lower angular resolution of XMM-Newton gives rise
to some spatial confusion, which complicates the identification and spectral modelling of the components
that comprise the nuclear region. Fortunately, the joint analysis of the Chandra and XMM-Newton spectra
removes many of these limitations.

Separate Chandra ACIS-S spectra were extracted for the AGN and the extended emission components
and these spectra were modelled independently. The identified spectral models were then combined
into a single composite spectral model. Finally, the XMM-Newton data were included with both the
Chandra datasets and a combined fit to all the spectra was produced with the composite spectral model.
The combined Chandra plus XMM-Newton fit provides the tightest constraints on the individual model
parameters. All the source spectra presented in this chapter, as with the spectra elsewhere in this thesis,
are grouped to a minimum of 20 counts per bin to allow the use of 2 minimisation techniques.

5.5.1 The Chandra AGN spectrum

The spectrum of the point-like nuclear source (which, initially, was assumed to be associated predom-
inantly with the AGN in NGC 4945) was derived from the Chandra event list using a circular extrac-
tion region with a 6 pixel radius (3”) centred on the peak of the X-ray emission, at 13205™27.5%, -
49°28'05"(J2000). The corresponding background spectrum was taken from a local source-free region.
The resulting spectrum contains ~750 counts (after background subtraction) with no significant signal
below 1.5 keV.

In several well studied Seyfert 2 galaxies, with column densities in excess of a few x10%3 atoms cm~2,
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Figure 5.1: X-ray Images of the nuclear region of NGC 4945. Panels a-c: Chandra X-ray images
corresponding to (a) the soft (0.3-1 keV) band; (b) the medium (1-2 keV) band and (c) the hard (2-10
keV) band. Panel d: XMM-Newton ‘X-ray colour’ image. Red, green and blue correspond to the sofft,
medium and hard X-ray bands defined above. All the images are 2’ on a side. The Chandra images
have been smoothed with an adaptive ‘boxcar’ filter set to encompass >10 counts per box, or to have
a half-width of 5 pixels. Non-adaptive, Gaussian smoothing (2" HWHM) was applied to the XMM-
Newton image.
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Figure 5.2: Chandra ACIS-S spectrum of the AGN in NGC 4945. The spectral fit corresponds to
Model A. The data/model residuals are plotted below the spectrum.

it appears that a relatively unabsorbed Compton reflection component dominates the 2-10 keV spectrum
{e.g. Mrk 3 - Chapter 4, Cappi et al. 1999, Sako et al. 2000; NGC 7582 - Chapter 4; NGC 3281 - Vignali
& Comastri 2002). This was the initial hypothesis in the following analysis of NGC 4945 and was tested
by fitting the Chandra AGN spectrum with a model very similar to that used for NGC 7582 and Mrk
3, consisting of a very heavily absorbed power-law continuum, unabsorbed Compton reflection of the
continuum (pexrav model in XSPEC; Magdziarz & Zdziarski 1995) and an iron Ka fluorescence line
at 6.4 keV. It turns out that the underlying hard X-ray continuum in this model has little direct impact
even at 10 keV, implying that neither the Chandra or XMM-Newton data can provide useful constraints
on the parameters of the underlying continuum. Thus, the continuum characteristics (photon index, T,
normalisation, Ai and absorbing column, N/ ) were fixed at the values consistent with previous analyses
of the >10 keV spectrum from both BeppoSAXand RXTE, specifically, T=1.55, Ai=0.1 photon s-1
cm-2 keV-1 and N#=4x1024 cm-2 (Guainazzi et al. 2000; Zycki et al. 2000). In addition to these
constraints, the following restrictions were imposed: The metal abundances were fixed at solar values,
the high energy spectral cut-off set at 200 keV, cos(i) was fixed at 0.5 and the relative reflection parameter

(R) was initially constrained to lie in the range 0-2.

This model, with both the R parameter and the energy, intrinsic width and normalisation of the iron Ko
line as free parameters, provides a good fit to the Chandra spectrum (x2=32 for 29 d.o.f) as illustrated in
Figure 5.2. The best-fit parameter values are given in Table 5.1 (Model A). Modelling the Chandra spec-
trum in terms of a heavily absorbed direct continuum component (but with N# an order of magnitude
smaller than assumed above) plus a relatively unabsorbed scattered power-law component (Guainazzi
et al. 2000) yields a considerably worse fit (x2=51.1 for 29 d.o.f). The positive fit residuals around

3.8 keV (Figure 5.2) are not strongly significant, preventing any clear interpretation of these residuals



Table 5.1: Best-fit model parameters

Parameter Model A Model B Model C

R 0.02970-003 - 0.016%5,065

EFeka 6.421093 6.4 6.396 13905 keV

OFeka 0.1113:92 0¢ 0.04813:011  kev

KFeka 2204 %1075 07752 x 1075 24702 x 1075 photons s™! cm~2

Nu1 - 0.16%b 0.16%° x 10?2 cm—2

kT, . 0.61133 0.601393  keV

K, - 27108 x 1075 2.6103 x 1075 photons s~! cm~2 keV !
N2 . 1.5191 1.8%31 %10?2 cm™2

kT, - 0.9791 0.87100%8  keV

Ky - 51119 x107%  6.57%% x 10~* photons s~! cm™2 keV~!
N3 - 8.8734 12.1+}11 %1022 cm~2

kT3 - 8.7 6.0131 keV

K3 - 45118 x107* 64711 x10™* photons s~! cm™2 keV~!
X2 32.3 81 290

d-o-f 29 67 269

@ Fixed parameter ® Galactic column density

¢ Unconstrained parameter

as a real feature, however they may hint at some contamination of the Chandra AGN spectrum by a
nuclear starburst component. Our modelling of the composite XMM-Newton spectrum incorporates the
possibility that these residuals constitute a real feature in a straightforward fashion (see Section 5.5.3).

5.5.2 The Chandra starburst/X-ray plume spectrum

The Chandra spectrum of the extended nuclear X-ray emission, encompassing the resolved nuclear star-
burst component and the X-ray plume structure, was constructed using an elliptical extraction region
centred on 13"05™25.5%, -49°27'54" (J2000), with the major axis aligned along a position angle of
120°, a semi-major axis of 30.5” and a semi-minor axis of 13.4”. The AGN component was suppressed
by excluding the region within 3” of the nucleus. The resulting spectrum (after background subtraction
using a local source-free region) contains ~1600 counts. Chandra is capable of resolving the starburst
region from the X-ray plume, but here I have chosen to utilize the better signal-to-noise of the combined
spectrum. Taking the published results for the starburst and X-ray plume in NGC 253 (Pietsch et al.
2001) as a starting point, the Chandra spectrum was modelled with three, solar abundance, thermal com-
ponents (mekal; Liedahl, Osterheld & Goldstein 1995), each exhibiting different levels of absorption as
well as different temperatures and normalisations.
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Figure 5.3: Chandra ACIS-S spectrum of the starburst/X-ray plume. The spectral fit corresponds
to Model B. The data/model residuals are plotted below the spectrum.

This model yields a good fit to most of the observed spectral features, including the significant Ka
emission from helium-like iron at 6.7 keV. However it does not account for Ka emission from neutral iron
observed at 6.4 keV. Analysis of the separate starburst and X-ray plume spectra from Chandra confirms
that both Ko emission lines originate entirely from the starburst region. The neutral iron Ko emission
is modelled by the addition of an intrinsically narrow Gaussian line. This model, now comprising of
three thermal components plus an iron Ko line, provides a reasonable fit to the data (x*=89 for 67 d.o.f,
Figure 5.3). The corresponding best-fit model parameters are listed in Table 5.1 (Model B).

5.5.3 Joint fitting of the composite XMM-Newton and Chandra spectra

The XMM-Newton spectra for the combined AGN, starburst and X-ray plume components were extracted
using a 30" radius circle centred on 13#05™28%, -49°28'01” (J2000). For both the MOS and PN cam-
eras, a corresponding background spectrum was extracted from a source free region on the same CCD
from a 90" radius circle. After background subtraction, the MOS spectra'contained ~1350 counts each,
compared to ~3500 counts in the PN spectrum. The most up-to-date response matrices available were
used (MOS 1 and 2 response matrices from July 2001, PN response matrices from November 2001).

The XMM-Newton spectrum was analysed by combining the two models used in the description of the
Chandra spectra (Models A & B; described in Section 5.5.1 & Section 5.5.2). This composite model
yields an excellent fit to the broad-band XMM-Newton spectra (x2=273.5 for 268 d.o.f). However, an
unphysical trade-off between the hottest thermal component and the Compton reflection results in a value
of R which is inconsistent with the value found from the Chandra AGN spectrum alone (assuming that
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this component has not varied significantly over the one-year interval between the two observations -
see Section 5.6.1). This problem was addressed by performing joint spectral fitting of all the spectral
datasets, namely the composite XMM-Newton EPIC spectra, the Chandra AGN spectrum and the Chan-
dra starburst/X-ray plume spectrum. Only the Compton reflection component, the iron line and the
hottest thermal component were utilized in fitting the Chandra AGN spectrum, whilst only the three
thermal components and the iron line were employed in relation to the Chandra starburst/X-ray plume
spectrum. The spectral model was adapted somewhat by fixing the absorption applied to the softest ther-
mal component at the Galactic value. In addition, the absorption on the Compton reflection component
was set to be the same as that applied to the intermediate-temperature thermal component (i.e. Nh,2),

since these components propagate along similar lines of sight.

Simultaneous fitting of the composite spectral model described above gives a good fit to all the spectral
datasets. The resulting best-fit is shown in Figure 5.4 (only the XMM-Newton data are plotted here for
simplicity) and the corresponding model parameters are given in Table 5.1 (Model C). The high signal-to-
noise of the XMM-Newton spectra, relative to the Chandra spectra, leads to tighter constraints on all the
parameters. The best fit composite model (Figure 5.5) highlights the important contribution of the highest
temperature thermal (starburst) component to the 0.5-10 keV spectrum of NGC 4945. In this respect the
joint spectral fitting method employed here is particularly valuable since the Chandra starburst/outflow

spectrum alone has insufficient counts to put any useful limits on the properties of this component.

When data relating solely to the spatially-resolved X-ray plume are extracted (from both the Chandra and

XMM-Newton datasets), the spectrum is found to be extremely soft with few counts above 2 keV. Spectral

0.5 1 2 5 10
Energy (keV)

Figure 5.4: Upper Panel: XMM-Newton EPIC MOS (black and red) and PN (blue) spectra of the
extended nuclear region of NGC 4945. The spectra are fit with the composite model (Model C).
Lower Panel The data/model residuals.

96






ol

or&

Energy (keV)

Figure 5.5: The broad-band spectral model for the nuclear region of NGC 4945. The component
associated with the X-ray plume is shown in red, the starburst components in green and the AGN
components in blue.

fitting using a single temperature mekal model, modified by Galactic absorption, gives a temperature
and normalisation completely consistent with those of the softest thermal component employed in the
composite spectral model (Figure 5.5; Red component), identifying this component with the X-ray plume
emission. The two remaining thermal components are attributed to the nuclear starburst (Figure 5.5;

Green components).

5.6 Discussion

5.6.1 The reprocessing of the AGN continuum

In the unified model, first proposed by Antonucci (1993), the line-of-sight to an active nucleus viewed at
relative high inclination may intercept the surrounding molecular torus and hence be subject to significant
obscuration (Figure 1.10). Previous observations testify to a near edge-on configuration for the inner disk
in NGC 4945 (Greenhill, Moran & Hermstein 1997) and a very high line-of-sight column density to its
active nucleus (Guainazzi et al. 2000; Zycki et al. 2000). Consistent with this picture, the analysis of the
XMM-Newton and Chandra spectra of the nuclear region of NGC 4945 demonstrates that in the 0.5-10
keV range, there is only indirect evidence for the presence of the AGN (since the direct continuum is

strongly cut-off below ~10 keV).

A clear signature of the underlying AGN in NGC 4945 is the Compton reflection continuum that is
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attributed to reprocessing of the underlying continuum off the distant, inside wall of the molecular torus.
In this scenario the ratio of the reflected flux to the direct continuum flux, as embodied by the Compton
reflection parameter, R, can be used to place a lower limit on the inclination angle of the torus, provided
the geometrical configuration of the absorbing torus is known. In reality the true geometry is very
uncertain, although the half-opening angle of tori are typically in the range 20°-50° (e.g. Wilson &
Tsvetanov 1994). If the geometry envisaged by Ghisellini, Haardt & Matt (1994) is assumed, then
the estimate of R=0.016 (based on the ‘average’ continuum given in Guainazzi et al. 2000) implies a
near edge-on view of the torus. Alternatively a near edge-on but geometrically thin (half-angle <10°)
distribution of absorbing material located on parsec scales, as inferred by Zycki ez al. (2000) on the basis
of the hard X-ray variability seen in NGC 4945, is also consistent with a very low value for R.

The neutral iron Ko line is narrow and the nuclear component has an equivalent width of 1.6+0.1 keV
with respect to the observed Compton reflection continuum (cf. ~0.5 keV for NGC 7582 and Mrk 3; ~1
keV NGC 4151). This is completely consistent with the line and the reflected continuum originating at
the same location, namely the visible part of the torus wall (Matt, Brandt & Fabian 1996). There is also
a 30% contribution to the neutral iron Ko emission from the extended nuclear starburst region, implying
that cool material in the environment of the starburst is also exposed to the AGN continuum flux.

Although the hard continuum emanating from the Seyfert 2 nucleus of NGC 4945 is known to be variable
on timescales as short as ~10*s (Guainazzi et al. 2000), no significant variability is detected in either
the Chandra or XMM-Newton observations, nor is it evident from the joint spectral fits (the time inter-
val between the two sets of observations is 12 months). This tallies with the location of the continuum
reprocessing, namely the torus wall, lying at a distance in excess of a light year from the nuclear contin-
uum source. (The apparent discrepancy between the Chandra-only and the joint-fit estimates of R is due
to the initial modelling of the Chandra AGN spectrum incorrectly accounting for the level of starburst
contamination present in the Chandra AGN spectrum).

5.6.2 The nuclear starburst

The spectral modelling discussed above characterizes the nuclear starburst in terms of two thermal com-
ponents with temperatures of ~0.9 and ~6.0 keV. Very similar temperatures were observed for the star-
burst in the nearby galaxy NGC 253 by Pietsch ez al. (2001), suggesting that the presence of the AGN in
NGC 4945 has little impact on the properties of the surrounding nuclear starburst (there is no evidence
for an AGN in NGC 253). Gross spectral features, associated with the cooler of the two starburst com-
ponents, include the emission lines of Mg X/XI (1.34 keV), Si XII/XIII (1.83 keV) and S XIV/XV (2.45
keV). At higher energies, strong K« line emission from helium-like iron is attributable to the hottest of
the starburst components. The high temperature plasma and the associated line emission is characteristic
of X-ray emission from a population of type Ib and type Ila SNR’s (Behar et al. 2001). No corresponding
iron edge is detected in either of the Chandra or XMM-Newton observations. The unabsorbed luminosity
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of the starburst region measured from XMM-Newton (0.5-10 keV) is ~8x 103 erg s~1. Analysis of the
separate starburst and X-ray plume spectra shows that the nuclear starburst emission declines rapidly
below ~1.5 keV, probably as a result of absorbing material in the plane of the galaxy. This absorption
may originate in material forming a low scale height disk and/or in material associated with the optical
dust lanes of the galaxy.

5.6.3 The X-ray plume

Recent Chandra (Strickland et al. 2000) and XMM-Newton (Pietsch et al. 2001) observations have es-
tablished that the outflow driven by the nuclear starburst in NGC 253 has a limb-brightened conical
X-ray morphology. NGC 4945 provides a second example of such a structure. In both galaxies the
limb-brightened X-ray structure correlates well with the observed the Ha emission. A similar X-ray
temperature is derived in each case. (In NGC 253 a single temperature thermal plasma with kT' ~0.6
keV fits the Chandra spectrum reasonably well, although the situation is more complicated in the better
quality XMM-Newton data.) However, there are significant differences between the plumes observed in
NGC 4945 and NGC 253. For example, the NGC 4945 X-ray plume displays a somewhat wider opening
angle (#~40°), and the limb brightening is most evident in the 1-2 keV, band whereas in NGC 253 both
the Chandra and XMM-Newton data show that the limb brightened structure is apparent down to 0.5
keV. A similar physical model to that postulated by Pietsch et al. (2001) can be inferred for NGC 4945.
The limb-brightened structure can be attributed to highly excited gas with a low volume-filling factor,
which is produced by an interaction between the starburst-driven wind and the dense ISM surrounding
the outflow. In the case of NGC 4945, the comparative uniformity of the emission below 1 keV may be
a direct observation of a mass-loaded superwind emanating from the nuclear starburst (as described by
Suchkov et al. 1996). The question of why the limb-brightened component is hotter in NGC 4945 than
in NGC 253 is an interesting point for future detailed studies of this system. An intrinsic luminosity of
~1.1x1038 erg s~ (0.5-2 keV) is derived for the superwind component from the XMM-Newton data.

5.7 Conclusions

This chapter presents a detailed imaging and spectroscopic analysis of the nuclear region of NGC 4945
using data from both Chandra and XMM-Newton. The main results of this analysis are:

e The nuclear regions display a complex X-ray morphology, including a predominantly hard source
at the nuclear position (which is partially resolved in the Chandra data) and a soft X-ray *“plume”
extending to the northwest of the nucleus.

e The 0.5-10 keV emission from the nuclear source is dominated by a combination of reprocessed

99



direct AGN continuum (in the form of neutral Compton reflection and iron Ko line emission)
and thermal emission from a nuclear starburst. The underlying AGN continuum is not observed
directly in either the Chandra or XMM-Newton data, due to heavy (~4x 1024 cm~2) absorption in
the line-of-sight to the continuum source, that cuts off the continuum below ~10 keV.

e The neutral iron Ka line is well fit with a narrow Gaussian profile (with an equivalent width of
1.6+0.1 keV), consistent with the line and the reflected continuum originating from the visible
part of the torus wall. Furthermore, the best-fit value of the relative reflection parameter, R=0.016,
implies a near edge-on geometry for the torus.

e Neutral iron Ka emission from the extended nuclear starburst region, identified with Chandra,
implies that cool material in the environment of the starburst is directly exposed to the AGN con-
tinuum flux. The thermal emission from the nuclear starburst is fit with a two temperature model,
with kT~0.9 and ~6.9 keV. The spectrum shows clear features associated with the two starburst
components, including emission lines of Mg X/XI, Si XII/XIII and S XIV/XV from the cooler
component and strong Ko line emission from helium-like iron originating in the hotter compo-
nent.

o A Chandra image reveals the X-ray plume to have a limb-brightened morphology in the 1-2 keV
band. The plume is associated with the softest thermal emission component observed by XMM-
Newton and is well modelled by a single temperature thermal model, with kT' ~0.6 keV. When
combined, these properties suggest a physical interpretation of the plume as a mass-loaded super-
wind emanating from the nuclear starburst.

Finally, I would like to emphasize that combining the Chandra and XMM-Newton datasets has helped
to mitigate the limitations of the individual observations and allowed a much more detailed imaging and
spectral study than would have been possible with each dataset alone. This work clearly demonstrates the
potential of joint Chandra and XMM-Newton analysis in characterising spatially and spectrally complex
X-ray sources, such as those associated with the extended nuclear regions of nearby galaxies.
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Chapter 6

The soft X-ray spectrum of NGC 4151

6.1 Overview

This chapter considers the nature and origin of the soft X-ray emission from NGC 4151. The XMM-
Newton EPIC data recorded during the recent observations of NGC 4151 reveal a soft X-ray (0.5-2 keV)
spectrum with prominent features at ~0.56, ~0.88, ~1.20, ~1.32, ~1.75, ~2.17 keV. Analysis of the
complementary XMM-Newton RGS spectra demonstrates that the soft X-ray emission is extremely rich
in X-ray emission lines and radiative recombination continua (RRC), with no clear evidence for any
underlying continuum emission. Similar photoionized emission lines and RRC are also seen in both
Mrk 3 (unsurprisingly given the similarity of the soft X-ray emission in the EPIC spectra) and NGC
1068, strongly suggesting that the soft X-ray ‘excesses’ seen in many Seyfert 2 galaxies are composed of
emission lines. The clear association of the soft X-ray extended NLR with the optical ionization cones
in NGC 4151 (Ogle et al. 2000) prompted the modelling of the RGS spectra in terms of photoionized
and photoexcited gas, in a similar fashion to the recent analysis of X-ray grating spectra of NGC 1068
(Kinkhabwala et al. 2002). The work presented in this chapter is not a complete analysis of the XMM-
Newton RGS spectrum of NGC 4151 (which in itself would warrant an entire thesis), but does at least
represent a passable preliminary investigation.

The chapter is organised as follows. Section 6.2 summarizes the results of earlier studies of the soft X-ray
spectrum of NGC 4151. Section 6.3 details the XMM-Newton observations of NGC 4151. Section 6.4
presents the XMM-Newton RGS spectra and discusses the spectral modelling in terms of emission from
an ionization cone. Section 6.5 compares the NGC 4151 spectra with the soft X-ray spectra of NGC
1068 and Mrk 3 and Section 6.6 compares the RGS spectra for NGC 4151 with the XMM-Newton EPIC
spectra.
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6.2 The soft X-ray spectrum of NGC 4151

6.2.1 NGC4151

Prior to the advent of XMM-Newton and Chandra, the origin of the soft X-ray emission from heavily
obscured AGN remained very uncertain. Observations of NGC 4151 with EXOSAT and ROSAT found
marginally extended soft X-ray emission that did not exhibit similar variability to the hard X-ray emission
(Perola et al. 1986 Morse et al. 1995). The implication was that the soft X-ray flux is not the result of
either leakage of the hard X-ray continuum though a patchy absorber (Holt et al. 1980), or a manifestation
of the high energy tail of the UV continuum, but a separate spectral component. The X-ray spectra
observed by ROSAT, ASCA and BeppoSAX were modelled as a combination of electron scattering of
the hard X-ray continuum plus an “ultra-soft” component represented by either a hot thermal plasma or
a scattered blackbody (e.g. Warwick et al. 1996; Weaver et al. 1994b). Unfortunately these analyses
(particularly those including BeppoSAX LECS and ASCA GIS data) were complicated by the presence
of a soft-spectrum BL Lac (MS 1207.9+3945) located ~5' to the north of NGC 4151. Despite the
relatively poor quality of the spectra, the ASCA spectrum did tentatively reveal several unresolved soft
X-ray features, suggesting that the soft X-ray emission was somewhat more complex than previous
observations had suggested. The most prominent feature found with ASCA was at ~0.88 keV and was
tentatively associated with O VIII Ly RRC (Weaver et al. 1994b; Griffiths 1999).

The detailed nature of the soft X-ray emission in NGC 4151 was only recently revealed by a Chan-
dra HETG observation (Ogle et al. 2000). This observation demonstrated that the soft X-ray spectrum
was composed almost entirely of emission lines and RRC, with little or no detected continuum emission
of any form (and hence no absorption features). Utilizing the excellent spatial resolution of Chandra,
Ogle et al. (2000) resolved ~70% of the soft X-ray emission as extended emission originating up to
11.5" from the AGN (Figure 1.8). An excellent correspondence was observed between the soft X-ray
emission and the bi-conical [O III] (A5007) emission, previously imaged with the Hubble Space Tele-
scope (HST) (Evans et al. 1993). The Chandra observation was even capable of resolving the spatial
profiles of several of the brightest emission lines (including the iron Ko emission line, as previously
discussed in Section 3.8) showing that the individual line emission was genuinely extended along the
direction of the optical ionization cones. However, it should once again be cautioned (see Section 3.8.2)
that the interpretation of the spatial extent of the individual lines may not remain valid if it turns out
that Ogle et al. (2000) have not determined the spatial profiles of the lines correctly (T. Yaqoob. private
communication).

The Chandra observation dramatically confirmed that the X-ray spectrum is strongly cut-off below 2
keV and that the soft excess is not predominantly produced by electron scattering of the hard X-ray
continuum. Rather, the soft X-ray emission appears to arise in ionization cones at distances of up to
~200 pc from the active nucleus (Ogle et al. 2000). The Chandra analysis finds evidence for both

102



photoionized and collisionally ionized (thermal) gas in the ENLR, however many of the details of the
ionized medium remained elusive, due to the large number (33 in total) and low significance of the
features detected.

6.3 The XMM-Newton RGS observations of NGC 4151

NGC 4151 was observed with XMM-Newton five times during December 215¢-237¢, 2000. The RGS
instruments were active for all five observations and the data were processed with the standard RGS
pipeline processing chains incorporated in the XMM-Newton SAS v5.3. Dispersed source spectra and
background spectra were extracted with the automated RGS extraction tasks in the SAS. The SAS filters
the RGS events in dispersion-channel vs CCD-pulse-height space to separate the data from the separate
spectral orders (Section 2.2.2). Investigation of the individual spectra indicate that the 2"¢ order RGS
spectra of NGC 4151 contain a negligible amount of information (with a count rate of <10% of that in the
1°¢ order spectra) and as a result only the 1 order spectra are presented here. The resulting spectra have
a total effective exposure time of ~126 ks in each RGS instrument. An investigation of the EPIC spectra
confirms that the soft X-ray spectrum of NGC 4151 remained constant for the duration of the observation
(as expected from Figure 3.4). The spectra from the five observations were co-added to produce a single
high signal-to-noise source spectrum and a single background spectrum for each RGS instrument. The
spectra were binned to a minimum of 20 counts per spectral channel, in order to apply x? minimisation
techniques (although I note these techniques are not particularly well-suited to fitting the sharp features
observed in the soft X-ray spectra of NGC 4151, NGC 1068 or Mrk 3). Investigation of the spatial extent
of the X-ray emission observed by XMM-Newton reveals that the soft X-ray emission is not significantly
extended on scales greater than the mirror PSF, consistent with the details of the previously reported
Chandra observation of NGC 4151 (Ogle et al. 2000).

6.4 Modelling the RGS spectrum of NGC 4151

Figure 6.1 shows the combined XMM-Newton RGS spectra of NGC 4151. The spectrum is completely
dominated by line emission and radiative recombination continua. Line emission is clearly detected
from hydrogen-like and helium-like ionization states of neon, oxygen, nitrogen and carbon and in many
cases the line emission associated with these ions is not limited to the Ly (2p-1s) transition but includes
higher order resonance transitions (np-1s) labelled X¥ 8-¢ and X*¢p3-¢ for the different hydrogen-like
and helium-like species (X) respectively. Much of the unidentified line emission below ~16 angstréms
can be associated with a multitude of unresolved iron L-shell emission lines, along with some contri-
bution from hydrogen-like and helium-like silicon and magnesium. The spectra show no significant
continuum emission and no fluorescent line emission (there may be a marginal detection of silicon Ko

103



fluorescence at ~7.1A, however without a good knowledge of the iron L-shell emission in this region it
is not possible to measure the line cleanly).

6.4.1 The emission lines

The spectrum is remarkably similar to the soft X-ray spectrum of the archetypal bright Seyfert 2, NGC
1068, reported by Kinkhabwala et al. (2002) (Figure 6.2). Both sources show strong line triplets from
helium-like nitrogen and oxygen, with a similar pattern of resonance, intercombination and forbidden
line strengths. Following the analysis of the XMM-Newton RGS observation of NGC 1068 (Kinkhab-
wala et al. 2002), line fluxes, centroid energies and line widths were determined for the bright, unam-
biguously identified, emission lines observed in Figure 6.1. The profiles of the observed emission lines
are reasonably well represented by a Gaussian line profile and although this is unlikely to be the correct
line profile (given the complexity of the RGS instrument), it is a good enough approximation to allow
the determination of accurate line centroid energies, fluxes and, in some cases, line widths. The results
of fitting a Gaussian line profile to the brightest emission lines are given in Table 6.1. The measured
fluxes take account of the Galactic column density (2.1x102° ¢m~—2; Warwick, Done & Smith 1995)
using the thbabs model in XSPEC, and the line shifts are measured with respect to the source redshift of
z=0.00332. The systematic uncertainty on measuring the centroid line energies of the lines is estimated
to be ~8x10~3A (which corresponds to about 150 km s~!; den Herder, Priv. Comm. 2002). The quoted
errors are 90% confidence levels as defined by a Ax?=2.71 criterion (i.e. assuming one interesting pa-
rameter) and include the systematic uncertainty added in quadrature. Most of the measured line centroid
energies are consistent with a mild blueshift, of between ~100-1000 km s~!, with respect to the systemic
velocity of the lines. This implies a line-of-sight outflow velocity for the ionized material of 1000 km
~1, consistent with the line shifts of the absorption lines observed in the UV spectrum of NGC 4151
(~600 km s~!; Kriss et al. 1995). Many of the observed line widths are largely unconstrained, with
the spectral fitting only yielding upper limits (these are not quoted in Table 6.1); however the seven line
widths that are constrained by the spectral fitting appear to show a bimodal distribution with the shorter
wavelength lines having an average line width of 0~2.0 eV (~1000 km s~! FWHM) and the longer
wavelength lines having an average line width of ~0.6 eV (~200 km s~! FWHM). The observed line
widths imply that the intrinsic velocity dispersion of the outflowing material is 1000 km s~! which is
somewhat lower than the line widths of the absorption lines observed in the UV (1000-2500 km s~!;
Kriss et al. 1995). The bimodal distribution of the line widths as a function of the wavelength of the
line is suggestive of a scenario in which individual clouds of emitting material close to the source of the

S

ionizing continuum are moving more rapidly than clouds further from the continuum source. Note that
NGC 4151 is not extended on scales larger than the mirror PSF, hence source extent does not contribute
to the measured line widths in the RGS spectrum.
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Figure 6.1: RGS 1 (red) and RGS 2 (blue) spectra of NGC 4151. The spectra here are un-binned.
Spectral discontinuities are caused by chip gaps in the CCD arrays and the effects of the damaged
RGS CCDs. Unambiguously identified hydrogen-like and helium-like emission lines are labelled
along with clearly identified RRC.

105



[ty Ls 2UJ0 suosoLjd "~ ol] x"IJ

Figure 6.2: RGS 1 (red) and RGS 2 (blue) spectra of NGC 1068. Spectral discontinuities are
caused by chip gaps in the CCD arrays and the effects of the damaged RGS CCDs. Unambiguously
identified hydrogen-like and helium-like emission lines and RRC are labelled in a similar fashion
to that in Figure 6¢.1. (Kinkhabwala ef al. 2002)
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Table 6.1: Line properties of individual emission lines observed in the RGS spectra of NGC 4151

Line ID AObs Aest Line Shift OObs Flux
A kms™! eV x10~* Photons s—* cm™2
NeZ 12131990 12134 124728 217103 0.417+3:95
Nefle 1343132 13447 -431%8% 19713 0.46879.08
Nefle  13.531007  13.550  -467%33%  L67[3 0.463100
Nefe  13.68%00 13697 311733 103701
Of 160033 16006 -15013% 25103 0.372+0%4
o# 18961007 18969  -210*1% 1.5551
OHe 21591090 21603 2311142 1.1979:9
Offc 21797001 21798 -227F133 0.754+5:07
offe  2208%007  21.095  -326711% 0551007 3.8910-17
N 20895001 20910 2344 0.6 0.22+3%
NE 2477798 24781 -194%1%% 0.8170:09
NFe  2875t090 28792 34511l 0.45+007
N 29097003 29075 271 0.3675.38
Nfe  2951% 20531 2901 1.15%312
0.01 7 2 }
cy 28431007 28466  -390%137 07132 0.3719:92
H 0.01 9 0

Co 33.691001 33.736  -4367%) 1.79+0-16

¢ (Vainshtein & Safronova 1978)

6.4.2 Temperature diagnostics with radiative recombination continua

Radiative recombination continua (RRC) are the result of a free electron recombining directly into the
ground state (1s21Sp) of an ion. The free electrons can have any energy above the recombination thresh-
old and hence the feature produced is neither symmetrical or narrow. The energy of the electrons prior to
the recombination process is dependent upon the electron temperature of the emitting plasma and hence
the width of the RRC features provides a direct measurement of the recombining electron temperature,
T, (Liedahl & Paerels 1996; Liedahl 1999). RRC originating in hot plasmas are broad features however,
RRC from cool plasmas are narrow, prominent, features. The velocity dispersion of the emitting mate-
rial will affect the RRC in exactly the same manner as it affects the emission lines discussed previously,
however this effect is negligible here due to the low velocities of the ions involved compared to that of
the electrons. Radiative recombination continua from hydrogen-like and helium-like ionization states of
Ne, O, N and C are clearly identifiable in Figure 6.1. Electron temperatures were determined for the
bright, unambiguously identified, RRC and are given in Table 6.2 and imply electron temperatures of
~2-4x10* K.
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Table 6.2: Electron temperatures (in €V) from RRC

RRC T,
cCv 2573
CVI 40719
NVl 3.0%39
NVII 4022
OVII 4.0%):
ovir 6.0%29

shell n=2

4 ts, shell n=1 (ground)

Figure 6.3: Simplified energy level diagram for the triplet emission from helium-like ions. The
resonance, intercombination and forbidden line transitions are denoted by w, x+y and z respec-
tively. The solid upward arrows represent excitation transitions (photoexcitation and collisional
excitation), the dashed arrows represent radiative transitions and the dot-dashed arrows represent
the recombination and cascade processes. (Porquet et al. 2002)

The association of high-ionization emission lines (e.g. O VIII, Ne X etc; identified in the previous
section) with such a low temperature plasma is strongly indicative of a plasma whose ionization state is
governed by photoionization as opposed to collisional ionization.

6.4.3 Plasma diagnostics with helium-like triplets

The three most prominent X-ray emission lines from helium-like ions correspond to transitions from the
n=2 shell to the n=1 shell and are the resonance (1s2p 'P;—1s? 1Sy), intercombination (1s2p 3P 1~ 152
1S,) and forbidden (1s2s 3S;—1s2 1Sp) line transitions (Pradhan, Norcross & Hummer 1981). A simple
energy level diagram for these transitions is shown in Figure 6.3. Ratios of the measured line fluxes for
the recombination, intercombination and forbidden emission lines from helium-like ions provide a diag-

nostic of the electron density and temperature in hot plasmas. Gabriel & Jordan (1969) were the first to
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Table 6.3: Helium-like triplet plasma diagnostic ratios

Triplet ID R G
Nefle 23107 32102
offe 34103 3.9103
NHe 3.0155 347573

recognise the importance of the helium-like triplet lines and used line strength ratios to analyse the solar
corona spectra in detail. The ratio of the intensity of the forbidden line to the intensity of the intercombi-
nation line [R, where R=f/i or, with reference to Figure 6.3, R=z/(x+y)] is sensitive to the electron density
of the plasma and the ratio of the sum of the intensities of the forbidden and intercombination lines to
the intensity of the resonance line [G, where G=(i+f)/r or, with reference to Figure 6.3, G=(z+x+y)/w]
is sensitive to the electron temperature of the plasma. For a detailed discussion of the manner in which
the ratios depend on the electron density and the plasma temperature see Pradhan, Norcross & Hummer
(1981); Porquet & Dubau (2000); Dubau & Porquet (2002); Porquet et al. (2002) and references therein.

Only recently, with the advent of high quality, high resolution, X-ray grating spectra from observations
by Chandra and XMM-Newton, has the use of these plasma diagnostic ratios become possible for AGN.
The R and G ratios for the Ne, O and N triplets observed in the RGS spectrum of NGC 4151 are given
in Table 6.3. The G-values imply an electron temperature of <103 K, consistent with the electron tem-
peratures implied from the properties of the observed RRC and consistent with photoionization being
the dominant ionization mechanism in the plasma (Porquet & Dubau 2000). The R-values imply elec-
tron densities of ~108-10° cm™3 in nitrogen and oxygen and ~10°-10'! ¢cm™3 from neon (Porquet &
Dubau 2000). In particular the ratios calculated from the oxygen triplet (which is both the strongest and
the least confused of the helium-like triplets) strongly imply a photoionized plasma. However, extracting
detailed values of density and temperature for the emitting material is complicated by the possibility that
a strong radiation field (i.e photoexcitation) can mimic the effect that a relatively high density has on the
line strengths and thus cause the electron density, and to a lesser extent, the electron temperature to be
overestimated (Porquet et al. 2002). I note that the expected contribution of blended dielectronic satellite
lines to these ratios has not been taken into account in the values quoted here. For the N and O triplets
this contribution is negligible; however the Ne triplet is significantly affected. For a high temperature,
collisionally dominated, plasma the additional contribution can result in an error of ~1% and ~9% for
the R and G ratios respectively, however for a photoionized plasma, where the temperatures are several
orders of magnitude lower, this effect can be considerably greater (Porquet et al. 2002).
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6.4.4 The ionization cone model

Given the similarity between the RGS spectra of NGC 1068 and NGC 4151, I utilize the ‘ionization
cone’ model developed by Kinkhabwala et al. (2002) to describe the RGS spectrum of NGC 1068,
to fit the RGS spectrum of NGC 4151. This model, which was incorporated into XSPEC for ease of
spectral fitting, reproduces the hydrogen-like and helium-like line emission, and the associated RRC,
from an irradiated cone of optically thin plasma (c.f. ionization cones observed in OIII by HST) shown
schematically in Figure 6.4. The model includes the effects of both photoionization and, crucially, pho-
toexcitation. Photoexcitation is the process by which the absorption of a photon with insufficient energy
to ionize the atom, results in the transition of an inner-shell electron to a higher energy level within the
atom. The excited electron will rapidly undergo one or more radiative transitions, decaying back to its
original energy state. Photoexcitation is expected to enhance the intensity of the higher order resonance
transition lines relative to the 1%t order resonance lines and was observed to play a significant role in the
spectrum of NGC 1068 where the Lyf3, Ly and Lyd lines were significantly stronger than predicted by
models based on pure photoionization or collisional ionization.

The plasma is irradiated by an unabsorbed intrinsic power-law continuum, the slope of which in the case
of NGC 4151 is fixed at I'=1.65, based on the analysis of the EPIC spectra (Section 3.7). The luminosity
of the central source, Lx, and the covering fraction of the cone, f, are fixed at L x=6x 1043 erg s~ ! and
£=0.1, respectively. The modelling includes both Galactic column density (2.1x10%° cm~2; Warwick,
Done & Smith 1995 using the wabs model in XSPEC and a source redshift of z=0.00332. The electron
temperatures for each atomic species were fixed at the temperatures found from the analysis of the
RRC (Table 6.2), where possible, and the remaining RRC temperatures were fixed at the temperatures
identified by Kinkhabwala et al. (2002) (based on the similarity between the observed bright RRC in
NGC 4151 and the corresponding RRC in NGC 1068). The remaining free parameters of the model are
the transverse velocity distribution of the lines, 02%, the radial velocity distribution of the lines, ored

v v

and the radial column density of each individual atomic species, N734.

6.4.5 Fitting the ionization cone model to the RGS spectra

The ionization cone model was fitted to the RGS spectra in XSPEC for simplicity. As mentioned pre-
viously, the spectra were binned in order to apply x? minimisation techniques. However, I note that x?2
minimisation techniques are not particularly well-suited to fitting the sharp spectral features observed
in this and similar X-ray grating spectra and that the complexity of this specific model makes the accu-
rate determination of individual parameter errors problematic. Despite this caveat, the model provides a
“good fit” to all the hydrogen-like and helium-like line emission and RRC observed in the RGS spectra;
although, due to the nature of the spectrum and the model, the term “good fit” here refers to a set of
parameters that can reproduce the features of the spectrum in detail (i.e. it is not a statistical measure of
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Figure 6.4: Schematic cartoon of the ‘ionization cone’ model (not to scale). The model is similar
to the unified AGN schematic shown in Figure 1.10. The central nuclear components (black hole
and accretion disk), denoted by the black spot, are surrounded by a dense absorbing torus of neutral
dust and gas. The optically thin material perpendicular to the plane of the absorbing torus sees the
direct continuum from the X-ray source and becomes strongly ionized forming ionization cones.
The line emission from these cones is observable from Seyfert 2 galaxies due to the suppression
of the direct continuum, whereas the ionization cones in Seyfert 1 galaxies are only seen through
their absorption of the direct continuum.

the goodness of fit of the model). Figure 6.5 shows the best-fit of the ionization cone model to all the
hydrogen-like and helium-like emission lines and RRC in the RGS spectrum of NGC 4151. The best-fit
radial ionic column densities and the associated RRC electron temperatures are given in Table 6.4. g%%
has a best-fit value of 03*~400 km s~! and o7%¢ has a best-fit value of ~330 km s, both of which
are in good agreement with the average line widths and line shifts measured from the individual line
centroid energies. Kinkhabwala et al. (2002) quote an estimate for the uncertainties on the individual
model parameters of approximately a few tens of percents for the ionic column densities and approxi-
mately a factor of 2 for the transverse and radial velocities. Using a fraction ionic abundance of 0.5 for
O VIII, the column density of O VII quoted in Table 6.4 yields an equivalent hydrogen column density
of Ng>2x10%! cm=2.
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Figure 6.5: Best-fit of the ionization cone model to the RGS spectra of NGC 4151. The RGS
1 (red) and RGS 2 (blue) spectra are binned up to 20 counts per spectral channel. The best-fit
model (green) parameters are given in Table 6.4. Unambiguously identified hydrogen-like and
helium-like emission lines and RRC are labelled in a similar fashion to that in Figure 6.1.
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Table 6.4: Best-fit parameters for the ‘ionization cone’ model fit to the RGS spectra of NGC 4151

ion NZ24 (cm=2) kT, (eV)
CcVv 2.0x10%7 2.5
CcVI 2.9x1017 4.0
N VI 1.3x10'7 3.0
N VII 5.2x1016 4.0
o v 6.7x1017 4.0

ovil  5.8x10Y 6.0
Ne IX 3.8x1017 4.0%
Ne X 2.6x10'7 4.0
MgXI  7.0x106 4.0®
Mg XII  2.7x10%7 4.0°
SiXII  4.7x10Y7 4,00
SiXIV  7.8x10!7 4.0%

@ Unconstrained parameter. Value
fixed at the value used in
Kinkhabwala et al. (2002)

6.5 A comparison with NGC 1068 and Mrk 3

The archetypal Seyfert 2 galaxies, NGC 1068 and Mrk 3 have both been the targets of recent X-ray
grating observations. The soft X-ray emission in both of these sources is extremely similar to the soft X-
ray emission from NGC 4151; it is extended on scales of hundreds of parsecs, shows a strong correlation
with the optical ionization cones identified in HST [O III] (A5007) images (see chapter 1; Young, Wilson
& Shopbell 2001; Sako et al. 2000) and the soft X-ray spectra are all dominated by emission lines and
RRC.

6.5.1 The comparison with the XMM-Newton RGS spectrum of NGC 1068

A recent long (110 ks) observation of NGC 1068 with XMM-Newton has resulted in a remarkably high-
quality RGS spectrum of the soft X-ray emission from this source. This spectrum demonstrates unam-
biguously that the soft X-ray emission in NGC 1068 is composed entirely of emission lines and RRC
(Figure 6.2) with an origin in a photoionized and photoexcited plasma (Kinkhabwala et al. 2002). The
soft X-ray spectrum of NGC 4151 is remarkably similar to that of NGC 1068. Both sources show strong
hydrogen-like and helium-like line emission and RRC from carbon, nitrogen, oxygen, neon, magnesium
and silicon. The resemblance between the spectra is apparent in the details of the spectra as well as on
a more general level. For example, both show similar patterns of resonance, intercombination and for-
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bidden line strengths for the helium-like triplets of nitrogen and oxygen and both show significant (but
unresolved) iron L-shell emission. The properties of the detected emission lines are remarkably alike in
the two sources, both in terms of the lines present and the scale of their energy shifts. In both sources
the prominent emission lines are blue-shifted by <1000 km s~! with average line shifts of 305 km s™*
and 375 km s~ for NGC 4151 and NGC 1068, respectively (Kinkhabwala et al. 2002). The line widths
measured for NGC 1068 do not show the bimodal distribution observed in NGC 4151. However, since
only 7 lines have constrained line widths in the NGC 4151 spectrum, compared to 23 lines with con-
strained widths in the NGC 1068 spectrum, caution should be emphasised in interpreting the validity of
the distribution of line widths in NGC 4151. Interestingly the average line width found in the NGC 1068
data (~1100 km s~} FWHM) is comparable to the average line width of the group of broader lines in the
NGC 4151 spectrum (~1000 km s~} FWHM). A comparison of the helium-like triplet plasma diagnostic
ratios (R and G; Section 6.4.3) indicate that the ionization cones in NGC 4151 have a somewhat lower
electron temperature and a somewhat higher electron density than NGC 1068 (Kinkhabwala et al. 2002).

The ionization cone model utilized in the previous section, was developed by Kinkhabwala et al. (2002)
to model the hydrogen-like and helium-like emission features in the NGC 1068 spectrum. This model
resulted in a remarkably good fit to all the observed hydrogen-like and helium-like emission lines, and
the RRC in the soft X-ray spectrum of NGC 1068. The best-fit ionic column densities were similar to
those observed in absorption for Seyfert 1 galaxies and imply either radially stratified ionization zones
or, more likely, a broad distribution of densities at any given radius. An inspection of the radial column
densities fit to the RGS spectrum reveals that NGC 4151 appears to have less ionized material in its
ionization cones, by a factor of ~3.5 on average. The exceptions to this are the short wavelength lines
(Si, Mg etc). These lines are poorly constrained and strongly contaminated by significant iron L-shell
emission that can lead to an over-estimation of the ionic column densities of these elements. The best-
fit ionic electron temperatures, based on the widths of the RRC features, are also extremely similar
(although the comparatively large errors on these temperatures prevents any definite conclusions being
drawn regarding this similarity). The lower ionic column densities could be the result of lower ionizing
flux or less material in the ionization cones, however a more plausible explanation, in line with the
smaller R-values from the helium-like line triplets, would be that the material in the ionization cones
of NGC 4151 is rather more dense than the material in the ionization cones of NGC 1068. Since the
recombination rate is dependent on the density of the material, this results in a smaller ionized fraction
for a similar ionizing continuum.

6.5.2 The comparison with the Chandra HETG observation of Mrk 3

The recent Chandra HETG observation of Mrk 3 was the first published high resolution soft X-ray spec-
trum of a Seyfert 2 galaxy and, in a similar fashion to NGC 1068, showed unambiguously that the soft
X-ray emission in Mrk 3 is composed almost entirely of emission lines and RRC, with little or no con-
tinuum emission. The soft X-ray spectrum is, again, remarkably analogous to the soft X-ray spectrum
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of NGC 4151, though with somewhat less statistical significance due to the rapidly decreasing effective
area of the HETG instrument at wavelengths above ~9A. In both sources there is strong evidence to
suggest that the observed emission lines are produced in a photoionized and photoexcited plasma (Sako
et al. 2000). The importance of photoexcitation in the spectrum of Mrk 3 is highlighted by the observed
weak iron L-shell emission, rather than by the enhanced higher order resonance transitions, rejecting ex-
planations from a recombination dominated or a collisionally dominated plasma. Despite this impressive
spectrum, the Chandra observation of Mrk 3 only partially resolves two of the helium-like line triplets
detected in the RGS spectrum of NGC 4151 (oxygen and neon), due to the limited statistical significance
of the features, and as a result many of the properties of the plasma are not well constrained. In particular,
the resonance and intercombination lines of these triplets cannot be separated, and as a result Sako et al.
(2000) quote a different diagnostic line ratio [i.e. (r+i)/f] to the line ratios used here.

At wavelengths shorter than ~9A the Chandra spectram shows evidence for a reflection dominated con-
tinuum (similar to that fit in Section 4.3) along with clear detections of emission lines that are either
extremely difficult or impossible to detect with the RGS (given its limited spectral bandpass), namely
Fe XXVI, Fe XXV, Fe Ko, S XVI, S XV, S Ke, Si X1V, Si XIII, Si Ka, Mg XII and Mg XI (Sako
et al. 2000). This plethora of lines highlights the complementary capabilities of XMM-Newton and
Chandra and strongly supports future observations of bright, heavily obscured AGN with both Chan-
dra (using the HETG) and XMM-Newton, to obtain the highest possible resolution X-ray spectra over the
widest possible energy range. The line ratios calculated from the Chandra detections of the helium-like
silicon and magnesium line triplets (i.e. Si XIII and Mg XI) are all inconsistent with the expected values
for a collisionally ionized plasma and are marginally consistent with the predictions from a photoionized
plasma, similar to the conclusions from the triplet ratios for both NGC 4151 and NGC 1068.

6.6 A brief comparison with the XMM-Newton EPIC spectra

One of the strengths of XMM-Newton is that all the science instruments operate simultaneously during
each observation, allowing a direct comparison between the high resolution spectra from the RGS instru-
ments and the lower resolution spectra from the EPIC CCD detectors. This comparison is particularly
useful in exposing features in each spectrum that the other detectors struggle to detect. For example,
broad features present in the 0.3-2.5 keV range are not easily identified in RGS spectra, but will be more
clearly observed by the EPIC instruments. Conversely, features that appear to be broad in the EPIC spec-
trum may be resolved into a set of individual narrow lines by the RGS instruments. Conclusions from
the process of comparing the EPIC and RGS spectra are complicated by the need for good calibration
and cross-calibration for each instrument involved.

Figure 6.6 shows the full window mode EPIC MOS 1 and 2 spectra fit with a model that combines the
best-fit of the hard X-ray model developed in chapter 3 and the best-fit of the ‘ionization cone’ soft X-ray
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Figure 6.6: Upper Panel: The 0.3-10 keV EPIC MOS 1 (Black) and MOS
2 (Red) spectra of NGC 4151 modelled by a combination of the hard X-ray
model developed in chapter 3 and the ‘ionization cone’ soft X-ray model de-
veloped earlier in this chapter (Green). Lower Panel: The ratio of the data to
the model prediction.

model developed earlier in this chapter. Initially the ionization cone model parameters were fixed and
a constant scaling parameter was included in the model to adjust the normalisation of the this model
relative to the hard X-ray model. Knowing that the ionization cone model is not complete, particularly
in the regions where iron L-shell emission contributes to the spectrum, the constant scaling parameter
was adjusted such that the peaks of the line complexes that are well defined by the ionization cone model
(i.e. O VII, Ne IX etc), did not exceed the counts observed in the EPIC spectra. The fit of the ionization
cone model to the RGS spectrum strongly over-predicts the contribution of magnesium, aluminium and
silicon to the spectrum (Section 6.5.1). The column densities of these elements are likely to be better
constrained by the EPIC spectra and were allowed to be free parameters in the fitting. In addition to
the hard X-ray model and the ionization cone model, a silicon Ka line was included in the fitting. The
energy of the line was fixed at 1.73 keV and the line width was fixed to be the same width as the iron
Ka line. The line flux was fixed to be 5% of the flux contained in the iron Ka line, in keeping with the

measured ratio of the iron Ka to silicon Ka line fluxes measured in Mrk 3.

The fit to the data in Figure 6.6 clearly highlights regions of the soft X-ray spectrum that are not well
reproduced by the ionization cone model. Much of the emission between 0.75-1.4 keV (~9-16A) can be
attributed to iron L-shell emission lines that are not currently included in the spectral model of the RGS
data. The deficit between the model and the data below 0.8 keV appears to reveal a smooth systematic
upturn in the soft X-ray spectrum, similar to the smooth soft excesses found in Seyfert 1 galaxies. Mod-
elling the upturn below ~0.8 keV with a simple power-law model yields a flux of ~1.5% of the flux in

the underlying hard X-ray continuum and a steep slope (T~3.5). The smooth upturn may be associated
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with scattered X-ray continuum emission however, the considerably steeper spectral index in compar-
ison to the underlying hard X-ray continuum slope suggests that the upturn may instead be associated
with the high energy tail of the thermal emission from a hot accretion disk or a genuine curvature in the
Comptonized underlying continuum (or a combination of these effects). In either case, the emission orig-
inating in the nuclear region must be electron scattered into our line-of-sight in order to avoid the heavy
absorption that impinges upon the direct line-of-sight to the active nucleus. Considerably more detailed
modelling of the RGS spectrum coupled with improvements in the relative instrument calibrations are

required before any firm conclusions on the nature of this emission can be determined.

6.7 Preliminary conclusions from the RGS spectra of NGC 4151

This chapter presents a preliminary analysis of the RGS spectrum of NGC 4151 from a total of ~ 125
ks of XMM-Newton observations. The EPIC spectra from these observations are presented in chapter 3
of this thesis. The analysis uses the high spectral resolution of the RGS instruments to characterise the
nature and origin of the soft X-ray spectrum of NGC 4151. The main results of the preliminary analysis

are:

* The soft X-ray spectrum of NGC 4151 (Figure 6.1) is completely dominated by line emission and
radiative recombination continua. Line emission, including higher order (/3-e¢) resonance transi-
tions, is clearly detected from hydrogen-like and helium-like ionization states of neon, oxygen,
nitrogen and carbon. Much of the unidentified line emission below ~16 angstroms can be asso-
ciated with a combination of iron L-shell emission and lines from hydrogen-like and helium-like

silicon and magnesium.

* The RGS spectra show no significant continuum emission and no fluorescent line emission asso-

ciated with neutral material.

* The measured line centroid energies are consistent with a blueshift of between ~ 100-1000 km
s-1, with respect to the systemic velocity of NGC 4151. The seven observed line widths that are
well constrained by the data show a bimodal distribution, with average line widths of ~1000 km
s-1 and ~200 km s-1 (FWHM). The measured line blueshifts are generally consistent with the
outflow velocities of the absorption lines observed in the UV spectrum of NGC 4151 (Kriss ef al.
1995), implying that the UV and X-ray line features originate in the same material.

» Plasma diagnostics, based on the ratios of the resonance, intercombination and forbidden lines of
the observed helium-like triplets, imply an electron temperatures of ~1-5x 104 K and electron den-
sities of ~108 cm-3 in nitrogen and oxygen and ~1010 cm-3 from neon (Porquet & Dubau 2000).
The wide range of the measured electron densities is suggestive of either a ‘clumpy’ extended

NLR or a region in which the material has grossly non-solar elemental abundances however, the
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presence of a strong radiation field can mimic the effects of a high density medium on the line

strengths and could be causing the electron densities (and temperatures) to be overestimated.

The soft X-ray spectrum of NGC 4151 is remarkably similar to the soft X-ray spectrum of NGC
1068 (Figure 6.2). The correspondence between the two source spectra is evident on the general
scale from the strong emission lines and RRC associated with the same ionic species, which dom-
inate the spectra of both sources. The resemblance of the NGC 4151 and NGC 1068 soft X-ray
spectra is also apparent in the details of the spectra (i.e. the similar helium-like triplet ratios and

RRC temperatures).

The ‘ionization cone’ model, developed by Kinkhabwala ef al. (2002) to model the RGS spectra
of NGC 1068, reproduces all of the hydrogen-like and helium-like emission features observed in
the soft X-ray spectrum of NGC 4151 in detail. The best-fit radial and transverse velocities of
the material in the ionization cones agree well with the blueshift and velocity dispersion measured
from the individual line centroid energies, and are similar to the radial and transverse velocities
measured from the soft X-ray spectrum of NGC 1068. The individual ionic column densities are
somewhat smaller than those measured for NGC 1068, which, in combination with the plasma
diagnostic ratios from the helium-like triplets, suggests that the material in the ionization cones of

NGC 4151 may be somewhat denser than the material in the ionization cones of NGC 1068.
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Chapter 7

Final words

7.1 Overview: Conclusions and issues for the future

This thesis presents an investigation of the X-ray properties of four nearby galaxies, NGC 4151, NGC
7582, Mrk 3 and NGC 4945, all of which harbour a bright, heavily obscured Seyfert nucleus. The work
focuses largely on data from the XMM-Newton X-ray satellite, concentrating initially on hard X-ray
spectra from the EPIC CCD cameras. The spectral analysis examines the role of continuum reprocessing
in these sources, concentrating on the impact of heavy absorption, Compton reflection and reprocessing

by iron.

The wide range of column densities exhibited across these four objects (1023 cm-2 to >1024 cm-2)
demonstrates the influence of heavy absorption in both Compton-thin, continuum-dominated sources
(such as NGC 4151) and Compton-thick, reflection-dominated sources (e.g. Mrk 3 and NGC 4945). The
extent of the role that Compton reflection plays in the X-ray spectrum of each source is determined in
each case by the level of the intrinsic absorption and, as a result, the impact of Compton reflection can
be anything from being a subtle modification of the spectrum (as in NGC 4151) to being the dominant
component observed in the 2-10 keV band (as in Mrk 3 and NGC 4945). All four objects presented
here display neutral (or near-neutral) iron reprocessing features, namely a narrow (or near-narrow) iron
Ka line and a sharp iron K edge, adding to the growing body of evidence which suggests that iron
reprocessing features are ubiquitous constituents of the hard X-ray spectra of AGN. The analysis of
NGC 4945 demonstrates the enormous impact that a nuclear starburst can have on the X-ray properties
of AGN, making the identification of the underlying AGN emission extremely problematic. Only by
combining the capabilities of Chandra and XMM-Newton was it possible to individually characterize the
starburst and AGN components, demonstrating the potential ofjoint Chandra and XMM-Newton analysis

in studying spatially and spectrally complex X-ray sources.
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The preliminary analysis of the XMM-Newton RGS spectrum of NGC 4151 completes the X-ray picture
of this heavily obscured Seyfert. The soft X-ray spectrum of NGC 4151 is extremely similar to that of
the archetypal Seyfert 2 galaxy NGC 1068, it being dominated by emission features with no significant
continuum emission, highlighting the complex nature of the soft X-ray emission in heavily obscured
AGN as a whole. Similarly to NGC 1068, the soft X-ray emission is observed to originate in photoionized

and photoexcited gas located in X-ray/optical ionization cones.

Each of the previous chapters contains a detailed summary of the chapter and conclusions specific to the
work presented therein however, Section 7.2 summarizes the most important of the specific conclusions
from each chapter. Section 7.3 identifies five important questions currently facing researchers in the AGN
field, and discusses how the work presented here relates to these issues and how future instrumentation

might be able to provide some insight into the answers to these questions.

7.2 Specific conclusions from this thesis

* Complex absorption in NGC 4151: The analysis of long observations from BeppoSAX and
ASCA has provided a strong indication that the complex absorption observed in NGC 4151 is
the result of a combination of warm and cold gas distributed along the line-of-sight to the active
Seyfert nucleus. This conclusion is confirmed by the relatively simple model’s excellent descrip-
tion of a recent ~125 ks XMM-Newton observation of NGC 4151. The key finding is that the
warm absorber corresponds to a relatively low density (~104-5 cm-3) gas, with a column density
of ~2x1023 cm-2 and an ionization parameter in the range log(Q «2.4-2.7. The warm absorber
component is invariably observed in a non-equilibrium ionization state, which may explain why
previous studies based on relatively short observations spaced by weeks, months or years have

failed to identify the consistent signature of a warm absorber in this source, (chapter 3)

* The iron Ka line profile in NGC 4151: None of the hard X-ray spectra of NGC 4151 presented
in this thesis (including the extremely high statistical quality spectrum from the XMM-Newton ob-
servation) show any evidence for a relativistically broadened iron Kck line, contrary to the earlier
conclusions of Yaqoob ef al. (1995), Wang, Zhou & Wang (1999) and Wang, Wang & Zhou (2001).
The upper limit on the flux of a broad iron K a line in the XMM-Newton EPIC spectra is 1.Ox 10-5
photons cm-2 s-1. (chapter 3)

* Iron Ka line variability in NGC 4151: The iron Ka line flux measured during the recent XMM-
Newton observation of NGC 4151 is significantly lower than that measured by earlier observations,
where the line flux was typically ~70% greater. The decrease in the iron K a line flux is in contrast
with the behaviour of the Compton reflection component, which is consistent with remaining rela-
tively constant. Associating the reflection component with reprocessing from the inner edge of the

torus, this decoupling of the iron K a line and the reflection continuum suggests that at least part of
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the line is formed in optically-thin, cool, clouds located within the inner radius of the torus. In this
scenario the decline of the iron Ka line flux presumably coincides with the central source enter-
ing a fairly prolonged low flux period, sampled only recently by the XMM-Newton observations,
(chapter 3)

Soft X-ray and UV lines in NGC 4151: The soft X-ray spectrum of NGC 4151 is completely
dominated by line emission and radiative recombination continua from hydrogen-like and helium-
like ionization states of neon, oxygen, nitrogen and carbon. The line centroid energies, measured
from the high resolution RGS spectra, are consistent with an origin in outflowing material with a
velocity of between ~ 100-1000 km s 1. This is in excellent agreement with the average outflow
velocity implied from the absorption lines in the UV spectrum of NGC 4151 (~450-1250 km s-1;
Kriss et al. 1995), implying that the UV and X-ray line features originate in the same material,

(chapter 6)

The ionization cones of NGC 4151: Fitting the XMM-Newton RGS spectra with a model based
on emission from photoionized and photoexcited gas in ionization cones reproduces all of the
hydrogen-like and helium-like emission features observed in the spectrum in detail. Plasma diag-
nostics, based on the line ratios of the helium-like triplets and the widths of the RRC (Porquet &
Dubau 2000), imply an electron temperature in the ionization cone material of ~1-5x104 K and
electron densities of ~ 108 cm-3 from nitrogen and oxygen and ~ 1010 cm-3 from neon, (chapter

6)

NGC 7582 and Mrk 3. Similar spectra, different variability: The hard X-ray spectra of NGC
7582 and Mrk 3 are both well described by a simple model incorporating a heavily absorbed
power-law continuum, strong Compton reflection (that dominates the spectrum in both sources)
and strong iron reprocessing features. Despite this similarity, the characteristics of the variability
are strikingly different in the two sources. Mrk 3 varies only on long timescales (~107 s) whereas
NGC 7582 shows large scale variability on both extremely short (~400 seconds!) and longer
timescales (~10s s). In both sources, the long timescale variability may be associated with slow
variations in the absorbing column density, in addition to the intrinsic variability of the underlying

continuum, (chapter 4)

Ionized Compton reflection: The observed iron K edge in the X-ray spectrum of NGC 7582 oc-
curs at an energy of 7.2 keV providing strong evidence that the Compton reflection in this source
originates from mildly ionized material. The corresponding iron ionization states for this mate-
rial are in the range of Fe IlI-Fe V. Under the assumption than NGC 7582 and NGC 4151 are
intrinsically similar (i.e. that NGC 7582 possesses a heavy warm absorber similar to that seen in
NGC 4151) a comparison of the ionization states of iron found in the warm absorber (typically Fe
XVI-Fe XXI) and those found in the ionized reflector suggests that the ionized reflecting material
in NGC 7582 is either a factor of ~30 times more distant or is ~103 times denser than the material

that constitutes the heavy warm absorber observed directly in NGC 4151. (chapter 4)
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7.3

* The nuclear starburst in NGC 4945: The reprocessed X-ray emission from the AGN in NGC

4945 is overshadowed by the thermal emission from a nuclear starburst. The starburst emission
dominates the X-ray spectrum out to ~6 keV and the direct underlying AGN continuum is not
observed directly below ~10 keV due to heavy intrinsic absorption (~4x1024 cm-2), making
the characterization of the 2-10 keV AGN emission extremely problematic. In addition to the
thermal emission from the starburst, Chandra imaging of NGC 4945 reveals an X-ray plume with
a limb-brightened morphology, whose properties suggest a physical interpretation as a mass-loaded

superwind, driven by the nuclear starburst. (chapter 5)

The strength of Compton reflection: The 2-10 keV luminosities of the Compton reflection com-
ponents in NGC 7582 and Mrk 3 correspond, respectively, to ~8% and ~5% of their unabsorbed
continuum luminosities in this range. The similarity of these values to the range of values found
for NGC 4151 (2%-11% - chapter 3) and NGC 5548 (~9% - K. Pounds, Priv. Comm.) implies
that a cold Compton reflection component of around this strength may be a ubiquitous component

of the X-ray spectra of all types of AGN, even in sources with little direct absorption, (chapter 4)

The unifled AGN picture: The analyses of the X-ray spectra from the four obscured Seyfert
galaxies presented in this thesis are generally consistent with the unified AGN picture (chapter 1).
The wealth of detail provided by these observations, particularly by the observations from XMM-
Newton, has revealed details unique to each source /e.g. the iron overabundance in NGC 4151
(chapter 3) and the Compton reflection from mildly ionized material in NGC 7582 (chapter 4)]
however, despite this, the general representation of the X-ray properties of these sources remains
highly compatible with the unified AGN picture, in which the major differences between AGN are

aresult of their orientations to our line-of-sight.

Five questions for the future

Is there really a “torus”?

The putative molecular torus, as depicted in the unified AGN model (Figure 1.10), is the assumed
origin for any significant absorption intrinsic to an AGN, however this theoretical picture may
not be a good representation of the real situation. Currently, the properties of the observed X-
ray absorption, particularly its geometry and morphology, are extremely poorly defined however,
significant progress in defining some of the more secondary properties of the absorbing material

(i.e. the ionization state, elemental abundance, etc) is likely to be made in the near future.

In particular, the homogeneity of the absorbing material has been a topic of considerable debate
for many years, with strong arguments for both a clumpy absorbing medium and a more homo-
geneous absorbing medium. Observations of sources with large absorbing column densities that

do not vary (e.g. Mrk 3) are suggestive of a smooth distribution of material or the presence of a
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large number of small clouds, such that the total absorption does not vary significantly as a single
cloud passes across the line-of-sight. Conversely, observations of sources where the absorption
varies on shorter (~105 s) timescales can be interpreted either as a smooth ionized medium, re-
sponding to changes in ionizing flux, or as absorption by a few, larger, dense clouds. The analysis
of NGC 4151, presented here in chapter 3, provides considerable evidence for a relatively smooth
ionized absorber. However, recent XMM-Newton and RXTE observations of NGC 3227 provide
strong evidence for absorption by individual clouds (Lamer, Uttley & McHardy 2002). This ob-
servation revealed an unusual spectral hardening, lasting a few months, that was not accompanied
by any changes in the underlying continuum flux and the authors interpret this as the result of a
single broad line region cloud transiting across the direct line-of-sight to the central X-ray source.
The cloud is constrained to be within ~100 light-days of the central X-ray source and has a col-
umn density that is extremely comparable to the column densities observed in heavily obscured
Seyferts (N#~2.5x 1023 cm-2). Forthcoming XMM-Newton and Chandra observations of heavily
obscured AGN, in particular observations of those that show complex absorption, are planned and
are expected to yield increasingly more definite conclusions regarding the nature of X-ray absorp-
tion in AGN. One of the key future developments that will impact on this particular issue is the
proposed imaging all-sky X-Ray monitor, LOBSTER] . To be mounted on the International Space
Station, LOBSTER will observe an extremely large area of the sky every 90 minutes providing a
unique census of the variability properties of a wide range of astronomical X-ray sources. Such
continuous monitoring is ideal for searching for transition events in AGN, similar to that observed
in NGC 3227, and the commonality of these events will be an indicator of the role they play in the
X-ray absorption of AGN.

In the future it may also be possible to begin to determine the most important property of the ab-
sorbing medium; namely its geometry. INTEGRAL observations will play a crucial role in this,
especially in those AGN those with relatively small column densities. In these sources high en-
ergy X-ray data (>10 keV) is essential for determining the properties of the Compton reflection
originating in the cold absorbing material. Further in the future, direct imaging of the absorbing
material in nearby AGN, with observations from near-IR/optical interferometers (e.g. the Keck and
VLT optical interferometers and the IOTA infra-red interferometer, etc), will hopefully provide a
direct determination the existence of the putative molecular torus and will be a stringent test of
the specific geometry of the absorbing material that is intrinsic to the unified AGN picture. Such
observations, if successful, would also reveal the details of the inner and outer boundaries of the
absorbing material and place the first direct constraints on the scale height and inclination of the

torus.

¢ Is the heavy warm absorber seen in NGC 4151 intrinsic to the unified AGN picture, or is it
unique to NGC 4151?

Assuming NGC 4151 is not a unique source, the complex absorption revealed by the hard X-ray
spectrum becomes intrinsic to the unified AGN picture. However, the presence of this component

fhttpr/Avww.src.le.ac.uk/lobster/
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remains uncertain in the majority of observed AGN and this rarity implies either that it is only

sampled by a small range of viewing angles or that it is unique to a small number of sources.

In a recent paper, Krolik & Kriss (2001) discuss how evaporation from the inner edge of the obscur-
ing torus could give rise to a photoionized wind in which a broad range of ionization states coexist
in equilibrium. Krolik & Kriss go on to associate this wind with the highly ionized warm absorbers
seen in type 1 Seyfert galaxies (and which, in chapter 6, 1 link with material in ionization cones).
Tentatively relating the heavy warm absorber seen in NGC 4151 with such a multi-temperature
wind close to the torus (i.e. something like a thick, outflowing, ionized skin on the inner edge of
the molecular torus), and the ionized gas responsible for the warm absorption in Seyfert 1 galaxies
with the same wind, but at a greater distance from the torus, results in a picture that is compatible
with both the observational constraints of NGC 4151 and with the absorption observed in other
Seyferts. In this picture, the unusually complex character of the absorption observed in NGC 4151
is due to a line-of-sight that grazes both the top edge of the obscuring torus (light column den-
sity of cold absorption) and the ionized, multi-temperature wind evaporating off the inner edge of
the torus (the heavier column density warm absorber). In essence, the inclination of NGC 4151
presents us with an intermediate viewing angle between the inclinations responsible for classical
Seyfert 1 galaxies (in which the absorption is predominantly due to the rarefied multi-temperature

wind) and Seyfert 2 galaxies (where the cooler material of the obscuring torus dominates).

Currently this hypothesis remains unconfirmed and verifying this picture is somewhat problematic.
The first step in determining the ubiquity of such a heavy warm absorber is to observe a larger
sample of sources with similar X-ray spectra to NGC 4151. Markarian 6 is a promising example
of a Seyfert galaxy with a qualitatively similar X-ray spectrum to NGC 4151, and hopefully the
analysis of XMM-Newton observations of this source will yield a second example of a heavy warm

absorber in an intermediate Seyfert galaxy.

Where are iron Ka lines produced in AGN?

There is a growing body of evidence that suggests that iron reprocessing features, in particular iron
Ka line emission, are ubiquitous characteristics of the X-ray spectra of AGN. There are several
possible origins for this line emission, some of which are readily distinguishable from the prop-
erties of the iron Ka line however, some of the locations in which the line emission can arise are

considerably more difficult to differentiate between.

The iron K a line profiles in the majority of AGN, and in all ofthe objects presented here, are intrin-
sically narrow (or near-narrow), suggesting an origin some distance from the central X-ray source.
Although much of the narrow line emission can be associated with reprocessing in the putative
molecular torus, tentative evidence from the spectral and temporal analysis of NGC 4151 pre-
sented here suggests that a significant fraction of the narrow iron Ka line emission originates from
optically-thin, neutral, material closer to the central X-ray source than the inner region of the torus.
Relativistically broadened iron Ka line emission, similar to that found by Fabian ef al. (2002) in

a long XMM-Newton observation MGC-6-30-15, clearly originates from a region extremely close
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to the central supermassive black hole however, in XMM-Newton and Chandra observations, such

broad line features are turning out to be both rare and complex.

The future looks bright for the detailed study of iron Ka emission lines. Further observations of
AGN with XMM-Newton and Chandra will continue to reveal sources with distinct narrow line
features, building up a large sample of objects with which to study the statistical properties of
the narrow line component. Future observations with XMM-Newton and Chandra are also likely
to reveal more sources with strong broad iron Ka line features and increasingly more detailed
modelling ofboth the narrow and broad line profiles, and the line variability, will be an increasingly
more powerful diagnostic of the origins of the iron Ka lines. Moreover, the study of iron Ka
lines, particularly relativistically broadened lines, is a priority for future X-ray astronomy missions
such as Constellation-X and Xeus. These powerful observatories will provide excellent quality
observations of AGN with extremely high spectral and temporal resolution that, hopefully, will
allow the reverberation mapping of detected broad iron K a lines, resulting in detailed information

on the mass and spin of the supermassive black hole.

Are the ionization cones of AGN homogeneous or clumpy?

Recent X-ray grating observations of bright, nearby, heavily obscured AGN have revealed that
the extended soft X-ray emission in these sources is spatially coincident with the observed optical
ionization cones and is composed almost entirely of emission lines and RRC. Many of the prop-
erties of the emitting material are well defined by the details of the soft X-ray spectrum, including
the ionization state, the temperature and the outflow velocity however, the homogeneity of the

outflowing material is not clearly determined by current observations.

The details of the soft X-ray spectrum of NGC 4151, presented in chapter 6, imply electron densi-
ties in the ionization cones of this source of ~ 108 cm-3 (from the nitrogen and oxygen lines) and
~1010 cm-3 (from the neon lines). The discrepancy between these densities can be interpreted
as the result of relative abundance differences however, it could be the first indications that the
material in the ionization cones may have a clumpy, non-uniform, distribution. The real situation
is likely to be somewhat complex, possibly being some combination of small dense clouds and
a smoother, less dense, medium. The BLR and NLR clouds are obvious structures that can be
associated with the small dense clouds in this picture and it has been suggests that the evaporation
of these clouds, in a similar fashion to that suggested by Krolik & Kriss (1995) for the evaporation
of the inner edge of the putative torus, may well be responsible for the less dense material in the

ionization cones (Netzer 2002).

Future imaging observations of extended soft X-ray emission in heavily obscured AGN, particu-
larly with the sub-microarcsecond X-ray imaging capabilities of future mission such as MAXIM,
will provide an unprecedented view of the morphological complexity of the X-ray ionization cones
in these sources. These observations, along with increasingly higher quality X-ray grating spectra,
either from repeated observations with Chandra and XMM-Newton or from the grating instruments

on future missions such as Constellation-X and Astro-E2, will be key diagnostics in determining
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the detailed composition and morphology of the ionization cone material.

Can we reconcile X-ray observations of heavily obscured AGN with observations at other
wavelengths?

One of the major challenges for the future study of heavily obscured AGN is to reconcile the
source properties inferred from X-ray observations with those inferred from other wavelength
observations, particularly with observations in the UV and optical bands. In many sources the gross
properties determined from the relatively low spatial and spectral resolution X-ray data are already
in good agreement with the UV and optical observations (e.g. Mrk 3 - Kishimoto et al. 2002; Mrk
501 - Kondo et al. 1981) however, in some of the more complex sources (i.e. intermediate Seyferts
like NGC 4151 - Chapter 3) the UV and optical properties are not well matched with the X-ray

properties.

NGC 4151 is an excellent example of this problem. The UV absorbing column, measured from the
UV absorption line spectrum (Kriss et al. 1995), is at least two orders of magnitude smaller than
that implied from the hard X-ray spectra. In contrast, the properties of the soft X-ray emission lines
detected by the XMM-Newton RGS instruments are in good agreement with the absorption lines
in the UV spectrum (Kriss et al. 1995) and are also in good agreement with the properties of the
extended [O III] emission (Ogle et al. 2000). The optical spectrum of the Seyfert nucleus in NGC
4151, on the other hand, shows considerable broad line emission (Sergeev, Pronik & Sergeeva
2001) that implies a direct view of the broad line region, located close to the central X-ray source.
Such a direct line of sight is incompatible with the heavy obscuration that is required by the hard
X-ray spectrum. Optical polarimetry observations of NGC 4151 serve to complicate the situation
even further, revealing broad polarized emission lines with complex profiles that vary on short

timescales (D. Axon, Priv. Comm.).

Clearly the real situation is complex but, with detailed X-ray observations from XMM-Newton,
Chandra and improved UV observations from instruments such as the HST STIS, progress is
beginning to be made (Kraemer ef /. 2002). It remains a challenge for future research to combine
the detailed information from improved observations at all wavelengths, to produce a consistent
unified picture of AGN.
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