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Ben Zoma said, Who is wise? He who learns from all
men, as it is said, From all my teachers I have gotten

understanding.

Ethics of the Fathers, Chapter IV

To all my teachers



ABSTRACT

This dissertation describes my analysis of XMM-Newton observations of six Ac-
tive Galactic Nuclei (AGN), concentrating on the high resolution spectroscopy of soft
X-ray absorption features, and discusses the results in the context of the origins and
astrophysical implications of ionised outflows in AGN. I studied two Seyfert galaxies
(NGC 3783 and NGC 7469) and four BL Lac objects (1H1219+301, H1426+428,
Markarian 501 and PKS O548-322), all of which have shown evidence in previous
work of soft X-ray ionised absorption.

NGC 3783 has very deep soft X-ray absorption. I find that there are at least
two main ionisation phases. The low ionisation phase appears to be fairly well
concentrated around a single ionisation parameter, whilst the high ionisation phase
probably contains a range of ionisation levels. NGC 7469 has a warm absorber with
a much lower overall column in our line of sight. Despite this, the detected ions
from its absorber span a range of four orders of magnitude in ionisation parameter.
In the BL Lac objects, neither the RGS nor the EPIC spectra show any evidence
of intrinsic ionised absorption. By looking back over the history of observations of
ionised X-ray absorption in these sources, I am able to show that the existence of
such features can be ruled out at 93% confidence.

I compare the results of these analyses with findings from high resolution X-
ray spectroscopic observations of other AGN, in order to come to some conclusions
about the origins and importance of the warm absorber phenomenon. I find that
Seyfert, NLSyl and certain QSO absorbers are most consistent with an origin in the
dusty torus, whilst the outflows in two QSOs are more likely to be accretion disc
winds. I show that the kinetic luminosities of the torus outflows must account for

less than 1% of the bolometric luminosities of the AGN.



Astrophysicists accreting onto a fashionable idea, If

rationality

capture

After R. McCray, as presented by Krolik (1999)
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Chapter 1

Introduction

1.1 XMM-Newton observations of active galaxies

The launch of the XMM-Newton and Chandra X-ray observatories at the end of the
1990s was the beginning of a new era in X-ray astronomy. Higher spectral and spatial
resolution, and a huge increase in collecting area, brought a new impetus to the study
of many classes of celestial objects. Active Galactic Nuclei (AGN), popular targets
for observation right across the electromagnetic spectrum, have been a particularly
fruitful area of investigation. In this thesis, I present the results of my work on
XMM-Newton observations of various active galaxies, concentrating on the X-ray
spectroscopy of ionised gas in their active nuclei, and I discuss the conclusions these
analyses bring me to about the nature, structure and origins of ionised outflows in
AGN.

This chapter begins with a general introduction to active galaxies. I then intro-
duce the two classes of AGN that I deal with in this thesis - Seyfert galaxies and BL
Lac objects - and finally I describe the physical basis of X-ray spectroscopy. Chapter
2 contains a description of the data analysis methods I have used, and a discussion
of the challenges in modelling the high resolution X-ray spectra which come from
Chandra and XMM-Newton.

Chapters 3 to 6 contain the results that my work has generated. Chapters 3
and 4 deal with two Seyfert galaxies, NGC 3783 and NGC 7469, and Chapter 5

21



CHAPTER 1. INTRODUCTION 22

moves on to BL Lac objects. These three chapters use results from both the grating
spectrometers (RGS) and the CCD spectrometers (EPIC), but concentrate mostly
on understanding the high resolution grating spectra. Chapter 6 brings tcgether
the results from the previous chapters and discusses what they - and other recent
XMM-Newton and Chandra spectral results - mean for our understanding of the

ionised absorbers.

1.2 Active galaxies

An active galaxy is one which contains a compact site of powerful non-stellar energy
release at its core, known as an Active Galactic Nucleus (AGN). AGN have bolomet-
ric luminosities of 10*2—10%8 erg s~1. The lowest luminosity AGN, Low Ionisation
Nuclear Emission Region galaxies (LINERs), may be hard to distinguish from the
surrounding star formation activity. The highest luminosity AGN, the quasars, may
outshine their entire host galaxy.

The AGN energy can be released right across the electromagnetic spectrum,
from radio waves to gamma rays, and different processes inside and outside the active
nucleus are manifested in different wavebands. The exact combination of phenomena
observed from a particular AGN depends upon which of the various classes of active
nucleus it is; I discuss this in more detail below. Generally speaking, there are a
set of characteristic spectral features which can be observed in these objects. The
most spectacular AGN phenomena are the radio jets which blast their way out of
the host galaxy into space. These jets often have a much greater extent than the
host galaxy itself. Moving closer in, the infra-red band contains re-emission from
hot dust in the close vicinity of the active nucleus, which has been heated by high-
energy radiation from the central engine. The optical band shows emission lines
from clouds illuminated by the AGN. These emission lines arise from regions at
different distances from the central engine, the broadest lines originating closest to
the nucleus. Within the nucleus itself, UV continuum emission comes from thermal

plasma at a range of temperatures, which generates a superposition of blackbody



CHAPTER 1. INTRODUCTION 23

spectra forming the ‘Big Blue Bump’. The X-ray continuum, probably produced by
the inverse-Compton process, comes from the very centre of the nucleus and extends
over much smaller scales than the UV emission. Coming full circle, in AGN with
radio jets which are aligned along our line of sight, gamma rays are often observed.
In fact, AGN jets can be sources of radiation in all wavebands. Variability in these
different bands is, broadly speaking, a function of the size of the emission region; the
X-ray flux can vary on a timescale of seconds, whereas the extended radio structures
might only change over a timescale of millions of years (e.g. Krolik, 1999).

The model most popularly invoked to explain all of these phenomena involves
matter accreting onto a supermassive black hole, which might have a mass of up to
10° times that of our Sun. The accreting matter forms a disc around the black hole,
since it must lose its angular momentum before accreting. This accretion disc emits
thermal blackbody radiation in the UV band. The blackbody temperature of the
emission decreases with distance from the centre, with the outer parts of the disc -
which is a few light days across - emitting in the optical regime (e.g. Rees, 1984).

Immediately above the disc is thought to lie a ‘corona’ of highly energetic elec-
trons, possibly heated by magnetic phenomena. These electrons interact with UV
photons from the disc below, boosting the photons up to X-ray energies through
the Inverse Compton process (Haardt and Maraschi, 1991, 1993). The resulting
upscattered spectrum has the power-law form which is characteristic of AGN X-ray
spectra. Variation of the conditions in the corona is a possible cause for the observed
X-ray continuum variability.

Some of these X-rays escape outwards, away from the central engine, and some
of them are reflected back off the accretion disc. This reflection can potentially give
rise to the ‘reflection hump’ (which peaks at ~20—50 keV), and also a strong broad
fluorescence emissioﬂ line from neutral iron. Relativistic effects due to the strong
gravitational field of the black hole can cause this emission line to be distorted in a
characteristic way, with a stretched out red wing (e.g. Nandra et al., 1997).

The central black hole and accretion disc exist in a wider environment. The dis-

tance scales within this environment are dependent upon the mass of the black hole;
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the more massive the black hole, the larger the distances. In the description of the
AGN environment which follows, I give values which would be typically appropriate
to a M ~ 107 M, black hole. The overall scenario which I describe - the Unified
Model of AGN - is shown in Fig. 1.1.

Moving away from the black hole by a few light days, one comes to the Broad
Line Region (BLR). This consists of fast-moving clouds, illuminated by the radiation
from the central engine, which give off highly broadened optical and UV emission
lines. The velocity widths of these lines are of the order of several thousand km s71,
and the gas has a density of ~ 10*° cm™ (e.g. Davidson and Netzer, 1979).

These broad lines are only visible in certain AGN though, and the detection of
the broad lines in polarised light from AGN which had previously been thought not
to have them (e.g. in the case of NGC 1068, Antonucci and Miller 1985) was the
first indication that the broad lines could be present but obscured from view, only
visible in light scattered into our line of sight (and therefore polarised). There is
also evidence of this obscuring matter in X-rays, as the soft X-ray band in such
sources is absorbed away by columns of around 10—10%* cm~2 (e.g. Bassani et al.,
1999). A narrow iron Ko (6.39 keV) fluorescence line is often visible, with a width
comptible with an origin in material of the order of a parsec away from the central
engine; the recent observation of a Compton shoulder associated with such a line
(Reeves et al., 2004) in NGC 3783 implies reflection from Compton-thick, high
column density material of the type that causes the X-ray absorption. The obscuring
material is heated by the high energy radiation from the central engine, and re-emits
the energy in the infra-red band; the large IR bump in AGN spectra can be well
modelled by thermal emission from relatively cool, dusty material heated by the
central continuum (Barvainis, 1987). These facts are together taken as evidence for
the existence of a dusty torus of material, with a diameter of about a hundred light
years, which encloses the central engine and BLR within its central void. There
have been attempts to directly image tori in nearby AGN; the first such image to be
published was that of a 125 pc diameter torus around the nucleus of the radio galaxy

NGC 4261 observed with HST (Jaffe et al., 1993), although this is much larger than
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Torus

Figure 1.1: Schematic representation of the “‘Unified Model’ of AGN. In the centre
is the black hole and accretion disc. Surrounding this is the Broad Line Region
(BLR); both the black hole and accretion disc, and the BLR, are enclosed within
the optically thick dusty torus. Further out, the Narrow Line Region (NLR) forms
an ionisation cone. The jet, which is usually only present in radio-loud AGN, travels

along the axis of the system.
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we would expect the torus obscuring the BLR to be. More recently, Very Long
Baseline Array (VLBA) radio observations at 8.6 GHz have revealed a torus-like
structure in the nucleus of NGC 1068, about 0.6 pc across (Gallimore et al., 1997),
whose existence had previously been indicated by a study of water masers in this
object (Greenhill et al., 1996). Hydroxyl (OH) maser emission has since been found
to be a powerful probe of the structure and kinematics of the obscuring torus in
Markarian 231 (Klockner et al., 2003).

Outside the dusty torus, and illuminated by the cone of radiation that emanates
from within it, are the Narrow Line Region (NLR) clouds. The observation that the
NLR clouds do actually form ionisation cones (Pogge, 1988) is further evidence for
the existence of the torus. These clouds give off narrow optical and UV emission
lines with a velocity width of perhaps 1000 km s~!, and contain material with a
range of densities, from less than 10 cm™3 up to perhaps 108 cm™=2 (e.g. Krolik,
1999). The NLR is hundreds of light years from the central engine.

The optically thick torus ensures that the radiation one observes from an AGN
will be orientation dependent. Observing an AGN face-on, we will see both broad
and narrow optical emission lines, as well as the direct X-ray and UV radiation from
the central engine. If, on the other hand, the torus is obstructing our line of sight
to the central engine, we will only see the narrow optical and UV emission lines,
alongside nuclear X-rays reflected off the torus, and the very hard X-rays which the
torus does not absorb.

The radio jet only appears to be present (or at least observable) in ~10% of AGN.
It is thought to arise from magnetohydrodynamic processes in the accretion disc,
and generates synchrotron radiation from the charged particles; probably electrons
(and perhaps positrons) spiralling along the magnetic field lines defining the jet axis.
Nearby radio-loud AGN occur almost exclusively in elliptical galaxies, whereas radio-
quiet AGN (those lacking significant radio structures) are hosted by spiral galaxies.
Dunlop et al. (2003) have found that more distant and luminous AGN, namely the
quasars, reside in elliptical galaxies whether they are radio-loud or radio-quiet; they

find the radio-loudness of an AGN to be dependent upon the mass of the central
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black hole, with radio-loud objects always having a black hole mass greater than 10°
solar masses. This restriction of radio phenomena to the extreme end of the black
hole mass range provides a straightforward explanation of why only a small fraction
of AGN are radio-loud.

Somewhere within the AGN structure - and there is no consensus about the
location - lies the ‘warm absorber’. This consists of a highly-ionised gaseous outflow
which leaves its imprint on the soft X-ray and UV spectra by way of distinctive
absorption features. Understanding the warm absorber is crucial in building up a
picture of the physical structure of the nuclear environment, the energy transport
within it, and the interactions of the active nucleus with the host galaxy. The class
of AGN with the best studied and best understood warm absorbers is the Seyfert

galaxies.

1.2.1 Seyfert galaxies

As knowledge of AGN increases, with technological improvements in instrumenta-
tion, the ‘boundaries’ between different classes of AGN become ever more vague.
The basic characteristic of a Seyfert galaxy is the presence of a radio-quiet active
nucleus - i.e. no extended radio structure. Nearby Seyfert nuclei are found in spiral
galaxies; at higher redshifts and luminosities, they can also appear in ellipticals. The
subject of higher redshift Seyferts then begs the question of how Seyferts differ from
radio-quiet quasars. An approximate distinction is whether a host galaxy is visible;
Seyferts have a readily observable host, whereas quasars do not. Of course, improv-
ing instrumentation inevitably shifts this boundary to ever more distant objects,
and so the following general critierion is used: for quasars, the B-band magnitude
Mp is less than -23, whereas for Seyferts, My is greater than -23 (Véron-Cetty and
Véron, 2003). In the X-ray band, the very approximate dividing line is that quasars
have a 2—10 keV luminosity L, greater than about 10* erg s™!, whereas Seyferts
have luminosities lower than this. The dividing line in both X-rays and optical
corresponds to the break in the respective luminosity function between numerous,

nearby, low luminosity AGN (Seyferts) and rare, distant and highly luminous AGN
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(quasars).

Seyfert galaxies are subdivided into the Seyfert 1 and Seyfert 2 categories ac-
cording to their optical emission line properties. In Seyfert 1 galaxies we see both
broad and narrow optical emission lines, as well as the high energy radiation direct
from the nucleus. Seyfert 2 galéxies only‘ have narrow optical emission lines. The
existence of the two classes of Seyfert galaxies is thought to be an orientation effect
due to the obscuring effect of the dusty torus, as described above. Of course, there
are objects with intermediate properties between the two classes, and these are des-
ignated Seyfert 1.2, 1.5 and so on. NGC 3783 and NGC 7469, which I investigate
in this thesis, are designated Seyfert 1 and Seyfert 1.2 respectively.

Seyfert 1 galaxies have a typical set of observational properties in the X-ray band.
Their X-ray spectral slope I" was initially found to be ~ 1.7 in data from the Einstein
observatory (Mushotzky, 1984) and EXOSAT (Turner and Pounds, 1989); later work
revealed, using data from GINGA (Nandra and Pounds, 1994) and ASCA (Nandra
et al., 1997), that the average spectral index is ~ 1.9 if the effects of the soft X-ray
warm absorber and hard X-ray reflection (see below) are taken into account. In
the hard X-ray band, the spectrum often contains evidence of reflection from either
neutral or ionised matter in the form of the ~ 20—50 keV ‘reflection hump’ (which
can affect the form of the spectrum down to below 10 keV), a neutral iron absorption
edge at 7.1 keV, and an iron Ko emission line. Prior to XMM-Newton and Chandra,
it was thought that relativistic broadening of these lines was very common, due to
an origin in the inner regions of an accretion disc (Nandra et al., 1997); however,
with the better signal-to-noise and better spectral resolution of current observations,
many lines previously thought to be broadened have been shown to be narrow, for
example in NGC 3783 (Kaspi et al., 2001), NGC 4151 (Schurch et al., 2003), and
NGC 5548 (Pounds et al., 2003c). The new data have, though, strongly supported
the existence of relativistic disclines in MCG-6-30-15 (e.g. Vaughan and Fabian,
2004), Markarian 766 (Mason et al., 2003a) and probably also NGC 4051 (Salvi,
2003).

There is often an excess over the extrapolation of the hard X-ray continuum
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(generally below ~ 2 keV), which can be modelled as a combination of blackbodies
(Shields, 1978; Malkan and Sargent, 1982) - emission from the innermost parts of an
accretion disc - or a blackbody spectrum modified by inverse compton scattering in
a hot disc corona (Haardt and Maraschi, 1991, 1993). The soft excess - or underlying
power-law, where a soft excess is not preseht - is cut into by absorption features due
to the warm absorber. X-ray warm absorption was first identified in the spectrum
of the radio-quiet quasar MR2251-178 by Halpern (1984).

Prior to Chandra and XMM-Newton, these soft X-ray features were modelled
as absorption edges due to O viI and O v1iI (e.g. Reynolds, 1997). Since that time,
it has been known that the situation is more complicated: the main (and diagnos-
tically most useful) manifestation of X-ray warm absorbers is narrow absorption
lines (Kaastra et al., 2000), similar to those seen for many years in the UV; the
feature which looked at CCD resolution like an O viII absorption edge now turns out
to be partially or entirely due to an Unresolved Transition Array (UTA) of M-shell
iron transitions (Sako et al., 2001), and there is even (contested) evidence for soft
X-ray relativistically broadened emission lines (Branduardi-Raymont et al., 2001;
Sako et al., 2003), analogous to those seen from Fe Ka. We now have firm evidence
that warm absorbers are outflowing and have multiple ionisation phases (e.g. Kaspi
et al., 2001).

Our knowledge of Seyfert 2 galaxies has also moved on since the launch of Chan-
dra and XMM-Newton. In the past, the soft X-ray band (below ~ 2 keV) was seen
to be completely absorbed away by the torus; we now know that this band contains
many narrow emission lines from photoionised gas. The high angular resolution
(~0.5”) of the Chandra mirrors has been used to show that this gas takes the form
of extended ionisation cones, which - at least in the case of NGC 1068 - were found to
coincide with the spatial extent of the optical NLR (Young et al., 2001; Ogle et al.,
2003). Kinkhabwala et al. (2002) find that the properties of this gas are consistent
with those derived for the warm absorbers seen in Seyfert 1s, and claim that warm
absorbers originate, indeed, in the gas of these ionisation cones seen in our direct

line of sight to the central source (and thus in absorption) rather than from the side
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(in emission).

Another area of interest is those objects which are intermediate between Seyfert
1 and 2. One such object, the Seyfert 1.9 galaxy NGC 7314, has been shown to
exhibit evidence of lowly ionised material Which'probably comes from outer layers
of the intervening torus (Branduardi—Raymont et al., 2002). This is of particular
interest as one of the possible sources of warm absorber material is the outer layers
of the torus (e.g. Krolik and Kriss, 2001), which could be photoionised by the intense
radiation of the AGN and then propelled outwards by radiation pressure.

In Chapters 3 and 4, I describe my work on NGC 3783 and NGC 7469. These are
Seyferts with very different kinds of warm absorber. NGC 3783 has very deep soft
X-ray absorption, whereas NGC 7469 has very shallow absorption and a prominent

soft excess.

1.2.2 BL Lac objects

The defining feature of BL Lac objects is their featureless continuum emission which
stretches right across the electromagnetic spectrum, from radio waves to gamma
rays. The overall spectral distribution of these objects generally has two peaks; the
low energy peak is interpreted as synchrotron emission from a jet oriented along
our line of sight, whilst the high energy peak is thought to be the result of Inverse
Comptonisation of the synchrotron photons by the energetic electrons in the jet (e.g.
Maraschi et al., 1992; Ghisellini et al., 1998). The synchrotron peak can be located
anywhere from the far-IR to the hard X-ray band, and the high energy (Inverse
Compton) peak appears at gamma-ray energies. The wide energy range across which
the synchrotron peak can be generated has given rise to two main observationally-
biased categories of BL Lacs (e.g. Padovani and Giommi, 1995); those which were
first detected in radio surveys (RBLs or LBLs - Low-energy peaked BL Lacs) and
those which were found by X-ray missions (XBLs or HBLs - High-energy peaked BL
Lacs).

Probably all BL Lac objects reside in elliptical host galaxies (Urry et al., 2000).

This, combined with the well-observed radio morphology of these sources and the
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presence of the powerful jet, is evidence that BL Lacs are the active nuclei of radio
.gala.xies oriented so that we are looking straight down the jet towards the nucleus.
Because their spectra are dominated by the jet emission, obtaining any spectral
information about the conditions in and around the nucleus itself is difficult.

In the early 1980s, the Objective Grating Spectrometer (OGS) on board the
Einstein X-ray observatory detected the first indication of an X-ray spectral feature
in a BL Lac. Canizares and Kruper (1984) found a broad absorption feature in the
soft X-ray spectrum of PKS 2155-304 (Fig 1.2); this feature, at an energy of around
600 eV, was interpreted as either a K-shell absorption edge of O VIiI or a resonance
absorption trough of Oviil Lya. Since then, similar features have been reported
in other BL Lac objects: 1H1219+-301, Markarian 501, PKS 0548-322, Markarian
421 (Madejski et al., 1991) and H1426+428 (Madejski et al., 1992). This is of great
importance, as this absorption feature is our only spectroscopic clue as to the nature
of the immediate environment of these objects.

XMM-Newton and Chandra have made many calibration observations of Markar-
ian 421 and PKS 2155-304, with no sign as yet of the deep broad absorption fea-
tures (e.g. den Herder, 2002). Chandra spectra of Markarian 421 have, however,
shown evidence of weak intrinsic narrow absorption lines of O vil Hea (Nicastro
et al., 2000, 2003), and narrow absorption lines from the intervening Warm-Hot
Intergalactic Medium (WHIM) have been found in Chandra spectra of PKS 2155-
304 (Nicastro et al., 2002) and Markarian 421 (Nicastro et al., 2003), as well as
in XMM-Newton RGS spectra of Markarian 421, PKS 2155-304 and 3C 273 (Ras-
mussen et al., 2003). In Chapter 5 of this thesis, I present my work on four BL Lac
objects (1H1219+301, H1426+428, Markarian 501 and PKS 0548-322) which were
observed in XMM-Newton RGS Guaranteed Time in order to investigate the broad

absorption features observed in the past.
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Figure 1.2: Broad absorption feature (at ~ 0.65 keV) in the Einstein OGS spectrum
of PKS 2155-304 (Canizares and Kruper, 1984).
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1.3 Spectroscopy

This thesis concentrates on the X-ray spectroscopy of AGN. In this section, I in-
troduce the scientific background and practical usage of X-ray spectroscopy as it
applies to AGN.

Astronomical X-ray spectroscopy has become a very different field since the
launch of Chandra and XMM-Newton. Prior to these missions, the relatively low
spectral resolution (and statistical quélity) of the data precluded almost all spec-
troscopy of individual atomic transitions, with the scope of analysis largely limited
to continuum processes. Certain classes of objects - including stars, supernovae
and galaxy clusters - did have spectra good enough to fit low resolution models
of emission lines from thermal plasmas, but it was still a very long way from the
kind of direct measurements which could be made at optical wavelengths. Solar
physics was the major exception as it has been possible to do high resolution X-ray
spectroscopy of the Sun for many years; this difference in the quality of data, and
in the type of science that could be done, must surely be a major contributor to
the way that X-ray solar studies have diverged from ‘mainstream’ X-ray astronomy.
As far as Active Galactic Nuclei were concerned, atomic spectroscopy was almost
entirely limited to the prominent Fe Ka emission line at 6.39 keV. Absorption edges
of OviI and O viiI were fitted in the soft X-ray band (e.g. Reynolds, 1997), where
there were signs of absorption by ionised gas, and as time went by some groups be-
gan fitting this absorption with self-consistent photoionised absorption models (e.g.
George et al., 1998) based on codes such as Cloudy (Ferland et al., 1998), Xstar
(Kallman and McCray, 1982) and ION (Netzer, 1996). Even so, it was not neces-
sary for most X-ray astronomers to have a detailed physical understanding of atomic
spectroscopy.

It is no longer possible to get away with this. The high spectral resolution, high
signal-to-noise X-ray spectra being returned on a daily basis from Chandra and
XMM-Newton have finally put atomic physics into X-ray astronomy. It goes without

saying that this has greatly increased the scientific reach of the discipline, and has
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brought the X-ray spectroscopic techniques developed in solar X-ray spectroscopy
(and plasma physics) to a much wider community. In this section I will begin by
describing the processes which generate X-ray continuum spectra, and move on to
discuss atomic spectroscopy and the uses to which it can now be put in the study

of AGN.

1.3.1 Continuum processes

The mathematical function forever linked with AGN is the power-law. This describes
the basic shape of the spectral continuum in the X-ray band, and is expressed

algebraically as:

F,=AET, (1.1)

where Fp(E) is the X-ray photon flux per unit energy E, and T' is the photon
index or slope of the power law. Multiplying through by E, one gets the energy flux
F E:

EF,=Fg=AE™ = AE™°, (1.2)

where a is known as the energy index, and multiplying by E a second time yields

EFg=vF,, (1.3)

where v is frequency. Log v F, is commonly plotted against log v in plots of the
overall Spectral Energy Distribution (SED) of AGN. Such plots are useful because
a totally flat spectrum, with the same energy output all the way from radio waves
to gamma rays, would appear as a horizontal line. The energy output per unit
logarithmic frequency interval is therefore directly comparable between different
parts of the spectrum, and it is immediately obvious where the majority of the
energy output is taking place.

What, though, is the physics behind the power-law continuum? This continuum -

emission shape is formed by the Inverse Compton process, whereby relatively low
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energy photons interact with very fast-moving electrons (with kinetic energies of up
to a few hundred keV), gaining energy from them. The probability of multiple in-
teractions decreases exponentially with the number of scatterings, whilst the energy
increase per scattering is also exponential - the balance of these two effects produces
the power-law shape (e.g. Reynolds and Nowak, 2003). In the AGN context, the
inner parts of the accretion disc radiate in the ultraviolet, and these UV photons
encounter high energy electrons within a ‘corona’ above the accretion disc. The
photons are then upscattered to X-ray energies. Changes in the populations and
distributions of the UV photons and relativistic electrons then provide a natural
explanation for the variability of the power-law continuum.

The UV emission from the accretion disc is thought to be thermal in origin.
Generally, thermal plasma at a high enough temperature gives off X-ray emission
lines and bremsstrahlung radiation as it cools. At relatively lower gas temperatures
- below ~ 2 keV - the emission lines dominate, but at temperatures of a few keV the
bremsstrahlung continuum becomes much more important than the lines. I discuss
emission lines in detail below; bremsstrahlung is literally ‘braking radiation’ given
off by electrons as they interact electromagnetically with the ions in the plasma and
are decelerated onto a different trajectory. In an accretion disc, the plasma has a
very high optical depth; it therefore radiates as a blackbody rather than emitting
a bremsstrahlung continuum or emission lines. It is actually unusual to see an X-
ray bremsstrahlung spectrum in AGN; the only situations where it is important are
regions of significant star formation - the nuclei of starburst galaxies, which may
host LINERs - and also in cases where there is extended X-ray emitting plasma
around the nucleus, and in the ISM, of a radio galaxy.

The blackbody spectrum used in xspec (see chapter 2) has the form
8.0525 L3 E*dE
D}y(kT)"(eB/FT — 1)

where F(E) is the flux at energy E, L3g is the source luminosity in units of 103 erg

F(E) =

(1.4)

s71, D?, is the distance to the source in units of 10 kpc, and kT is the temperature of
the emitter in keV. Although the accretion discs of AGN are thought to be too cool to

give rise to blackbody radiation at X-ray wavelengths, the X-ray soft excess is often
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modelled with one or more blackbody components as a convenient fitting strategy.
It could be more physically realistic to use an Inverse Comptonisation model, such
as compTT in xspec, but such models have a large number of parameters which are
hard to constrain.

As well as Inverse Comptonisation of accretion disc photons, power-law spectra
can also be generated by synchrotron emission from electrons spiralling at relativistic
speeds along the magnetic field of AGN jets. In AGN, synchrotron emission is
generally most important in the radio band, but certain BL Lacs have a synchrotron
peak in the X-rays or at even higher energies (e.g. Costamante et al., 2001). These
photons can then interact again with the relativistic electrons, being boosted to
higher energies (X-rays and ~-rays) by Inverse Comptonisation. This is known as
the Synchrotron Self-Compton process, which is most important in jet dominated
sources: this predominantly means BL Lac objects and their high luminosity, high
redshift versions (radio quasars), but jets can also be important in Seyfert type
objects like IIT Zw II (Salvi et al., 2002).

Another important process influencing the X-ray spectrum is reflection. The
spectral effects of reflection depend upon the ionisation state of the material the X-
rays are being reflected from. If the reflector is highly ionised (e.g. Nayakshin et al.,
2000), the reflected and incident spectra are very similar below 30 keV, because the
scattering is independent of energy, but the reflected spectrum begins to roll over
above that energy and has gone down to almost zero by 100 keV. This is due to
high energy photons losing energy from multiple scatterings in the medium. If, at
the other extreme, the reflector is neutral (Lightman and White, 1988; George and
Fabian, 1991), the reflected spectrum begins to fall off below around 20 keV (due
mostly to iron opacity) and above about 50 keV due to Compton recoil (the higher
the photon energy, the greater the fraction of its energy it loses per collision). Neu-
tral reflectors also give rise to fluorescent emission lines (see below). This reflection
hump between ~ 20—50 keV is observed in mahy AGN, and can be interpreted as
originating from reﬂection off a neutral (or lowly ionised) accretion disc, or alterna-

tively as reflection off the dusty torus. " Although the reflected flux begins to decrease
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below about 20 keV, the reflected component of the continuum can have enough flux
in it to enable the low energy tail of the reflection hump to be observable down to

around 8 keV.

1.3.2 Atomic spectroscopy

The major emission line produced in X-ray reflection, Fe Ko, was generally the
only atomic line transition directly measurable in AGN spectra prior to Chandra
and XMM-Newton. Now, with soft X-ray spectra showing a huge range of spec-
tral features, one has to understand the atomic processes which produce them. In
this section, I describe some of these processes and their practical relevance for X-
ray spectroscopy of AGN. The following discussion owes much to Reynolds (1996),
Dubau and Porquet (2002), Kinkhabwala et al. (2002) and Tatum (2003).

There are two ionisation mechanisms which govern the behaviour of astrophys-
ical X-ray emitting and absorbing plasma. In collisional ionisation, free electrons
collide with the ions in the plasma and the resulting energy transfer liberates further
electrons from the outer shells of the ions. In the intense radiation field of an AGN,
however, photoionisation is the most important process.

Photoionisation is defined as the removal of an electron from an ion due to energy
transfer from an incident photon. That part of the photon energy over and above
the energy threshold needed to remove the electron (the ionisation energy) becomes
the kinetic energy of the liberated electron. The energy level an electron can be
removed from is therefore determined by the energy of the incoming photon; UV
photons could be sufficient to remove outer-shell electrons, whereas relatively hard
X-rays are required to remove the inner-shell electrons of a medium-Z element like
iron.

If an inner shell (K-shell) electron is removed by an incoming high-energy photon,
an electron from another energy level - for example the L-shell - can then drop
down to fill the space in the K-shell, with the emission of a fluorescent line photon.
Alternatively, if there is another L-shell electron available, the energy released from

this electron transition can go into removing it from the ion. This is known as
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the Auger effect or autoionisation. The fluorescent yield is the probability that
photoionisation will be followed by fluorescent line photon emission rather than
autoionisation. Fluorescent yields have ~ Z® dependence (e.g. Krolik, 1999), so
although inner-shell emission lines from higher Z elements (especially Fe, but also
Si, S, Ar and Ca) can be observed, such lines in low-Z elements like O, N and C,
will be much weaker.

The broad range of photon energies emitted by an AGN implies that all ioni-
sation states can potentially be observed. In this thesis, I adopt the terminology
which labels an ion according to which neutral atom would have the same electronic
configuration. For example, if an atom had only one or two of its electrons left,
its electronic configuration resembles that of hydrogen or helium. Such an ion is
then termed hydrogen-like (H-like) and helium-like (He-like); this notation is also
extended to configurations involving larger numbers of electrons with the use of the
appropriate term for the number of electrons remaining: Li-like, Be-like, and so on.

Of course, an incident photon may not have enough energy to remove an electron
from an ion. In this case, it might still be able to transfer enough energy to a bound
electron to enable it to move to a higher energy level, which is called photoexcitation.
This is known as a bound-bound transition as the electron remains bound to the ion.
Since there is only one energy at which a transition between a particular pair of levels
can take place, this leads to the formation of an absorption line in a narrow, well-
defined energy range. In photoionisation, when an electron is removed from an atom
altogether - a bound-free transition - the electron can be removed by any photon
with an energy greater than the threshold for removing the electron from the atom.
The absorption feature produced by a bound-free transition is therefore very spread
out; it is deepest at the ionisation energy, and extends to higher energies, becoming
weaker with increasing energy. The absorption at energies above the threshold can

be expressed as a function of energy E as
Qe = e_d(—%)_a , (15)

where (g is the multiplicative factor, d is the absorption depth at the threshold and
E, is the threshold energy.
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These processes also work in the opposite direction. The recombination of a free
electron onto an ion, emitting a photon, is called radiative recombination. Another
possible mechanism for this is dielectronic recombination; this is the recombination
of a free electron onto an ion, in which the energy of recombination is not emitted
as a photon but instead goes into prbmoting a bound electron to an excited state.
This then leads either to autoionisation - the electron leaving the atom - or to the
electron moving down to a lower energy level and emitting a photon.

Recombination of free electrons onto the ground state of ions leads to the genera-
tion of photons with a range of energies, since the free electrons will have a particular
energy distribution. If the free electrons have a thermal (Maxwellian) energy dis-
tribution, the shape of the resulting Radiative Recombination Continua (RRC) is
determined by the electron temperature T; the RRC width is of order ~kT. In a
collisional plasma, the electrons are at a high temperature with a wide range of
energies, so the RRCs will be broad, shallow, and difficult to distinguish from the
underlying bremsstrahlung continuum. In photoionised plasma, the electrons are at
a lower temperature for the same level of ionisation, with a narrower distribution
of energies, and so the RRCs are narrow and appear as clearly visible triangular
emission features at the ionisation energy (i.e. absorption edge position) of a given
ion. Fig. 1.3 shows how the shape of an RRC changes with temperature.

For a body of photoionised gas, the ionisation state can be quantified in terms

of the ionisation parameter £, deflned as the ratio of ionising flux to the gas density:

_L (1.6)

nr?

where L is the 1-1000 Rydberg source luminosity (in erg s™!), n the gas density (in
cm™3) and r the source distance in cm, so £ has the units erg cm s™! (Tarter et al.,
1969). Fig. 1.4 and Fig. 1.5 are plots of the relative ionic abundances of oxygen
and iron states, respectively, in plasma at a range of ionisation parameters; these
two astronomically abundant elements are particularly important in modelling AGN
warm absorbers.

€ is the ionisation parameter that I use throughout this thesis; other definitions

of ionisation parameter are also used by AGN spectroscopists. The main alternative
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Figure 1.3: Part of the emission line spectrum of O v, created by recombination
of electrons onto Oviii ions; the plot shows how the shape of the Radiative Recom-
bination Continuum (RRC) feature changes according to the temperature of the
thermal distribution of recombining electrons (from Kahn et ah, 2002). In each of
the three cases (with electron temperatures of 2 eV, s eV and 32 eV respectively)
the recombination rate is assumed to be the same, so the heights of the emission
lines are constant. The inset graph (top right) shows the whole range of Ovii soft
X-ray emission features at a recombining electron temperature of 2 eV, including
the triplet of resonance (r), intercombination (i) and forbidden (f) emission lines
whose intensity ratios are sensitive to density and temperature. These plots demon-
strate clearly that the O vii RRC will only be easily observable when it arises in low

temperature, photoionised gas.
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Oxygen (O I- O IX)

°8

Log”

Figure 1.4: Variation of relative ionic abundance with ionisation parameter ( of
different oxygen states within a photoionised plasma. The ionisation states go in
order of increasing ionisation from left to right, from neutral (Ol) to fully stripped
(Oix). The relative abundance is given in terms of the log of the ionic column
density for solar abundances (Anders and Grevesse, 1989), where hydrogen is 10 by
definition (so that a log column of 4 for any ion means that the column of that ion
with respect to hydrogen is 10" = 1 X 10“®cm*“”"). The data were generated by
J. Kaastra using Xstar, with the NGC 5548 SED used in Kaastra et al. (2002b) and
a gas density of 10® cm“® The temperature of the gas in the model is a function of

the ionisation parameter.
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Figure 1.5: Variation of relative ionic abundance with ionisation parameter ( of
different iron states within a photoionised plasma. The ionisation states go in or-
der of increasing ionisation from left to right, from neutral (Fel) to fully stripped
(FeXXVII). The relative abundance is given in terms of the log of the ionic column
density for solar abundances (Anders and Grevesse, 1989), where hydrogen is 10 by
definition (so that a log column of 4 for any ion means that the column of that ion
with respect to hydrogen is 10~ = 1 x 10“®cm*“”"). The data were generated by
J. Kaastra using Xstar, with the NGC 5548 SED used in Kaastra et al. (2002b) and
a gas density of 10®cm“® The temperature of the gas in the model is a function of

the ionisation parameter.
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to € is U (see e.g. Netzer, 1996), which is the ratio of the number density of ionising

photons to the electron density:

U= / L./hv , (1.7)

47rnr2c

U can be integrated over the entire Lyman contihuum (generally taken as 1—1000 Ryd,
or ~ 13.6 eV—13.6 keV), over the 0.1—10 keV range where most of the actual X-
ray absorption takes place (Uy), or over the energy range most relevant for oxygen
absorption, namely 0.54—10 keV (the ‘oxygen ionisation parameter’ Uy). The re-

lationship between £ and U is

Lhe

—y—
Ty

(1.8)

where L is the 1—1000 Rydberg source luminosity (in erg s™') as before, Dy, is the
luminosity distance from us to the source (in cm), and f, is the source flux as a
function of frequency. This last factor is generally assumed, for convenience, to have
a power-law form;

fo=kv™® (1.9)

where k is a normalisation constant and « is the energy index of the power-law. An
AGN SED will usually be parameterised by a series of adjoining power-laws with
different slopes, and the flux has therefore to be integrated over all of these.

The spectral features formed can be sensitive to the physical conditions in the
gas. An important example of this are the He-like triplets. These are triplets of emis-
sion lines from He-like ions whose ratios are sensitive to the density, temperature
and ionisation mechanism of the plasma. These lines are known as the forbidden
(1s2s 3S;—1s? 1Sy; termed z), intercombination (1s2p 3P; ;—1s? 1Sy; x+y) and res-
onance (1s2p 'P;—1s? 1Sp; w) lines respectively. The origins of this effect are best
described with reference to the energy level diagram (Fig. 1.6).

The populations of the different energy levels depend upon the rates of colli-
sional excitation and ionisation, photoexcitation and photoionisation, and radiative
and dielectronic recombination. In a low density plasma, collisional excitation and

ionisation will generally be unimportant. As the density increases, however, the
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Figure 1.6: Simplified energy level diagram for a He-like ion (based on Fig. 1, Dubau
and Porquet, 2002). Solid lines are collisional transitions and dotted lines are radia-
tive transitions. The lines denoted w, X, y and z are the resonance (w), intercombi-

nation (x-l-y) and forbidden (z) lines of the triplet respectively.
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probability of collisions increases, and an electron in the 2s 3S; level becomes more
liable to be collisionally excited to 2p 3P; 5. Instead of making the radiative transi-
tion associated with the forbidden line, then, the electron is collisicnally excited to
the upper levels of the intercombination lines. Therefore, as the density increases,
the intercombination line blend (x-Fy) gaiﬁs strength at the expense of the forbidden

line. The ratio of the forbidden to intercombination line,

_ z
—;p-{-y’

(1.10)

can therefore be used as a density diagnostic. At higher densities, electrons in the
2s 1S level become collisionally excited to 2p 1P;, the upper level of the resonance
line, so the resonance line also gains in strength at high densities. The rate of
collisional excitation also increases with increasing temperature, and so the effects
described here are also temperature sensitive. The temperature sensitivity for the
resonance line is, however, different to that for the forbidden and intercombination
lines. The ratio therefore used as a temperature diagnostic is

24 (z+y)
—

G (1.11)

Values for R and G were calculated by Porquet and Dubau (2000) for the He-like
ions of C, N, O, Ne, Mg and Si over a wide range of densities and temperatures.
G can also be used as an indicator of the ionisation process, since the resonance
line dominates the other two lines of the triplet in a collisional plasma, whereas the
forbidden line is the most prominent in a photoionised plasma. Porquet and Dubau
(2000) put numbers to this as follows: G ~ 1 corresponds to a collisional plasma,
whereas G greater than 4 implies a purely photoionised medium. Any number in
between the two could be an indication of a mixture of the two processes.

Another ratio defined by Porquet and Dubau (2000) is

Xion = — (1.12)

u
w
where u is the flux of the H-like Lya emission line and w is the flux of the resonance

line (which is Hea) as before. The ratio of these two line strengths is used to
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determine the ionisation state of the gas which is emitting the He-like triplet. It
is important to note that this ratio does not correspond directly to the relative
proportion of the H-like and He-like species in the gas; rather, since these lines
are driven by recombination from the next states up, it corresponds to a ratio of
the fully-stripped to the H-like populat'ions'(Behar et al., 2003). The ratio can be
compared to a plot such as Fig. 1.4 in order to find the corresponding ionisation
parameter.

It turns out that the diagnostics involving R and G have to be treated quite
carefully (Kinkhabwala et al., 2002; Dubau and Porquet, 2002). The original prob-
lem was posed in terms of electron collision rates having the major influence on
the line ratios; it turns out that, in any scenario where intense UV radiation is
present, electrons will move from the 2s 3S; level up to 2p 3P, ; by photoexcita-
tion. This mimics the effect of collisional excitation on the relative populations of
the levels and therefore on the density diagnostic R=z/(x+y) ratio. The influence
of photoexcitation on the strengths of the z and (x+y) lines also has an effect on
the temperature diagnostic G ratio, and on its use in determining the dominant
ionisation mechanism. An apparent hybrid plasma (both collisionally ionised and
photoionised) could simply be a photoionised plasma in which photoexcitation is
important. The practical implication of this is that these quantitative diagnostics
have to be treated with some care for UV-bright systems like AGN or starbursts,
although they retain their validity in collisional plasmas such as stellar coronae.

As shown by Kinkhabwala et al. (2002), He-like triplets have to be considered
alongside other spectral features, such as the higher order emission transitions (Hef,
He etc., which are also enhanced by photoexcitation) and the He-like RRC, to gain
a more reliable picture of the physical conditions within the plasma (see Fig. 1.7).

The shape of the absorption and emission lines themselves is the most basic
diagnostic of the state of the plasma. The standard measure of the strength or
depth of a line is its equivalent width: this is the ‘area’ of the spectral continuum
that a line takes up. Emission and absorption lines have a shape following the Voigt

profile, which is a convolution of the Gaussian and Lorentzian profiles; a Gaussian
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Figure 1.7: The effect of photoexcitation on the relative strengths of the soft X-
ray emission lines of OVvil. PI = photoionisation, PE = photoexcitation, CIE =
collisional ionisation. The combination of photoexcitation and photoionisation can
produce the triplet ratios expected from the combination of photoionisation and col-
lisional ionisation (expected in an AGN with a nuclear starburst); the two cases can
only be differentiated by looking at the higher order transitions (from Kinkhabwala
et al., 2002).
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profile is well concentrated around its central value, falling off quickly either side of
it, whereas a Lorentzian has a narrow core and extended wings. The Gaussian part
is contributed by thermal broadening, microturbulence and bulk motions, whilst
the Lorentzian part originates from the natural width of the line (i.e. the intrinsic
quantum mechanical uncertainty in the transition enei'gy; the longer the lifetime of
the state, the smaller the uncertainty in its energy) and pressure broadening. This
last factor is partly due to the effects of Heisenberg’s uncertainty principle: if the
lifetimes of the energy states are reduced due to frequent collisions in a dense gas,
the uncertainty in their energy levels is increased, and therefore any given transition
can occur over a wider spread of frequencies, broadening the observed spectral lines.
Pressure broadening is also partly due to electrostatic interactions between atoms,
ions and electrons becoming more important at higher densities. These interactions
include the Stark effect splitting bound electron energy levels in the presence of the
electric field of a colliding charged particle, and the van der Waals induced dipole
attractions between neutral atoms.

Fig. 1.8 shows how a Voigt profile changes with increasing optical depth. At
low optical depth (and low absorbing column), the equivalent width of a Voigt
profile absorption line increases linearly with the number of absorbing ions in the
column. This is the optically thin regime, where the depth of the line can be used
to directly infer the column density. Once the line becomes deep enough to absorb
away all the continuum flux at its central wavelength, it is considered to be saturated;
increasing the number of absorbers cannot increase the depth of the line. The curve
of equivalent width against optical depth - the curve of growth (see Fig 1.9) - will
be almost horizontal in this regime. In this optically thick limit, the equivalent
width is entirely dependent upon the intrinsic width of the Gaussian component
(i.e. the width due to thermal or velocity broadening). Because the absorption
line has a Voigt profile, though, an increasing absorbing column will eventually lead
to the Lorentzian wings of the line becoming significant, and the equivalent width
increasing again (but more slowly than in the first phase). The picture is similar

for an emission line, except for the fact that the upper limit to the initial phase
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Figure 1.8: A Voigt profile plotted at a range of optical depths; x' = A—Aq in units
of 2g/y/In2, where g is the Half Width Half Maximum (HWHM) of the Gaussian
part of the line (from Tatum, 2003).

of the curve of growth is defined by the fiux reaching the maximum defined by the
blackbody curve at the appropriate temperature. In practice, it is very common for
AGN narrow X-ray absorption lines to be saturated, but this limit is not reached

by the emission lines.

1.3.3 Observational relevance to Seyfert Is and BL Lac ob-

jects

In an XMM-Newton RGS or Chandra HETGS/LETGS soft X-ray spectrum of an

AGN, the two biggest limitations are signal-to-noise (less of a problem for XMM-
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log 1(0)

Figure 1.9: The curve of growth of a Voigt profile, plotted for different values of the
‘gaussianity’ kg of the line, where kg = g/(l + g) and g and ! are the HWHMs of
the Gaussian and Lorentzian parts of the lines respectively. W' is the equivalent
width of the line in units of 2g/v/In2, and 7(0) is the optical depth at the central
wavelength of the line (from Tatum, 2003).
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>

Newton) and spectral resolution (less of a problem for Chandra). Taking those into
account, one can start to attempt some spectroscopy. The first thing to look for is
obviously whether there are any narrow spectral lines present (or indeed intrinsic
absorption edges), and whether the features that could be lines are actually statis-
tically significant, and not instrumental artifacts. I discuss this further in Chapter
2.

Having found and identified some believable features, one can then measure
their Doppler shifted velocities, looking for the presence of outflows and inflows
(redshifted emission and blueshifted absorption are the sign of a spherical or perhaps
biconical outflow). There may be more than one blueshift component, and at the
RGS resolution these may simply appear as a single broad absorption line. Curve
of growth analysis can be used to determine the column densities of the different
ions. Model fitting is another convenient way of doing this, and is helped by the
presence of absorption edges at high column densities. At the RGS resolution it is
generally not possible to resolve the widths of absorption lines directly, and so one
has to either use model fitting, curve of growth analysis, or a value measured by
Chandra or a UV spectrometer on FUSE or HST - if one assumes that the intrinsic
UV absorption originates from the same gas as the X-ray absorption.

Knowing the ionic columns then allows one to derive the ionisation structure of
the medium and the relative elemental abundances. Any emission lines in the spec-
trum are also useful; even given the limited applicability of He-like triplet ratios in
AGN, the O vii triplet gives a strong indication of its origins in photoionised gas by
virtue of the dominance of the forbidden line (this can be the most prominent spec-
tral feature). If the signal-to-noise is great enough, RRCs can be used to determine

the temperature of the emitting gas.

1.3.4 Spectral modelling

For the practical purposes of fitting an X-ray spectrum with some kind of global
spectral model, it is desirable to have a tool which calculates the output spectrum

from a cloud of photoionised gas. One such code is Xstar (Kallman and McCray,
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1982), which takes an input spectrum of a given shape and luminosity and prop-
agates it through a plasma at a given ionisation parameter. The output includes
absorption, emission and continuum spectra. In this thesis, I concentrate on the
modelling of photoionised absorption using SPEX (Kaastra et al., 2002a) models
constructed from Xstar output, which are described in more detail in the next chap-

ter.



Chapter 2

Observations and data analysis

2.1 Introduction

This chapter describes the observations and data analysis methods for the AGN
discussed in this thesis. I begin by providing a brief description of the XMM-Newton
instrumentation and compare some of its parameters with those of other X-ray
missions. The work described in this thesis was carried out over three years relatively
early on in the mission, whilst instrument calibration and dedicated analysis software
were continuously improving, and I took advantage of such improvements as they
became available. There has also, inevitably, been some evolution in certain aspects
of data pre-processing methods over this time; I discuss the probable effects of this

upon my data analysis in cases where it occurs.

2.2 The XMM-Newton Observatory

The XMM-Newton observatory (Jansen et al., 2001; Ehle et al., 2003) was launched
in December 1999. It carries three grazing incidence Wolter type 1 X-ray telescopes,
each with 58 concentric mirror shells and a focal length of 7.5 m. Two X-ray in-
struments are at the foci of the three telescopes: the European Photon Imaging
Camera (EPIC), for imaging and spectroscopy, and the Reflection Grating Spec-
trometer (RGS) for high resolution spectroscopy. There are three EPIC cameras,

33
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one per telescope, and two RGS chains. The overall lé.yout of the instrumentation
on XMM-Newton is shown in Fig 2.1.

The combined geometric effective area of the mirrors is 4650 cm? at 1.5 keV
and ~ 3000 cm? at 6 keV, the highest of any X-ray mission so far; Fig 2.2 shows
the total effective area of the XMM-Newton mirrors alongside those of Chandra,
ROSAT and ASCA, and the effective areas of the individual X-ray instruments on
XMM-Newton are plotted in Fig. 2.3. The FWHM of the Point Spread Function
(PSF) of the telescopes is about 6”, as opposed to the ~ 0.5” (FWHM) achieved with
the Chandra mirrors (Chandra Team, 2003). Co-aligned with the X-ray telescopes
is the Optical Monitor, an optical/UV telescope. I describe some of the relevant

features of the scientific instruments on board XMM-Newton below.

2.2.1 EPIC-MOS and EPIC-pn

There are two EPIC-MOS (Turner et al., 2001) units on XMM-Newton. These
are front-illuminated CCD cameras situated at the prime foci of two of the mir-
ror assemblies. Each MOS camera has a ~ 30’ FOV, with a source PSF that is
largely determined by the angular resolution of the telescopes (~ 6” FWHM), and
an energy range of 0.15—15 keV. The intrinsic energy resolution of the CCD chips
enables the detectors to perform non-dispersive spectroscopy on all the sources in
the field of view. The FWHM energy resolution of MOS is ~ 140 eV at 6 keV,
as compared with a FWHM resolution of ~ 140 eV at this energy for the Chan-
dra ACIS CCDs (pre-launch; this has since degraded to ~150—340 eV, dependent
upon detector position, due to proton damage early in the mission (Chandra Team,
2003)), ~ 120 eV for the ASCA CCD detector (Solid State Imaging Spectrometer;
HEASARC website (2004)), ~ 30 eV for the Chandra High Energy Grating (Chan-
dra Team, 2003), and ~ 6.5 eV for the microcalorimeter on the forthcoming Astro-E2
- mission (HEASARC website, 2004). Fig. 2.4 shows how the MOS resolution changes
over the energy range of the instrument.

The EPIC-pn (Striider et al., 2001) is a back-illuminated CCD camera at the
prime focus of the third X-ray telescope. Like the EPIC-MOS, it has a 30’ FOV,
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RFC EPIC-pn

Figure 2.1: Layout of the instruments on XMM-Newton (not to scale); the three
mirror modules are co-aligned with the Optical Monitor (OM). Two of the mirror
modules have Reflection Grating Arrays (RGAs) attached to them, which disperse
about 40% of the X-rays onto the RGS Focal Cameras (RFCs). The EPIC-MOS
CCD cameras are at the prime foci of these two telescopes, and the EPIC-pn is
at the prime focus of the telescope without an RCA. The dotted lines indicate the
paths of the X-ray photons.
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Figure 2 .2: Total effective area of XMM-Newton mirrors, alongside those of AXAF
(ie. Chandra), ASCA and ROSAT (from Ehle et ah, 2003).
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Figure 2.3: Effective areas of the individual instruments on XMM-Newton (from

Ehle et al., 2003).
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Figure 2.4: Energy resolution of the EPIC-MOS cameras (from Ehle et al., 2003).
The datapoints show the gradual degradation of the MOS resolution over the course

of the mission so far due to a gradual increase in Charge Transfer Inefficiency (CTI).

a source PSF of ~ ¢” FWHM, and an energy range of 0.15—5 keV. The energy
resolution of pn is ~ 150 eV FWHM at ¢ keV, if only single-pixel events are used.
The energy resolution is lower for a spectrum selected solely from double events (in-
stances where an incoming photon has deposited its energy across two neighbouring
pixels), as the reconstruction of the energy of the original event currently uses an
insufficient correction for Charge Transfer Inefficiency (CTI) - the loss of electrons
into ‘traps’in the silicon as charge is transferred across the CCD to be read out. The
closer an event occurs to the readout node, therefore, the less degraded the energy
resolution will become during charge transfer. A plot of the energy resolution of pn

across its energy range is given in Fig. 2.5.

2.2.2 RGS

The Reflection Grating Spectrometer (RGS; den Herder et al. 2001) provides the
high-resolution spectroscopic capability of XMM-Newton. Behind the two X-ray

telescopes which focus onto the EPIC-MOS cameras are Reflection Grating Arrays,
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Figure 2.5: Energy resolution of the EPIC-pn cameras (from Ehle et ah, 2003). The
red lines show the resolutions for single and double events at CCD line 190 (the
focus position) ; the double events have a much poorer resolution due to a currently
insufficient correction for Charge Transfer Inefficiency (CTI). The green line is for

events occurring at CCD line 10, near a read-out node.
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which disperse about 40% of the incident X-rays from each telescope onto two CCD
strips (the RGS Focal Cameras; RFCs) located at secondary foci offset by ~ 56 cm
from the prime foci. Although the different order spectra overlap on the detector,
they can be separated due to the intrinsic energy resolution of the CCDs.

The RGS wavelength range is 5—38 A (0.33—2.5 keV in energy). The FWHM
resolution in the first dispersion order is roughly constant across this range at ~
0.06 A, and about half this value in the second order. The effective areas of the two
RGS instruments, for the two orders, are plotted in Fig. 2.3. The wavelength ranges
10.5—14.0 A in RGS1 and 20.1-23.9 A in RGS2 are unavailable due to failure of
RGS1 CCD7 and RGS CCD4 (each RFC has 9 CCD chips in total). The systematic
uncertainty in the wavelength scale is & 8 mA.

The only other high spectral resolution astronomical X-ray instruments currently
flying are the High Energy Transmission Grating Spectrometer (HETGS; Chandra
Team 2003) and Low Energy Transmission Grating Spectrometer (LETGS; Chan-
dra Team 2003) on the Chandra X-ray Observatory. Apart from the different tech-
nologies used in the spectrometers on XMM-Newton and Chandra (reflection grat-
ings and transmission gratings respectively), the major differences between the two,
from an observer’s point of view, relate to effective area and spectral resolution.
In the soft X-ray band where the spectrometers of both missions are sensitive, the
RGS has a much higher effective area: Fig. 2.6 compares the effective areas of the
XMM-Newton and Chandra grating spectrometers. The spectral resolutions of the
Chandra spectrometers are, however, higher than for the RGS (0.06 A), at 0.012 A
(HETGS/HEG), 0.024 A (HETGS/MEG) and 0.05 A (LETGS) respectively, basi-
cally due to the higher angular resolution of the Chandra X-ray optics (Paerels and
Kahn, 2003); see Fig 2.7.

2.2.3 OM

The Optical Monitor (OM; Mason et al. 2001) is a 30 cm optical/UV telescope,
sensitive over the range 180—600 nm, with a ~ 17’ field of view. The camera is

based on a Microchannel Plate intensified solid state detector which, unusually for
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Figure 2.6: Comparison of the effective areas of the grating spectrometers on XMM-

Newton and Chandra (from Ehle et al. 2003).

an instrument in this waveband, operates as a photon-counting device. Its ability
to record the position and time of arrival of each photon allows it to generate high
time resolution lightcurves (down to 0.5 s) as well as more standard images. The
OM image pixels are 0.5” in size (although they are often binned up to 1” pixels).
The OM has 7 optical and UV filters, as well as an optical and a UV grism; their
bandpasses (excluding those of the grisms) are plotted in Fig. 2.8. The filter I
have made the most use of in this work is UVW2, which is sensitive over the range
180—250 nm with a peak wavelength of ~ 210 nm. The source PSF of this filter is
~ 1.85” FWHM.

2.3 Observations

Table 2.1 and Table 2.2 give the dates, observing modes and instrument exposure

times for the Seyfert galaxies and BL Lac objects, respectively, that I investigate.
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Figure 2.7: Comparison of the resolving powers, in the first dispersion order (m=1)
.of the grating spectrometers on XMM-Newton and Chandra (from Dewey, 2002);
the resolving powers of the Chandra ACIS detectors are also plotted for the Front-
[Mluminated (FI) CCDs pre-launch (before the degradation in CTI; roughly compa-
rable to EPIC resolving power), and one of the Back-Illuminated (BI) CCDs (S3).



Table 2.1: Dates, instrument modes and exposure times for the Seyfert observations described in this thesis.

Object observation date EPIC-MOS1* EPIC-MO0S2* EPIC-pn® RGS1® RGS2® OM°©
NGC 3783 2000-12-28 37724 (LW M) 37724 (LW M) 37263 (SW M) 40456 40456 40016 (UVW2 I)
NGC 7469 2000-12-26 41388 (LW M) 41388 (FF M) 40698 (SW M) 41467 41464 28500 (UVW21I)

2 Exposure time in seconds for the EPIC instruments. The operating mode and filter are given in brackets (SW = Small

Window, LW = Large Window, FF = Full Frame, TU = Timing Uncompressed; M = Medium filter, T = Thick filter).
b Exposure time in seconds for the RGS units; all exposures were in Spectroscopy mode.

¢ Exposure time in seconds for the OM (I = Image mode, F = Fast mode, SUD = Science User Defined mode).
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Table 2.2: Dates, instrument modes and exposure times for the BL Lac observations described in this thesis.

Object observation date EPIC-MOS1* EPIC-MO0S2* EPIC-pn® RGS1® RGS2® OMc

1H1219+301 2001-06-11 29304 (SW M) 29304 (FF M) 28523 (SW M) 29854 29854 20000 (UVW2I)

H1426+428 2001-06-16 4044 (TU M) 4044 (TUM) 66239 (SW M) 67442 67454 6000 (V F)
60407 (LW M) 60357 (FF M) 6000 (U F)

24000 (UVW1 F)
6000 (UVM2 F)
12000 (UVW2 F)

Markarian 501 2002-07-12 6802 (TUT) 8699 (FF M) 6910 (SWT) 10232 10227 6000 (UVM2 F)
1012 (TU M) 1720 (SW M) 4940 (UVG SUD)
2002-07-14 7177 (TUM) 11877 (FF M) 6910 (SWT) 12654 12647 6000 (UVM2 F)
3857 (TU T) 4201 (SW M) 5000 (UVG SUD)
PKS0548-322  2001-09-25 0 (LW M) 0 (FF M) 0 (SW M) 0 0 35000 (UVW2 I)
2001-10-03 47303 (LW M) 47277 (FF M) 0 (SW M) 48152 48161 39000 (UVW2 I)

2 Exposure time in seconds for the EPIC instruments. The operating mode and filter are given in brackets (SW = Small

Window, LW = Large Window, FF = Full Frame, TU = Timing Uncompressed; M = Medium filter, T = Thick filter).
b Exposure time in seconds for the RGS units; all exposures were in Spectroscopy mode.

¢ Exposure time in seconds for the OM (I = Image mode, F = Fast mode, SUD = Science User Defined mode).

SISATVNV VIVd ANV SNOILLVAYHISHO ‘¢ H4LdVHD

€9



CHAPTER 2. OBSERVATIONS AND DATA ANALYSIS 64

50 ' white"
w2
ML
40 W
N
I
E
30 v
!
a
10
0
0 200 400 600 800

Wavelength (nm)

Figure 2.8: The bandpasses of the lenticular filters of the OM (from Ehle et ah,
2003).

2.4 Data processing

All data were processed with the XMM-Newton Science Analysis Software (SAS).
This compiles event lists from the raw data and extracts spectra and lightcurves.
Processing the OM grism exposures currently requires the use of separate IDL rou-
tines developed at MSSL. The SAS preprocessors are emproc and emchain (for
EPIC-MOS), epproc and epchain (EPIC-pn), rgsproc (RGS), omichain (OM
imaging mode) and omfchain (OM fast mode). For the EPIC-MOS data, emproc
and emchain are equivalent means of producing combined event lists from all CCD
chips. Another task, evselect, is used to extract the spectra and lightcurves. EPIC-
pn processing takes the same form. Rgsproc likewise combines the event lists from
all RGS CCD chips, extracts source and background spectra using standardised
extraction regions, generates background-subtracted source spectra and constructs
response matrices. Omichain combines individual OM imaging exposures and ap-
plies the celestial co-ordinate system to the resulting images, whereas omfchain
produces background subtracted lightcurves of sources observed in fast mode.

The versions of SAS used for each dataset are given in Table 2.3, and details of

the analysis are given in the following sections.
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Table 2.3: SAS Versions used in processing the data from each object.

Object EPIC-pn EPIC-MOS RGS OM
NGC 3783 5.2 5.2 5.2  devsas®
NGC 7469 5.3.3 5.3.3 5.3.3 5.3
1H12194+301 5.4.1 5.4.1 5.4.1 5.3.3
H1426+428 5.4.1 5.4.1 541 5.3.3
Markarian 501 5.4.1 5.4.1 5.4.1 5.3.3
PKS 0548-322 - 5.4.1 54.1 5.3.3

2 Development version of the SAS xmm-sas_20020107-1901-no-aka

2.4.1 EPIC-MOS

The EPIC-MOS data from all Small Window, Large Window and Full Frame expo-
sures were found to be piled-up, since the count rates were above the limits given in
the XMM-Newton User Handbook (Ehle et al., 2003) (5, 1.8, and 0.7 counts s™! for
the three modes respectively) above which pile-up becomes a problem. These data
were therefore not used further in the analysis, except in the case of NGC 7469 where
the MOS and pn spectra were coadded to gain better statistics in the Fe Ka region
(see Chapter 4). In these cases, the standard pre-made distributed response matri-
ces were used, and only single pixel events (pattern=0) were selected, to minimise
the effects of pile-up. Only H1426+428 and Markarian 501 had MOS data which did
not suffer from pile-up: these were taken in Timing Uncompressed mode, which was
first satisfactorily reduced by SAS V5.4. In this mode, the central CCD chip images
in one dimension only (so the resulting rows can be read out quickly) and the outer
chips record photons in normal imaging mode. The background spectrum can thus
be estimated from the outer CCDs; a spectrum for this purpose was obtained, in
each case, using a circular extraction region of 90” radius. Unfortunately, I found

that the TU response matrices had an incorrect energy scale in the region of the
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oxygen K-edge at ~ 0.5 keV, which biased spectral fitting. I therefore decided not
to use the TU mode MOS spectra in the analysis, especially given the existence of

better signal-to-noise spectra from the EPIC-pn.

2.4.2 EPIC-pn

EPIC-pn data were available for each object except PKS 0548-322. In each case, the
pn had been operated in Small Window mode (which has a high readout frequency)
and so none of the data suffered from pile-up; the observed count rates were all

well below 130 counts s~}

, where pile-up becomes a problem in this mode (Ehle
et al., 2003). The circular region used for extracting the background spectra and
lightcurves was kept the same size as that used for the source. The size of this
region was determined by the need to avoid going over the edge of the data window
(SAS V5.3.3 and V5.4.1) or by the requirements of the early Small Window mode
response matrices to have a source extraction region of 60” or greater, due to the
fraction of the source PSF that the region was expected to contain (SAS V5.2). The
radius of the extraction region for each object is given in Table 2.4. Pre-made and
publically distributed response matrices were used for NGC 3783 and NGC 7469;
by the time I began working on the BL Lacs, the response matrix generating SAS
task rmfgen had improved to the extent that it could achieve results consistent
with the distributed official response matrices. I therefore used rmfgen to generate
the response matrices for these latter observations. I used the SAS task epatplot
to find the usable energy range of the BL Lac pn spectra, which was 0.4—10 keV.
Epatplot plots the fractions of different event patterns as a function of energy; the
observed events may deviate from the expected distributions due to detector noise
(dark current; at low energies) or pile-up (at medium energies). I was unaware
of the possibility of finding the lower useful energy bound of the spectrum during
the analysis of NGC 7469 and the first NGC 3783 dataset, and used the standard
0.2—10 keV range in both cases. Nevertheless, it would have made no difference to
the NGC 3783 work; the pn spectrum was not used for fitting below 3 keV. In the
case of NGC 7469, where the pn continuum was actually fitted down to 0.2 keV, a
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Table 2.4: Source extraction region radii (in arcseconds) for the pn exposures.

NGC 3783 NGC 7469 1H1219+301 H1426+428 Markarian 501

60 45 40 40 40

difference in the soft energy extent of the spectral range of perhaps 0.1 or 0.2 keV
would have made little difference to the nature of the continuum model, whose
main purpose was to demonstrate the basic shape of the continuum to be re-fitted
separately to the RGS. All the pn spectra prior to SAS V5.4 were extracted using
pattern=0 and flag=0. ‘Pattern’ refers to the way the charge from an X-ray event
is distributed over the CCD pixels; pattern=0 refers to events involving single CCD
pixels, which have the best energy resolution. ‘Flag’ is a measure of the quality of an
X-ray event, where flag=0 means that detections occurring in pixels bordering the
CCD edges or next to bad pixels are ignored, since part of the charge can be lost into
the undefined region thus giving an incorrect energy for the event. For the BL Lac
spectra pattern=0 was used and the standard flag selection ((FLAG & 0xfb0000)
== () which accepts flag=0 events and excludes events on chip boundaries. Intervals
affected by soft proton contamination were identified from a lightcurve of the entire
background area (i.e. a lightcurve of data from the whole small window excluding
the circle containing the source) and then filtered out of the event list before spectral
extraction. NGC 7469 and NGC 3783 was not seriously affected by this, although
1H1219+301, H1426+428 and Markarian 501 lost ~ 80%, ~ 50% and ~ 40% of the

pn exposure time respectively.

2.4.3 RGS

Rgsproc produces separate spectra and response matrices for RGS1 and RGS2. The
spectra are background-subtracted by rgsproc using background spectra extracted
from regions spatially adjacent to the source in the CCD field of view. The stan-
dard source region includes events occurring within 90% of the cross-dispersion Point

Spread Function (PSF), whilst the standard background region contains events out-
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side 95% of the cross-dispersion PSF. To improve the overall signal-to-noise of the
RGS data and facilitate spectroscopy, it is desirable to combine the RGS1 and RGS2
spectra. From SAS V5.3 onwards, rgsproc adjusts the RGS1 and RGS2 response
matrices for the systematic effective area differences between the two, so the spectra
and responser matrices can be co-added without introducing signiﬁcant error due to
calibration differences. For spectra reduced by earlier SAS versions, though (NGC
3783 in this case), it was necessary to correct the response matrices for calibration
differences before co-adding. This was done using the residuals of a power-law fit to
the continuum source Markarian 421, which also corrected the spectra for an instru-
mental absorption feature due to neutral oxygen. The calibration files account for
this feature in more recent versions of SAS. For the BL Lac RGS data, I also com-
bined the first and second order RGS spectra to maximise statistical quality. The
co-adding and correction of response matrices was done using dedicated software
written by M. J. Page on the same principle described for the co-adding of EPIC
spectra in Page et al. (2003). Fig 2.9 shows a comparison of the effective areas of the
combined RGS1 and RGS2 (first order) response matrices generated for NGC 3783
by SAS V5.2 (with the Markarian 421 continuum correction), SAS V5.3.3 and SAS
V5.4. There is no discernable difference between the SAS V5.3.3 and SAS V5.4
effective areas, and the SAS V5.2 curve follows the others very closely over most
of the spectrum. The greatest discrepancy is in the range ~ 12—19 A, where the
effective area of the V5.2 curve can be up to ~ 10% higher than the other two. In
general, although I have progressed to different SAS versions over the course of the
work described in this thesis, the use of these different versions does not give rise to
a significant diﬁ“ereﬁce in the overall RGS spectral shape.

Data affected by proton flaring were flitered out of the RGS event lists; time
intervals which were badly affected by contamination were identified using a back-
ground lightcurve from RGS CCD9, which is closest to the optical axis and therefore
suffers most from proton flaring. NGC 3783 and NGC 7469 were not significantly
affected by this, although proton contamination was a much bigger problem with

the BL Lac objects and ~ 70%, ~ 30%, ~ 50% and ~ 30% of the RGS data were
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Figure 2.9: The effective area of RGSlI  RGS: (first order), from response matrices
generated with SAS V5.2 (black), SAS V5.3.3 (red) and SAS V5.4 (blue).
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filtered out for 1H1219+301, H1426+428, Markarian 501 and PKS 0548-322 respec-
tively. About 10% of the RGS data for NGC 7469 were lost as SAS was unable to

process one of the data files due to a calibration problem.

244 OM

The SAS software for processing OM data is at an earlier stage of development than
that for the X-ray instruments, so different data reduction processes need to be used
depending upon what one requires from the data. During the observations reported
here, the OM was operated in either Imaging, Fast or Science User Defined mode.
Imaging mode involves the production of a set of so-called ‘Rudi-5’ images, where
different regions of the Field of View (FOV) are imaged sequentially at 1” resolution,
with a high resolution (0.5”) image of the centre of the FOV taken simultaneously
with every exposure. These images can be mosaiced together to produce an image of
the full FOV, using omichain, and the series of high resolution central images can be
used to produce a time series (usually in ~1000 s time bins) of the source by aperture
photometry. I have used GAIA (the Graphical Astronomy and Image Analysis tool
produced by the Central Laboratory of the Research Councils, UK) for aperture
photometry. Background subtraction is performed using counts from an annular
region surrounding the source. These OM count rates can be used to calculate flux
points for the AGN in the different filter wavebands, using a recipe provided by
the XMM-Newton Users’ Handbook (UHB; Ehle et al., 2003). Before converting to
flux, though, the count rates must be corrected for coincidence losses, deadtime and
reddening due to dust in our Galaxy. The coincidence loss and deadtime correction

uses the formula

Ceorr = —In(1 — (ext))/t/(1 —d) (2.1)
where c.or is the corrected count rate, c is the raw count rate, ¢ is the frametime
in seconds and d is the ‘deadfraction’, the fraction of CCD time which is lost due
to readout. The resulting count rate is dereddened using the method of Savage and

Mathis (1979). For the three UV filters, this count rate needs only to be multiplied
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by a conversion factor (provided in the SAS UHB) to obtain a flux value. For
sources imaged with the optical filters, no straightforward flux conversion is given,
so the count rate has to be converted firstly to magnitude (again using the recipe
in the UHB), and then to flux using the standard flux conversion values for the
Johnson UBV filters. Note that the OM opfica.l filters are not exactly the same as
the standard Johnson filters; the OM calibration team estimates an error on OM
fluxes (UV and optical) of the order of 10% (A. Breeveld, priv. comm.).

Fast mode uses the Rudi-5 cycle too, but also has a data window - on the source
at the centre of the FOV - which records the photons individually as they come
into the detector and assigns a time-tag, at a given time resolution, to each one.
This produces high time resolution lightcurves (generally 10 s time bins) of the
source. Omfchain compiles these lightcurves from the instrument event lists. The
accompanying Rudi-5 images are compiled by omichain.

Science User Defined mode requires the user to specify the size, resolution and
position of the required imaging and timing windows, thus offering the greatest
flexibility. It is used, in particular, for observations with the grism filters. OM
grism data cannot be reduced by current versions of the SAS, but a set of dedicated
IDL routines, developed for this purpose for use in instrument calibration by James

(2003), are available.

2.5 Data analysis

The Optical and UV data from the OM were handled with standard software such as
GAIA and FTOOLS, the X-ray and UV lightcurves were analysed with the Xronos
packages in FTOOLS, and the broad-band CCD X-ray spectra from EPIC were
fitted using Xspec, the standard X-ray spectral analysis package (Arnaud, 1996).
The analysis of high-resolution RGS spectra, however, presents new problems.

In terms of resolution and signal-to-noise, the RGS is somewhere between tra-
ditional low resolution, low signal-to-noise X-ray spectra and high-resolution, high

signal-to-noise optical spectra. In astronomy, X-ray spectroscopy has long been
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characterised by model fitting, whereas optical spectroscopy has involved the iden-
tification and measurement of well defined spectral features. Both these approaches
can run into trouble with the RGS.

The low signal-to-noise, and relatively low (by optical standards) resolving power
of the RGS can make direct measurement of features difficult, especially as it can
be hard to tell what is a genuine ‘feature’ and what is just noise. The reality of
any given spectral feature can be measured by its statistical significance; another
useful test is to see whether the feature is present in the spectra from both RGS1
and RGS2 independently. If the feature fits into a consistent pattern of atomic
transitions with other features in the spectrum, the likelihood that it has been
produced randomly is decreased. x? fitting retains its statistical validity; it is,
however, complicated by the fact that the number of bins containing the spectral
features of interest is far smaller than the number of continuum bins: in this case,
model fitting - of the type that is popular with CCD continuum spectra - can easily
produce incorrect results, especially when dealing with complicated models, and a
mixture of continuum absorption, line absorption and line emission as in many AGN
spectra. The fitting software has no understanding of whether the model that it is
fitting has any physical meaning. The ambiguities of RGS spectra of AGN thus
require a sentient user to guide the fitting process.

Another complicating factor is the question of where the continuum level lies
- in some cases, it is hard to establish whether a particular spectral pattern is
due to emission or absorption without knowledge of the position of the underlying
continuum. For this reason, the first stage in analysing the RGS spectrum of an
AGN should be to work out the form and level of the underlying continuum. In cases
where the ionised absorber column is very low, so there is little or no continuum
absorption (as in NGC 7469), this will be very straightforward. In those cases
where the warm absorption is very deep, however (as in NGC 3783), there is a
need to disentangle the effects of continuum and blended line absorption from the
basic shape of the continuum. There have been attempts to do this using Line Free

Zones (LFZs) - spectral ranges unaffected by line absorption - to fix the level of the
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continuum (e.g. Kaspi et al., 2001), but the results of this are entirely dependent
upon having the correct model for the continuum absorption. I have, instead, taken
the approach of fitting a continuum to a range of the spectrum which is known to be
almost entirely unaffected by absorption (ranging between approximately 3—5 keV
and 8—10 keV, depénding upon the positioh of any iron lines), in the AGN I have
worked on, and extrapolating this down over the RGS band. This requires that the
continuum is established using spectra from the EPIC instruments, which has the
potential for introducing error through cross-calibration uncertainties, although our
knowledge of these is improving (den Herder et al., 2003). The assumption that
the intrinsic soft X-ray continuum of any given Seyfert is actually an extrapolation
of a simple power-law is also open to question, given the prevalence of soft excess
components in these objects. In a deep warm absorber object such as NGC 3783, it
is possible that a soft excess is being concealed by the presence of the absorber, and
the intrinsic continuum is actually higher than we assume. The soft excess in NGC
7469 is not, however, concealed by the warm absorber and it was therefore possible
to fit a model for it (see Chapter 4).

Once the continuum level has been established, the next step is to identify any
statistically significant narrow spectral features. In a very high signal-to-noise spec-
trum, or one with particularly prominent features, it can be fairly obvious that the
observed features are real, especially if they are easily identifiable with a known
pattern of absorption and emission. In spectra with poorer signal-to-noise, or with
features that appear in a novel pattern which is hard to interpret (or requires a
controversial interpretation), there needs to be a way of quantifying the statistical
significance of the observed features and of then determining whether they are likely
to be real. In cases where I have needed to do this (the RGS spectra of NGC 7469
and the BL Lac objects) I have used a routine written by M. J. Page which fits a
sliding Gaussian against a local continuum across an RGS spectrum, outputting a
plot of o (statistical significance) against wavelength. In an RGS spectrum of ~
1000 bins, assuming statistical noise to follow the Poisson distribution, one would

expect on average three bins to deviate by 3 o from the continuum level. Any
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features at a higher level of significance, or a greater number of 3 ¢ features than
expected, are indications that the features are likely to be real. The width (Gaussian
o) of the fitted line is free to vary up to a maximum specified by the user; in the
cases described in this thesis, a maximum width of 1000 km s™! is used. With this
value, the software took a week to ruh, SO uSing a width much greater than this
would have been impractical (the run-time scales approximately linearly with the
maximum width of the Gaussian).

Knowing which features are significant, absorption models are applied and emis-
sion models added to the continuum until the spectral data are reproduced by the
model. This has to be done with a full understanding of the properties the ionised
absorber models used, and is thus a process of trial and error, changing model pa-
rameters until the spectrum is reproduced in a physically meaningful way. Only
then is x? fitting used, as a final optimisation of the model parameters once a rea-
sonable answer has been reached via conscious 'measurement’ of the features. This
method is an attempt to deal with the intermediate nature of RGS spectroscopy -
requiring some hybrid of the analytical philosophies used in the X-ray and optical
regimes. 2 fitting is valid where the errors on the data points follow a Gaussian
distribution; this is the case where there are more than about 20 counts per bin. The
approximation to Gaussian errors is progressively less accurate for a smaller number
of counts per bin, where the errors become better explained by Poisson statistics.
In the cases I analyse, the average counts per spectral bin integrated over the whole
observation are well above this level for the BL Lac objects (about 46, 86, 55 and
2000 counts per bin for 1H1219+4-301, H1426+428, Markarian 501 and PKS 0548-322
respectively). The NGC 7469 RGS spectrum has ~ 27 counts per bin, which is still
in the Gaussian error regime, and the NGC 3783 spectrum has ~ 10 counts per bin
where the approximation to Gaussian errors is not as good.

I used SPEX version 2.00 (Kaastra et al., 2002a) to analyse the RGS spectra.
This software was written specifically with high resolution X-ray and UV spec-
troscopy in mind, and contains two ionised absorber models that are particularly

useful for AGN spectra: slab, which applies absorption by specified columns of in-
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dividual ions to a continuum, and zabs which models absorption by a given column
of gas, at a given ionisation parameter and elemental composition. Both models
allow the user to specify a blueshift or redshift for the absorber and the turbulent
velocity of the gas, and benefit from the inclusion of recently calculated atomic data
(derived from the Hebrew Univérsity Lawrence Livermore Atomic Code, HULLAC:
Bar-Shalom et al. 2001), particularly for the inner shell transitions of oxygen and
iron. These two models apply line and continuum absorption self-consistently, using
Voigt profiles for the absorption lines. Slab is ideal for identifying the narrow ab-
sorption features in a spectrum, whilst zabs, which is based upon Xstar output, is
used to construct self-consistent warm absorber models. Throughout this thesis, the
zabs model I use is one which has been calculated assuming the SED of NGC 5548
as published by Kaastra et al. (2002b); this is a fairly typical Seyfert 1 continuum,
with a hard X-ray power-law and a thermal soft excess.

Where a parameter value is obtained by x? fitting, its error is determined by
changing the value of the parameter until the value of x? has changed by a specified
amount which corresponds to a given confidence level (other free parameters in the
model are allowed to change during this fitting); in the case of SPEX, the default
bounds are the root mean square errors (rms; 1o, approximately 68% confidence),
which corresponds to a change in x? (Ax?) of 2. This value of Ax? is chosen
because the variance of the x? distribution is 2N, where N is the number of degrees
of freedom of the distribution (i.e. number of fitted parameters), and so where there

is one interesting parameter, the variance corresponds to a Ax? of 2.



Chapter 3

NGC 3783

3.1 Introduction

Of the bright, nearby Seyfert galaxies, NGC 3783 has probably the deepest and best
studied warm absorber. This chapter describes my work on the first 40 ks XMM-
Newton observation of NGC 3783, as published in Blustin et al. (2002a). Since that
paper, there have been four other publications on the warm absorber in this object,
so at the end of this chapter I discuss the results of these and how they compare
with my own findings. Some basic properties of this source are given in Table 3.1.
Many observers have studied the warm absorber of NGC 3783. Prior to the
launch of Chandra, the state-of-the-art was represented by George et al. (1998);
these authors, using ASCA data, fitted photoionised absorber models in which deep
absorption edges of O viI and O vIII were the most prominent spectral features. It
has also been claimed that NGC 3783 has a soft excess. Ghosh et al. (1992) were the
first to suggest this, using very low resolution EXOSAT data, and the idea has since
been resurrected by De Rosa et al. (2002b) whose much better quality BeppoSAX
spectrum suggested the presence of a soft excess underlying the warm absorber.

- The Chandra observatory was the first to obtain a high resolution soft X-ray
spectrum of NGC 3783; a 56 ks HETGS spectrum was obtained in January 2000.
By the time that my work on the XMM-Newton data appeared in print, there had
been three papers on the Chandra datasets. The primary function of Kaspi et al.
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(2000a) was to report that Chandra had indeed obtained the first high resolution soft
X-ray spectrum of the source, and had detected many narrow absorption lines from
the warm absorber, and also a few narrow emission lines; Kaspi et al. (2001) focussed
mainly on the modelling of this initial dataset. Finally, Kaspi et al. (2002) presented
a spectrum derived from the addition of data from several Chandra observations,
totalling about 900 ksec, and used this exceptionally high signal-to-noise dataset to
make detailed measurements of the individual absorption and emission lines in the
spectrum.

Kaspi et al. (2001) made the first attempt at modelling a high-resolution spec-
trum of the NGC 3783 warm absorber. Using the original 56 ks spectrum, they
fitted a continuum absorption model to Line Free Zones (spectral ranges where no
absorption lines are present; see Chapter 2), and then modelled the narrow absorp-
tion and emission lines with photoionisation calculations. They found evidence for
two ionisation phases in the absorber, with an order of magnitude difference between
their ionisation parameters, and different covering factors. The model involved deep
Ovir and O viil absorption edges and did not yet include the UTA. There has been
much interest in trying to connect the UV absorption observed in NGC 3783 (Maran
et al., 1996) with the X-ray absorber (see e.g. Shields and Hamann, 1997); Kaspi
et al. (2001) noted that the lower ionisation phase in their model could potentially
give rise to the observed UV absorption, but that this is highly dependent on the
unobservable X-ray to UV continuum.

A later paper by Behar and Netzer (2002) showed that the depths of inner-
shell Si absorption lines are consistent with the warm absorber having a continuous
distribution of ionisation phases, rather than two well-defined ones.

The final list of atomic transitions detected in the 900 ks spectrum - as reported
by Kaspi et al. (2002) - included absorption lines from the H and He-like ions of
O, Ne, Mg, Si, S, Ar and Ca, H-like C, and various more lowly ionised states of S
and Si. Iron L-shell tfansitions of Fexvil—FeXX1v are also present, alongside an
M-shell iron UTA (first reported by Kaspi et al. 2001 in this source). There was

evidence of a few emission lines, originating from O and Ne. A set of 42 strong
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unblended absorption lines were used to find an average blueshift, relative to the
systemic velocity, of 590 £ 150 km s~!, and a mean FWHM of 820 4 280 km s~!.
The line profiles are asymmetric, which - in the case of O vII - was shown to result
from the combination of two absorbing systems whose velocity shift and FWHM are
consistent with those observed in the UV. Certain lines have P-Cygni profiles due
to the superposition of absorption and emission components; the narrow emission
lines were at the systemic velocity of the source.

The Chandra spectra also provided the highest resolution view of the Fe Ko line.
This was found to be narrow, and was actually resolved by the HETGS to have a
width of 1720 & 360 km s~! (Kaspi et al., 2002). There was evidence for a Compton
shoulder redwards of the line itself, although there was no sign of a relativistically
broadened component which was previously suggested by Nandra et al. (1997) on
the basis of ASCA data, or the broad Gaussian line seen by De Rosa et al. (2002b)
in BeppoSAX data.

The main focus of my work on the 40 ks XMM-Newton observation of NGC 3783
is the spectral modelling of the warm absorber. This was driven to some extent by
the relatively poor signal-to-noise of the RGS data (at least compared to the 900 ks
Chandra dataset), which made it more difficult to make accurate measurements of
individual features. In this chapter I start off by describing the source variability in
X-rays and UV, continue onto an analysis of the EPIC-pn data and particularly the
Fe Ko region, and then set out my method, and the results, of constructing a spectral
model of the complex warm absorber of NGC 3783. I finish with a comparison of

my conclusions with those of subsequent studies.

3.2 Lightcurves, 2—10 keV continuum and Fe Ko
line

The EPIC-pn data show that NGC 3783 was quite variable in X-rays during the
observation (Fig 3.2), with a 30% difference between the highest and lowest flux
levels, although the UV flux as measured from the series of OM UVW2 images
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Table 3.1: Some basic information on NGC 3783 (coordinates are J2000)

Right Ascension Declination Redshift Galactic column®

11h 39m 1.72s  -37d 44m 18.9s 0.00973° 8.7

® Galactic absorbing column in 10% cm~2 (Alloin et al., 1995)

b Theureau et al. (1998)

(Fig. 3.1) is constant within the 10% errors. A hardness-intensity plot (Fig. 3.3),
using the 0.2—2 and 2—10 keV ranges as the soft and hard bands respectively,
shows a slight tendency for the source to get softer as it gets brighter; the linear
correlation coefficient for this trend is 0.35, with a ~3% probability of getting this
value or higher from a random sample, giving a weak correlation significant at 2
sigma. If the final point on the plot is disregarded (it originates from the sudden
spectral hardening at the end of the observation), the significance of the correlation
increases to 3 sigma. Variability in the different energy bands has the same form,
implying the existence of one dominant spectral component.

The deep warm absorber complicates the modelling of the continuum below
it. Whilst it is quite possible to fit a power-law to the higher energies, it is hard
to know what kind of continuum underlies the soft band. The softness-intensity
relation hinted at by the lightcurves could imply the existence of a variable soft
excess. Fitting a power-law with neutral absorption fixed at the Galactic value
(see Table 3.1) to the 3.5—5.5 and 7.5—10 keV ranges, which avoid both the warm
absorption and the iron Ko line region, provides a continuum which goes over the
soft band without any sign of an extra soft excess being required. This continuum is
shown superimposed on the whole 0.2—10 keV pn spectrum in Fig. 3.4, along with
the ratio of the data to the model, and the best fit continuum parameters are given
in Table 3.2.

From Fig. 3.4 we can see that there appears to be two components to the Fe Ka

line, one broad and one narrow, as well as a weaker line at the position of Fe Kf
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Figure 3.1: UVW2 image of NGC 3783, with the entire series of images co-added;
North is up, East to the left, and the image is about 50” x 40” in size with 0.5

pixels. The nuclear image is saturated so that the the spiral arms are visible.

Table 3.2: The best fit power-law continuum parameters, fitted to the ranges 3.5—5.5
and 7.5—0 keV.
Photon index (P) Normalisation®  NuGal® F2-100  Xreduced

1.60 £ 0.02 0.0180 + 0.0007 s/r &5 L4d

in photons keV “cm s “at 1keV; Min 10®cm  fixed; *2—0 keV model

flux in 10"11 erg cm“*s';” for 168 degrees of freedom.
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Figure 3.2: Multiwavelength background-subtracted lightcurves of NGC 3783: top,
UV (140—270 nm) lightcurve from the OM, in 1000 s time bins; middle three, PN
lightcurves in the bands 0.2—2, 2—6 and 6—0 keV, in 300 s time bins; bottom, the
hardness ratio (2—0 keV / 0.2—2 keV flux) in 300 s time bins. The error bars are

slightly overestimated in these plots: from top to bottom the errors on the points

should be + 0.08, 0.2, 0.1 and 0.05 counts s~ respectively, and the error on the

hardness ratio should be = 0 .01.
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Figure 3.3: Hardness — intensity plot of NGC 3783 in 30 minute time bins. The

error bars are slightly overestimated: the error on the total flux should be £ 0.08

counts s, and the error on the hardness ratio should be + 0.003.

or Fexxvi. Using the power-law of Table 3.2 as the fixed underlying continuum in
the range 5.5—7.5 keV, I fitted Gaussians to these two components of Ka as well
as KB. The best fit parameters are given in Table 3.3, and the resulting model is
plotted in Fig. 3.5.

The narrow Ko line has a blueshift consistent with zero and its FWHM is unre-
solved by the pn. This is consistent with the findings of Kaspi et al. (2002), who are
able to resolve the line and find a FWHM of 1720 & 360 km s~!. The flux of the line
seen by pn is slightly greater than measured from Chandra data ((7.1 + 0.9) x 1075
photons cm~2 s7! versus (5.26 + 0.63) x 10~ photons cm™2 s7!). The Chandra
spectrum shows a low flux red wing to the line, which is identified as a Compton
reflection shoulder; this is probably also seen in the pn data (see Fig. 3.5). However,
the XMM-Newton spectrum shows an additional broad component, which is not
seen in the Chandra spectrum. This broad line contains as much flux as the narrow

component. Broad and narrow components were also observed in BeppoSAX data
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Figure 3.4: Continuum power-law fit to the 3.5—5.5 and 7.5—0 keV ranges of the
pn spectrum of NGC 3783, extrapolated over 0.2—0 keV. The ratio of the data to

the continuum model is shown in the bottom panel.



Table 3.3: The parameters of three Gaussians fitted to the emission lines seen in the pn spectrum of NGC 3783: E.e, expected
rest frame energy in keV; Epcas, measured rest frame energy in keV, flux in 1075 photons cm~2 s™!, Full Width Half Maximum

(FWHM) in eV; Viroad, velocity broadening in km s™?; cz, Doppler shifted velocity in km s~ (negative values indicate blueshifts).

‘€ Y4HILdVHO

£€8.€ DON

The fit has a x24 of 1.1 for 70 degrees of freedom, in the range 5.5—7.5 keV.

Line Identification E;et FEmeas Flux FWHM Vbroad cz
1 broad Fe Ka 6.39 6.29+0.03 7=%1 240 + 80 11000 & 4000 5000 £ 1000
2 narrow Fe Ko 6.39 6.40 £0.01 7.1+£0.9 70+50 3000 + 3000 -600 + 600
3 Fe KB 706 698 +0.04 3.7+0.9 200+ 100 9000 + 6000 3000 + 2000

Fe xxvi 6.96 -1000 + 2000®

& if line 3 is identified with Fe xxvI

78
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Figure 3.5: Fit to the iron emission lines in the pn spectrum of NGC 3783 (left, lines
1 and 2 (Fe Ka); right, line 3). Top panel: data (black) and model (red). Bottom

panel: overall model (solid line) and model components (dotted line).
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(De Rosa et al., 2002b); their broad component is a lot broader, however, than that
described here (¢ = 0.72 328 keV as opposed to o = 0.10 £ 0.03 keV), possibly
due to the lower spectral resolution of BeppoSAX in this range.

A Fe Ka line should be accompanied by K3 emission at ~ 14% of the intensity of
Ka (e.g. Holzer et al., 1997). The combined K@ flux predicted from both broad and
narrow Ka components is about half that actually measured in the line observed at
around 7 keV, which implies that the rest of the flux originates from Fe XXVI.

The significant redshift of the broad Fe Ko line makes it tempting to fit a rel-
ativistically broadened discline to it, or alternatively to the whole broad+narrow
line. It is hard to determine the shape of such a line, as there is very low contrast
with the continuum, although it can be fitted by this model if the disc is face-on and
has an emissivity index below about 2. The shape of such a discline is effectively
Gaussian, making it hard to distinguish this possibility from the line shape being

simply a Gaussian.

3.3 RGS spectrum

The continuum underlying the RGS spectrum was modelled as the power-law (with
Galactic neutral absorption) that was fitted to the pn data. The power-law param-
eters were corrected for the relative calibration differences between the pn and the
RGS as described by den Herder et al. (2002), so that the new power-law slope and

normalisation were I'=1.54 and 0.0175 photons keV~! cm™! s™! at 1 keV respec-
tively.

There is a large deficit of flux under this power-law continuum below 17 A, which
in the past, with lower resolution spectra, has been fitted by an O viI edge (see e.g.
George et al., 1998), and a triangular continuum feature at about 15 A, which was
interpreted as an O vl edge. A large number of narrow absorption lines, and a
small number of narrow emission lines, are visible in the spectrum. Parameters of

the most important of these are listed in Table 3.4. I list the measured and rest

wavelengths, blueshifts and equivalent widths of the deepest absorption lines of O,
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N, C and Fe, as well as these parameters plus flux for the O viI forbidden line in
emission. The corresponding values of equivalent width and flux from Kaspi et al.
(2002) are quoted where applicable. Due to the re-emission accompanying Lya
and Hea absorption lines, the § transitions can appear deeper than the a lines.
In the case of Cvi, the Lyg line is included in the table as it is in a region less
affected by Galactic absorption than Lya, and is thus easier to measure accurately.
The theoretically deepest transition of O VI falls in the region of the O vII emission
triplet, and is thus very hard to observe. Again, in this case, the second deepest line
is listed.

The most prominent emission line is O viI (f). The signal-to-noise is too poor to
distinguish the other two members of the triplet, but the fact that O vir (f) is the
most prominent suggests immediately that the emission is from tenuous photoionised
gas (Porquet and Dubau, 2000). The forbidden line appears to be blueshifted by 600
+ 200 km s™!, consistent with the blueshift of the warm absorber, whereas Kaspi
et al. (2002) find that the line is not blueshifted in their spectrum.

The narrow absorption lines provide much more information. Identification of the
transitions involved shows that the signatures of two main phases of gas are present
in the spectrum; a high ionisation phase, characterised by L-shell transitions of iron
and ‘traditional’ warm absorber ions such as O vii1, O vii, Nvii and Cvi, and a low
ionisation phase giving rise to inner shell oxygen lines (OvI, Ov and O1v) and a
UTA of M-shell iron. Both regimes have the same blueshift, fitted as —800 £ 200 -
km s~! to each phase as a whole, which is consistent with the value of Kaspi et al.
(2002) of —590 + 150 km s~2.

The pattern of iron absorption in a warm absorber spectrum is a powerful test of
the ionisation structure of the absorbing medium. In a plasma with a given ionisation
parameter, iron will be present in several different ionisation states. The relative
importance of these states gives a good constraint on the ionisation parameter of
the gas; in general, the main locus of iron absorption shifts to shorter wavelengths
as the medium becomes more highly ionised.

In the RGS spectrum of NGC 3783, there are two main loci of iron absorption.



Table 3.4: The blueshifts and equivalent widths of some important spectral lines in the RGS data. Parameters: \peas, measured
wavelength in A (in rest frame of NGC 3783); Aest, rest frame wavelength in A; Venise, velocity shift in km s™!; line flux in 107>
photons cm™2 s71; FluXchan, line flux in Chandra spectrum as quoted in Kaspi et al. (2002) in 10~° photons cm™2 s7!; EW,
measured equivalent width in mA; EW ., equivalent width in Chandra spectrum as quoted in Kaspi et al. (2002) in mA.

Line Ameas Arest Vshift Flux Fluxchan EW EW_han
O1v Kg 22.67 £ 0.02 22.777* -1400 £ 300 ' 80 + 10 -
Ov Ko 22.27 £ 0.02 22.334 -900 £ 300 70 =+ 20 -
Ov1 KaoP 19.293 £+ 0.006 19.341 -760 £ 90 76X+ 9 -
Ovir Ka® 21.5 £ 0.1 21.602 -900 + 1000 20 + 20 40.1 + 34.6
Ovir Ly-o?  18.92 + 0.01 18.969  -900 + 200 50 £ 10 53.6 £ 15.9
Nvil Ly-a  24.67 £ 0.06 24.781 -1300 % 700 90 £ 10 72.6 £ 34.9
CviLy-B° 2839 +0.01 28.466  -800 =+ 200 100 + 10 -
Ovi (f) 22.06 £+ 0.02 22.101 -600+200 7+2 1013 +274 -130+40 -270.4 £ 73.2
Fexvil 14.97 £ 0.02 15.014 -800 +£ 400 92+ 6 26.2 £ 5.3
Fexvinn 14.17 £ 0.01 14.210f  -800 =+ 200 148 £ 8 24.8 £ 5.5
Fe x1x 13.50 & 0.01 13.523% -500 + 200 164 + 9 55.3 £ 8.1
Fexx 12.815 + 0.008 12.842% -600 =+ 200 167 £ 8 56.7 £+ 5.6

2 this value is yet to be benchmarked in the laboratory, and could be off by as much as 40 mA; ® blended with a weaker
absorption line of OVv; © partially filled in by re-emission; ¢ perhaps partially filled in by re-emission; ¢ blended with a
weaker absorption line of Sixi; f a blend of lines at 14.1548, 14.2042, 14.2120 and 14.2600 A; & a blend of lines at 13.5070,
13.5146, 13.5210, 13.5540 and 13.5706 A; ® a blend of lines at 12.8130, 12.8270, 12.8319, 12.8470 and 12.9040 A.

€868 DON '€ H41LdVHO
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One is around 13—15 A, corresponding to Fexvil, Fexviil, FeXix and FeXxX, and
the other is the M-shell UTA at 16—17 A.

Below about 13 A, it becomes harder to detect absorption features from the
highly ionised states of iron that can absorb in this region. This defines the short
wavelength end of the high ionisation phase. At around 15 A, absorption from Fe xv
and FeXVvI might be expected. It is clear that there is a very low column of these
species, otherwise the short wavelength side of the 15 A feature would be absorbed
away by them. The long wavelength boundary to the Fe L-shell absorption is then
defined by the 15 A feature.

The position of the iron M-shell UTA in the spectrum is determined by the
ionisation parameter of the absorbing gas. Its position is also affected by the ab-
sorber’s blueshift, so the blueshift of the low ionisation gas must first be obtained
using the inner shell oxygen transitions. Having established this, the range of states
in the UTA turns out to be Fevi—Fexiv. The long wavelength end of the 15 A
feature then defines the short wavelength boundary of iron absorption from the low
ionisation phase.

I claim, then, that the 15 A feature provides a well-defined cut-off between iron
absorption from two different ionisation phases in the absorbing gas; its height and
shape determines which iron states can be present in the absorbing medium. Each of
these two loci of iron absorption is associated with absorption from other elements, so
once the ionisation parameter has been derived from the pattern of iron absorption,
we can see what other ions are expected to be present, and can test their abundance

relative to iron.

3.4 Warm absorber modelling

Having shown that there are two main ionisation phases in this warm absorber, I
used the ionised absorber models in SPEX 2.00 (zabs and slab) to construct, firstly, a
two phase warm absorber model to give an insight into the physical conditions of the

absorber, and secondly, an ion-by-ion model to provide estimates of the individual
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ion columns.

3.4.1 Two-phase model

I applied a two phase absorber to the power-law continuum using the zabs model.
The blueshift for both phases was set to 800 km s™!, and the turbulent velocity was
fixed at 300 km s7!, similar to that used by Kaspi et al. (2001) in analysing the
Chandra HETGS spectrum. The absorption lines are unresolved by the RGS.

The ionisation parameters of the two phases are set by the pattern of iron absorp-
tion, as described above. Taking the most important states in the high-ionisation
phase to be FeXxvii, Fexviil and FeXIX, I estimated log £ of this phase to be 2.4.
This may well be a simplification, as the presence of the higher ionisation states
that are not so well fitted by this could be an indication of a range of ionisation
parameters in the high ionisation phase. The low ionisation phase is well represented
by a log £ of 0.3, which reproduces the form and position of the UTA very well.

Having worked out the ionisation parameters, I fitted overall equivalent Hydro-
gen columns for the phases assuming Anders and Grevesse (1989) solar elemental
abundances. Then the abundances of individual elements were allowed to vary. If
it was impossible to establish the presence or abundance of an element, it was kept
in the model but fixed at its solar relative abundance. The high ionisation phase
can be well reproduced with abundances close to solar; nitrogen appears to be un-
derabundant, contrary to what was found in IRAS 1334942438 (Sako et al., 2001)
and NGC 1068 (Kinkhabwala et al., 2002), and my value for the relative oxygen
abundance, 0.7, should probably be about 0.9 (J. Kaastra, priv. comm.), as the
solar oxygen abundance (Anders and Grevesse, 1989) used in SPEX has been shown
by a new measurement (Allende Prieto et al., 2001) to be too high. To fit the form
of the very deep UTA, the low ionisation phase needs to have an iron abundance
around ten times higher relative to solar than C, N and O. Table 3.5 summarises the
parameters of the two phases described here, the two phase model is shown super-
imposed on the data in Fig. 3.6, and the two phases of the model applied separately

to the continuum are shown in Fig. 3.7.
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Table 3.5: Properties of the NGC 3783 two-phase warm absorber model. Log £,
Viurb and vppe Were held fixed during fitting, and Ny and the elemental abundances

were allowed to vary.

Parameter High-ionisation phase Low-ionisation phase
log & 24 0.3
Ng® 2.8 109 x 1022 5.4 109 x 102
Viurb® 300 300
Vilue? 800 800
C abundance® 0.8 1.0
N abundance 0.2 1.0
O abundance 0.7 1.0

Ne abundance 0.9
Mg abundance 0.9
Si abundance 2.5
S abundance 1.0
Ar abundance 0.7
Fe abundance 0.9 10.7

1

-2

Log of the ionisation parameter, where £ is in erg cm s~

=

Equivalent hydrogen column of phase in cm™2

1

o

Turbulent velocity in km s~

[+

Blueshift of phase in km s~!

¢ Abundances relative to solar; estimated errors on abundances are about +
0.5. Values are only given for elements whose abundances could be directly

measured; the abundance of all other elements in the model was fixed at 1.
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Figure 3.6: Combined RGSI] and RGS: rest frame spectrum of NOG 3783 (black),
with the power-law continuum (blue) and the power-law plus two-phase warm ab-
sorber model (red) superimposed, plotted over the range 6—38 A. Species absorbing

or emitting in various spectral ranges are indicated.
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Figure 3.7: The two phases of the NGC 3783 warm absorber model applied sepa-
rately to the continuum (high-ionisation phase in red, low-ionisation phase in blue,
and power-law continuum in black) plotted over the range 6—38 A (rest frame). The

absorption edges in the continuum are due to neutral gas in our Galaxy.
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3.4.2 Detailed model

Table 3.6 gives the estimated columns of the individual ions in the spectrum, as
modelled using slab. This model is shown superimposed on the data in Fig. 3.8
and Fig. 3.9. The model provides a very good representation of the spectrum,
especially in some regions of the L-shell iron absorption, although there are also
some remaining discrepancies in this range. The ionic column of each iron state
in Table 3.6 is plotted against its ionisation parameter of maximum abundance in
Fig. 3.10, except for Fe Xv for which only an upper limit could be obtained. The plot
clearly shows the two different phases in the warm absorber, with the low ionisation
gas fairly tightly centred at log £ ~ 0.3, and an indication that the high ionisation

phase has a wider range of ionisation parameters (note the logarithmic scale).

3.5 Discussion

3.5.1 Broadband X-ray and UV variability

In the short 40 ks observation there is no evidence to support a connection between
the X-ray and UV variability. Whilst the X-ray flux changes by 30% between its
highest and lowest points, the UV is constant within its 10% errors. Although
the different X-ray energy bands show the same pattern of variability, there is an
indication that the spectrum is softer at higher fluxes, and that there is a gradual

change in the hardness ratio over the course of the observation.

3.5.2 Emission and absorption in the Fe Ko region.

The 0.2—10 keV EPIC-pn continuum spectrum is well-fitted by a power-law at higher
energies, with the warm absorber causing a significant deficit of counts at the low
energy end. There is no evidence for a soft excess, or a reflection component. It is
possible that a soft excess could be hidden under the warm absorber.

The narrow component of the Fe Ko line looks similar to the narrow line observed

by Kaspi et al. (2001, 2002), although the parameters obtained from the pn spectrum
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Table 3.6: The absorbing columns of individual ions in the detailed model of the

warm _absorber.

Ion Logyo column® Log £,  Ion Logyo column® Log &p,°
Cv 16.5 + 0.5 0.15 Fevi 16.0 £ 0.5 -0.90
Cvi 17.5 £ 0.2 1.15 Fevii  16.1 £ 0.5 -0.35
Nvi 16.9 £+ 0.2 0.70 Fevir 171 £ 0.5 0.05
Nvii  16.8 £ 0.2 1.50 Feix 16.8 £ 0.5 0.35
O1v 17.1 £ 0.2 -0.75 Fex 16.8 £ 0.5 0.55
Ov 17.5 £ 0.2 -0.05 Fe x1 16.4 £ 0.5 0.75
Ovi 170 £ 0.5 0.45 Fexn  16.0 £ 0.5 1.00
Oviti 173+£0.2 1.15 Fexmr 16.2 £ 0.5 1.20
Ovir 168 £ 0.5 1.75 Fexiv 162 £0.5 1.40
Neix 18.0+0.5 1.70 Fexv <154 1.60
Nex 182+ 0.5 2.25 Fexvi 164+ 0.5 1.60
Mgxi 175+ 0.5 2.10 Fexvir 17.5 £ 0.2 2.10
Mgxm 178 £ 0.5 2.60 Fexvir 17.5 £ 0.2 2.30
Si X1 17.0 £ 0.2 1.70 Fexix 174 4+ 0.2 2.50
Sixim  17.9 £ 0.2 2.05 Fexx 17.5 £ 0.2 2.80
Sixm 17.5 £ 0.2 2.40 Fexxr 17.7+0.2 3.00
Sixiv 180 £ 0.5 2.90 Fexxm 171 +0.2 3.10
Sxim 17.0 £ 0.2 1.70 Fexxmr 17.5 £ 0.5 3.30
Sxm 175+ 0.2 2.05 Fexxiv 17.0 £0.5 3.45

Sxiv 16.7 £ 0.2 2.40
Arxmr 16.1 £ 0.2 1.80
Arxiv 164 £ 0.5 2.10

2 where the column is in cm™2

b log & at which the ion is at its maximum abundance (£ is in erg cm s™1)
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Figure 3.8: Combined RGSI and RGS: rest frame spectrum of NGC 3783 (black),
binned into groups of two channels, with detailed warm absorber model superim-
posed (red), plotted over the range ¢—22 A. The most important spectral features

1a the data and model are labelled.
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Figure 3.9: Combined RGSI and RGS: rest frame spectrum of NGC 3783 (black),
binned into groups of two channels, with detailed warm absorber model superim-
posed (red), plotted over the range 22—38 A. The most important spectral features

in the data and model are labelled.
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Figure 3.10: Ionic column plotted against ionisation parameter of maximum abun-

dance for the iron states VI-—XXIV (except Fexv, for which only an upper limit

could be obtained) listed in Table 3.6.
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are poorly constrained. It occurs at its rest wavelength and is unresolved at the pn
spectral resolution. I also find evidence for a broad component to the emission that
is not discussed by Kaspi et al. (2002), although a broad component has recently
been observed with BeppoSAX. The broad line in the pn spectrum is redshifted by
5000 km s71, and the overall profile is reminiscent of the NGC 3783 (1) Fe Ka line
of Nandra et al. (1997) which was interpreted as a discline; however, the pn broad
component is much less broad than either that or the broad line seen in BeppoSAX
data. It is therefore tempting to fit a discline model to the broad component - or the
whole profile - of the pn Fe Ka line. Because of the small amount of fiux present in
the broad component, though, it is not possible to obtain good constraints on such
a model.

The broad line, being Fe I Ko, must originate in relatively cool gas. The broad-
ening, then, is dynamical rather than thermal, and the width of the line (11000 +
4000 km s7!) could place it in the ‘very broad’ line region of Winge et al. (1992).
The redshift is either due to the emitter falling in towards the nucleus, or it is due to
gravitational effects close to the black hole. Why, though, is this broad component
not visible in the 900 ks Chandra spectrum, which surely has sufficient signal-to-
noise to see it? The broad line could conceivably be a transitory phenomenon. The
much fainter line at higher energy is probably a combination of Fe K3 from both
components of Fe I and also from FexXxvI; the combination of these different lines

will affect the apparent broadening and redshift of the observed line.

3.5.3 The soft X-ray warm absorber
The two-phase warm absorber model

The overall form of the spectrum is reproduced very well by the simple two-phase
model. The strangest feature, physically, is that iron is ten times more abundant,
relative to its solar value, than oxygen in the low ionisation phase. The abundances
in the high ionisation phase are close to their solar values. NGC 3783 is not alone

in requiring an abnormal iron abundance to explain its UTA. IRAS 13349+2438
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(Sako et al., 2001) was found to require an iron abundance of 2—3 times that of
oxygen, and the UTA in NGC 5548 also needs an iron overabundance (Kaastra
et al., 2002b). The apparent high iron abundance in the low ionisation phase is very
dependent upon the turbulent velocity, absorbing column and assumed continuum
level. Other possible factors include the fit béing biased by the UTA being wider than
expected (because of the distribution of states being inadequately explained by a
single ionisation parameter), and uncertainties in the ionisation balance calculations
of M-shell iron (the dielectronic recombination rates for these ions have never been
measured or calculated with modern codes; E. Behar, priv. comm.; see section
3.6.3). The high abundances could also be due to a covering factor effect (see Arav
et al., 2002); since the iron abundance is measured relative to the abundances of O,
N and C, and if the lines of these elements are highly saturated, then their equivalent
widths will be determined by the velocity width and covering factor, and will be only
weakly dependent upon the column density.

The UTA would, with the lower resolution spectra of the past, have been fitted
with an O vII absorption edge (16.78 A). It is clear from this spectrum that any edge
absorption is actually concealed by the deep UTA. Both of the ionisation phases
produce O viI; the relative importance of O VIl from each will depend upon the
relative columns of the two phases. My high ionisation phase oxygen is dominated
by Ovii, and at the equivalent hydrogen column of this phase, 2.8 x 10%2 cm™2,
significant O VIII absorption edge opacity exists. However, as in the case of OviI,
the absorption edge is heavily cut into by iron transitions - in this case, from L-shell
iron. So, whilst this very deep warm absorber does give rise to edge opacity in O vII
and O vil, the superimposition of all the iron transitions, and the fact that the
O v1i1 could come from either phase, means that fitting O viI and O viII edges is not
a useful diagnostic for the physical conditions in the warm absorber.

Indeed, the O vIiI column appears to be overpredicted by the model, as the very
deep O vii1 Lya line (18.97 A; see Fig. 3.6) is not consistent with the data. This may
be partly because this model does not take account of O VIII narrow line emission,

which has been documented by Kaspi et al. (2002) and Behar et al. (2003). The iron
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absorption is also overpredicted at the short wavelength side of the 15 Afeature, as
shown by Fig. 3.6, and increasingly underpredicted at shorter wavelengths. This is
compensated for, as can be seen in Fig. 3.7, by the generation of a neon absorption
edge at ~ 9.5 A. This indicates that the iron absorption in the high ionisation phase
may not be correctly éxplained by a singlé ibnisation parameter, and may require a
wider range of ionisation. The low ionisation phase is well approximated by a single

log € of 0.3.

The detailed warm absorber model

The detailed model agrees with the data very well, particularly in parts of the L-shell
iron region. There are still some significant residuals in this range, though, which
are unlikely to be due to an inaccuracy in our knowledge of the Fe L-shell transi-
tions, whose wavelengths and blends are very well known. Some contribution may
come from ions not included in our model, particularly those of calcium. Another
interesting possibility is that the residuals are due to higher order transitions from
the saturated UTA ions (Behar et al., 2001). It is more likely that the residuals
are due to an underestimation of the O viil column and the associated continuum
absorption; although increasing the column would give rise to an unacceptably deep
Ovil Lya, this could be offset by the inclusion of narrow line emission from this
ion.

As shown by Fig. 3.10, the model requires a lot of gas at log £ above 2. The high
ionisation phase can be investigated further using transitions visible to the RGS in
the 23—38 A region, where the Chandra HETGS is not sensitive. Absorption lines
are present from N vi, N vIi, Cvi and possibly Cv, Sixi, Sixii, Sxii, S X111, SXIv,
Arxinn and Arxiv. Inspecting the model superimposed on the data, in Fig 3.8
and Fig 3.9, one can clearly see where the calculated wavelengths of these lines are

inaccurate. There are also further unidentified lines yet to be included in our model.
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3.5.4 The structure of the warm absorber in NGC 3783

What can the modelling tell us about the structure of the warm absorber in NGC
37837 Both phases are outflowing with the same line-of-sight velocity of about
800 km s~1. The high ionisation phase has an equivalent hydrogen colurﬁn (in our
line of sight) around fifty times that of the low ionisation phase. Whilst the high
ionisation phase seems to contain gas at a wide range of ionisation parameters, the
low ionisation phase seems to be concentrated around a single ionisation parameter.

When the nucleus of NGC 3783 is radiating at a given luminosity, the ionisation
parameter of the warm absorber is determined by its distance from the central
source and its density. £ is proportional to 1/r? and 1/n; it is thus more sensitive to
distance than it is to density. I therefore suggest that the high ionisation phase of
the absorber, with its wide range of ionisation parameters, could consist of a gas at a
wide range of distances and densities (to a lesser extent), as in the multi-temperature
wind model of Krolik and Kriss (2001). The low ionisation phase would then consist
of gas localised at a specific distance from the source, and of a specific (perhaps
higher) density.

Sako et al. (2001) suggested that the UTA in IRAS 13349+2438 might have
originated in the dusty torus which surrounds the active nucleus. In this picture,
my low ionisation phase could consist of dense (perhaps iron-rich) material swept up
off the torus into the fast moving high-ionisation phase of the warm absorber, where
it would be photoionised and carried along at the same speed as the high-ionisation

material.

3.6 Some recent results

Since the publication of my work on NGC 3783 (Blustin et al., 2002a), four other pa-
pers concerned with modelling the X-ray warm absorber of this AGN have appeared:
Behar et al. (2003), Krongold et al. (2003), Netzer et al. (2003) and Reeves et al.
(2004). Much of this work draws heavily on my methods and results. I summarise

and discuss the main relevant results from each of these papers below.



CHAPTER 3. NGC 3783 103

3.6.1 Behar et al. (2003)

These authors deal with a 280 ks XMM-Newton RGS observation of NGC 3783,
subsequent to the 40 ks one described in this chapter. They do not fit a global
model, although they superimpose my ‘detailed model’ on the extremely high signal-
to-noise RGS spectrum and find that it is generally a good representation of the
data. Instead, this paper concentrates on the oxygen absorption and emission in
the spectrum, using these transitions to attempt to derive physical properties of the
warm absorber.

The first finding of Behar et al. (2003) is that although the continuum flux
increases by a factor of 2 over the course of the observation, there is no apparent
change in the absorption structure. This places it at least 0.5 pc (K-shell oxygen)
or 2.8 pc (M-shell iron) away from the central engine. They find that the oxygen
absorption and emission lines have similar velocity widths, implied columns and
ionisation distributions (at least for H-like and He-like ions, as no oxygen emission is
seen from states below this). This is interpreted as evidence for a biconical outflow
giving rise to both the absorption and emission lines, creating the P-Cygni line
profiles observed in the spectrum; such outflows have been observed in emission
(and spatially resolved) in Seyfert 2 galaxies.

Behar et al. (2003) find that if the absorption and emission do indeed originate
in the same medium, a localised (clumpy) geometry for the emitter is ruled out.
Instead, they put forward the scenario of the warm absorber/emitter existing in
ionisation cones not closer than about 10 pc from the nucleus, with gas densities of
a few hundred particles per cm3 and less. The mass loss rate in this outfiow would
be of the order of a few solar masses a year, which is a lot higher than the amount
of mass that actually needs to be accreted in order to power the AGN luminosity.
The warm absorber/emitter outflow would then be a significant part of the energy

transport of the AGN.
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3.6.2 Krongold et al. (2003)

Krongold et al. (2003) developed a two-phase warm absorber model for the 900 ks
- Chandra HETGS spectrum of NGC 3783. The models they used were very similar
to the SPEX model zabs which I used; the one important difference was that their
model allows the SED of the input spectrum to be directly specified, whereas zabs
needs to be completely re-calculated for different SEDs. They also based their
estimation of the ionisation structure on the patterns of iron absorption.

The Krongold et al. (2003) model is in general very similar to my two phase
model. The two phases are, as in my model, based on the UTA and on the gas
associated with L-shell iron absorption. One major difference is that they can fit
the UTA with a solar abundance of iron. The other major differences are that
they can fit the entire high ionisation phase with a single ionisation parameter, and
the majority of their O viI absorption originates from the UTA phase. The reason
why they are able to fit a UTA with solar abundances is probably to do with their
low ionisation phase having an absorbing column ten times higher than that of
mine. This may well be because their continuum includes a blackbody soft excess
component (at a temperature of 0.1 keV), based on the findings of De Rosa et al.
(2002b) from BeppoSAX data, allowing for deeper absorption in this part of the
spectrum.

The dominant oxygen state in my low ionisation absorber is O vI, accompanied
by significant fractions of O vil and O v which would become even more apparent
at higher column densities, thus limiting the possibility of obtaining a lower iron
abundance by increasing the overall column. The Krongold et al. (2003) low ionisa-
tion phase is more highly ionised than mine, with O viI having the greatest column
among the oxygen ions; their model would also generate a relatively high column of
O vI, but since they do not include the inner-shell oxygen ions in their model, they
do not test whether the high overall column would give rise to a deep O vI edge not
present in the data, or whether their low ionisation phase could reproduce the O 1v
or OV absorption observed in the RGS spectra.

The result of setting the ionisation parameters and columns of two zabs ionisation
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phases to the values in the Krongold et al. (2003) model is shown in Fig. 3.11 (red
line). The outflow speed and turbulent velocity of the absorber, as well as the
power-law slope, are set to the Krongold et al. (2003) values, and a blackbody
component of the temperature that they use (0.1 keV) is added in. I re-fitted
the normalisations of the power-law and bléckbody components to allow for cross-
calibration differences between the RGS and HETGS and source variability between
the different observations. The blue line shows what happens to the model if log £
of the lower ionisation phase is set to the value in my two-phase model (0.3), which
best represents the position of the UTA (the continuum normalisations have also
been re-fitted).

Using zabs, a log £ of 0.8 centres the UTA at a wavelength ~ 0.7 A shorter than
it actually appears in the data. Clearly, the different SEDs assumed between zabs
and the Krongold et al. (2003) phase model lead to different ionisation balances at
a given ionisation parameter, so attempting to reproduce the Krongold et al. (2003)
two-phase model using zabs is not a sufficient test of the effect on their fits of having
left out the inner shell oxygen states. However, Fig. 3.11 does show that even at a
log £ of 0.8, there is noticeable O vI absorption between ~ 17.5—19.5 A (observed
frame) that does not match the relatively low signal-to-noise RGS data, and which
would create a very noticeable discrepancy with the 900 ks Chandra spectrum to

which Krongold et al. (2003) compare their model.

3.6.3 Netzer et al. (2003)

Of the four recent papers on the ionised absorption in NGC 3783, Netzer et al.
(2003) is the only one which approaches the global modelling in a significantly
different way to the work described in this chapter. Whilst I (and Krongold et al.,
2003) concentrated on using the iron absorption to determine the overall ionisation
structure (due to the very wide range of ionisation states which iron can exhibit),
Netzer et al. (2003) use Si and S lines at around 6 A, in the range where the signal-
to-noise of the 900 ks Chandra spectrum is very high. Although these elements have

a smaller range of ionisation states than iron (14 and 16 for Si and S respectively,
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Figure 3.11: The result of constructing a two-phase warm absorber model using
xabs with the columns and ionisation parameters of Krongold et al. (2003) (red
line), compared to the 40 ks RGS spectrum of NGC 3783 (black points; plotted in
the observed frame). Their power-law plus blackbody spectral continuum is used
with re-fitted normalisations. The blue line shows what happens when log ( of the
low ionisation phase is set to 0.3 so that the UTA appears in the correct place for
the xabs ionisation balance. In both cases, significant absorption from O VI, which

was not included in the Krongold et al. (2003) model, is present.
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as opposed to 26 for iron), and they are therefore a less sensitive diagnostic of the
ionisation structure of a complex absorbing outflow, the advantage of using them is
that the relevant atomic data for these transitions are very well known.

Netzer et al. (2003) found that there is a variable soft excess underlying the warm
absorber, which makes a significant contribution to the soft X-ray spectral shape
when the source is in what they term a ‘high state’. They found that changes in
the luminosity of the soft excess did not coincide with spectral changes in the warm
absorber. They modelled the absorber with three ionisation phases, basing their fits
on the depths of Si and S absorption lines in the region of 5—7.1 A. Each ionisation
component is split into two velocity components, according to the findings of Kaspi
et al. (2002). The combination of absorbing columns and ionisation parameters
for the three phases is not a unique solution, but is described by these authors as
‘generically correct’.

Superimposing the results of their model fit on the whole spectrum, they find that
their model provides an excellent representation of all parts of the warm absorber
except for the UTA, which - at the ionisation parameter of their lowest ionisation
phase - appears in the wrong place (their model UTA is centred at 0.7 A lower
in wavelength than it is in the observed spectrum). They put this down to an
overestimation of the dielectronic recombination rates for the M-shell iron states,
discussed in more detail in a further paper by Netzer (2003).

They conclude that the three phases of their absorber may be in pressure equi-
librium. The three phases must be at least 3.2 pc, 0.6 pc and 0.2 pc (in increasing
order of ionisation) from the source of radiation. Assuming pressure equilibrium -
and that the maximum distance for the absorber must be the NLR, the distance of

the absorber(s) from the central engine must be in the range ~ 3—25 pc.

3.6.4 Reeves et al. (2004)

Whilst Behar et al. (2003), Krongold et al. (2003) and Netzer et al. (2003) concen-
trate on modelling the high resolution grating spectra of NGC 3783, Reeves et al.
(2004) look at the CCD resolution pn spectrum from the long XMM-Newton ob-
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servation of NGC 3783. They found that this band also contains evidence of the
ionised absorbing outflow.

Reeves et al. (2004) modelled the underlying spectral continuum as a power-law
with a small blackbody soft excess component (kT = 0.097 & 0.004 keV) and a hard
X-ray reflection component similar to that observed with BeppoSAX. They found
an absorption line due to L-shell iron at 6.67 £ 0.04 keV (consistent with the 1s—2p
transitions of Fexxii1, Fexxiv and Fexxv in the rest frame of NGC 3783). This
absorption line was not explained by the two soft X-ray absorber phases (for which
they initially used the physical parameters of my two-phase warm absorber model),
so they added a third warm absorber phase with a very high ionisation parameter
(log € = 3). The ionisation parameters and the equivalent hydrogen columns of the
three phases were then fitted, changing the parameters slightly (note that Reeves
et al. 2004 use a ten times solar abundance for iron in the lowest ionisation phase,
as I did, and solar abundances for the other phases).

Their most important result is that this very highly ionised phase is observed to
vary over the course of the XMM-Newton observation; the 6.67 keV absorption line
is seen to get significantly deeper on a timescale of ~ 10% s. The lower ionisation
phases, which do not seem to vary, must be at parsec scale distances, whereas the
highest ionisation phase must be much closer to the nucleus. At the ionisation
parameter of this phase, and using the condition that the depth of the absorber
cannot be greater than its distance from the continuum source, Reeves et al. (2004)
find that it must be less than 0.1 pc from the central source (I give a derivation of
the formula they use in Chapter 6, Equations 6.19—6.24). They demonstrate that
the change in depth of the 6.67 keV absorption line could be caused by a change in
ionisation of the absorbér due to the changing continuum flux.

Reeves et al. (2004) then use the fact that the variability timescale must be
greater than or equal to the ionisation timescale, so that the ionisation parameter
can react to the flux changes within the variability timescale, to get an upper limit on
the distance of the absorber from the source. The approximate upper limit is 0.02 pc.

They estimate the density of this phase to be ~ 10® cm™2, and its outflow rate to be
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of the order of 0.1 solar masses a year. This leads them to the same conclusion as
Behar et al. (2003): the high mass outflow rate implies that a significant proportion

of the matter flowing in towards the AGN is actually required for the outflow.

3.7 Cohclusions

The absorbing columns and ionisation parameters of the warm absorber model
phases of Kaspi et al. (2001); De Rosa et al. (2002b); Blustin et al. (2002a); Krongold
et al. (2003); Netzer et al. (2003); Reeves et al. (2004) are compared in Table 3.7.
The three possible phases are denoted low ionisation (Phase 1: the phase producing
the UTA), mid ionisation (Phase 2, which produces the ‘typical’ H-like and He-like
ions of O) and high ionisation (Phase 3, which broadly corresponds to the most
highly ionised states of iron). In cases where the authors give the ionisation param-
eter in the form of U or Upx, I have converted it to £ using Equation 1.7 (Chapter
1), integrating over the SED given by the authors.

Although the exact numbers produced by the recent multi-phase models differ
slightly, they offer the same phenomenological picture - three main ionisation phases,
of which the lowest ionisation phase is associated with the UTA and the other two
are responsible for the H-like and He-like transitions of astrophysically abundant
elements, particularly L-shell and K-shell iron. Whether one or all of these phases
could also be explained by a multi-temperature wind, with a continuous ionisation
distribution, has yet to be investigated in detail. The biggest problem with the
current global warm absorber models, as reported by Netzer et al. (2003) and Netzer
(2003), is the uncertainty in the dielectronic recombination rates of M-shell iron, and
thus the position of the UTA. Solving this problem should lead to the development
of a generally agreed model for the NGC 3783 warm absorber.

There is broad agreement about the distance of the warm absorber from the
central engine (Behar et al., 2003; Netzer et al., 2003), and about the significant mass
outflow rate of the absorber (Behar et al., 2003; Reeves et al., 2004). The overall

structure of the ionised outflow in NGC 3783 is coming into focus; the implications
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Table 3.7: Comparison of the properties of recent multi-phase warm absorber models

for NGC 3783; Phases 1, 2 and 3 are in order of increasing ionisation

Authors Parameter Phase 1 Phase 2 Phase 3
Kaspi et al. 2001 1pP® - 1.8 2.8
NgP - 22.2 22.2
De Rosa et al. 2002b 1P? - 24 -
Nu® - 22.3 -
Blustin et al. 2002a  IP? 0.3 24 -
NgP 20.7 22.5 -
Krongold et al. 2003 IP? 0.8 24 -
NgP 21.6 22.2 -
Netzer et al. 2003 Ip? 1.1 2.3 29
NgP 219 22.0 22.3
Reeves et al. 2004 Ip? -0.1 2.1 3.0
NgP 21.0 22.1 22.6

® Jonisation parameter (Log &, where ¢ is in erg cm s™1)

b Log of the equivalent hydrogen column of the phase, where Ny is in cm—2
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for the production of the outflow, and the energetics of the central engine, have yet

to be worked out.



Chapter 4

NGC 7469

4.1 Introduction

This chapter describes my work on data from the XMM-Newton observation of
NGC 7469, making comparisons and connections between this and the results of a
previous FUSE observation, in order to understand the relationship between X-ray
and UV ionised absorption and emission in this object.

NGC 7469 is a well-studied Seyfert 1.2 galaxy. Table 4.1 gives some basic pa-
rameters relating to this object. The primary interest from our point of view here is
the reported presence of soft X-ray warm absorption in its ASCA spectra (Reynolds,
1997; George et al., 1998; Kriss et al., 2000b), although this has not been detected
in more recent BeppoSAX data (De Rosa et al., 2002a). The XMM-Newton ob-
servation of NGC 7469 provides the first high resolution soft X-ray spectra of this

object, and the best opportunity yet to investigate its warm absorber.

4.2 X-ray results from XMM-Newton

My preliminary results on NGC 7469 were first presented in Blustin et al. (2002b),
and the full analysis, described in this chapter, is published in Blustin et al. (2003).

The latter was published in conjunction with a paper by Kriss et al. (2003) which
described FUSE UV spectroscopy of NGC 7469. The FUSE results are summarised

112
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Table 4.1: Some basic information on NGC 7469 (coordinates are J2000)

Right Ascension Declination Redshift Galactic column®

23h 03m 15.623s +08d 52m 26.39s 0.0164° 4.82

& Galactic absorbing column in 102 ¢cm=2 (Elvis et al., 1989)

b de Vaucouleurs et al. (1991)

in Section 4.3.2 below.

4.2.1 X-ray and UV Variability

The X-ray lightcurves of NGC 7469 were obtained from the pn data as the MOS
data were seriously affected by pile-up. Over the course of the 40 ks observation,
the total 2—10 keV X-ray flux was seen to increase by ~50 %. Looking at the
lightcurves of different energy bands (Fig. 4.1), it becomes apparent that the soft
0.2—2 keV band is varying the most (there is a 55% increase in flux in the first
15 ks), whilst the 6—10 keV band changes much more slowly (~20% increase over
the course of the 45 ks observation). The decrease in the hardness ratio as the flux
increases shows that we are dealing with either a variable soft excess, a changing
spectral index or variable absorption, a conclusion which is well illustrated by the
plot of hardness against total flux (Fig. 4.2). This shows a very clear correlation
between increasing flux and decreasing hardness; the linear correlation coefficient of
the plotted points is 0.92, with a probability of obtaining this level of correlation
from a random distribution of ~1071%, The UV lightcurve, obtained from the series
of UVW2 filter images (Fig 4.3) from the OM shows no unambiguous variability
within the 10% errors.

4.2.2 0.2—-10 keV continuum and Fe Ka line

Because of the spectral variability demonstrated by the X-ray lightcurves, I fitted

models separately to pn data from the two halves of the observation (as the spec-
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Figure 4.1: Multiwavelength background-subtracted lightcurves: top, UV
(140—270 nm) lightcurve from the OM, in 1000 s time bins; middle four, pn
lightcurves in the bands 0.2—0, 0.2—2, 2—6 and 6—0 keV, in 300 s time bins;
bottom, the hardness ratio (2—0 keV / 0.2—2 keV flux) in 300 s time bins.
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Figure 4.2: Hardness — intensity plot in 30 minute time bins.

trum was in a predominantly hard state in the first part of the observation and a
predominantly soft state in the second part). The best fit model was found to be
a hard X-ray power law plus two blackbodies to represent the soft excess, with a
single narrow Gaussian for the Fe Ka line and neutral absorption due to our Galaxy.
Comptonisation (compTT in Xspec) and reflection models (pezriv in Xspec and refl
in Spex) did not produce such good x?wq; I was primarily aiming to produce a
correctly shaped continuum to underly the RGS spectrum, so I continued with the
(possibly unphysical) multi-blackbody soft excess. Fig. 4.4 shows the best fit model
to the total (i.e. combined hard and soft state) spectra alongside the data for the
individual soft and hard states. The model components are also plotted. The pn
spectra were grouped to provide 125 counts per bin, giving approximately 50 eV
bins in the region of the Fe Ko line. Fig. 4.5 shows the ratios of the two datasets to
this model, and the continuum fit parameters are listed in Table 4.2. Although its
flux changes, the form of the soft excess does not change significantly between the
two states.

To increase the signal-to-noise in the Fe Ka line, I added the pn spectrum to

those from MOS1 and MOS2. Due to the pile-up of the MOS spectra, the resulting
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Figure 4.3: UVW: filter image (combined from all exposures) of NGC 7469 (bottom
right) and IC 5283 (top left). North is up, East to the left; image size approx. 140”
X 110”. NGC 7469 is within an imaging window with 0.5” pixels, whereas IC 5283
is in a 1” pixel region. The nuclear image of NGC 7469 is saturated so that the

wider UV structure of the galaxy is visible.
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Figure 4.4: The soft (blue) and hard (black) PN spectra plotted with the best fit

model for the total pn spectrum (red), with the two blackbodies, power-law and Fe

Ka line model components (all in grey).
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Figure 4.5: The ratio of the soft pn spectrum (blue) and the hard pn spectrum

(black) to the best fit model for the total pn spectrum.



Table 4.2: Fits to the X-ray continuum and Fe Ko emission line: Nyga, Galactic absorbing column in 10 ¢cm~2, fixed (Elvis
et al.,, 1989); T, photon index; Np, power-law normalisation in 10~3 photons keV~! cm™2 s7! at 1 keV; kTgp; and kTgpo,
temperatures of blackbody 1 and 2 in keV; Npp; and Npp,, normalisations of blackbody 1 and 2 in 10~% Lag/ D%;, where Lgg is
the source luminosity in 10%° 3 s7! and Dy is the distance to the source in units of 10 kpc; rest frame energy E of Fe Ko in keV;
FWHM of Fe Ka in eV; Viyeaq, velocity broadening (FWHM) of Fe Ko in km s™*; cz, de-redshifted velocity of Fe Ka in km s™!

(negative values are blueshifts); F, flux of Fe Ka in 10° photons cm™2 s7!; reduced x? with degrees of freedom in brackets.

Parameter Total PN spectrum Hard PN spectrum Soft PN spectrum Combined EPIC spectrum RGS spectrum

NuGal 4.82 4.82 4.82 4.82 4.82
T 1.749 + 0.005 - 1.732 % 0.007 1.755 + 0.007 1.7 £0.1 1.749, fixed
Np 7.28 £ 0.03 6.80 + 0.04 7.52 & 0.04 6+ 1 6.3+ 0.5
kTgp; 0.112 & 0.001 0.114 £ 0.001 0.111 =+ 0.001 - 0.112, fixed
NBB1 26.6 + 0.2 21.4 £ 0.3 30.7 £ 0.3 - 19.5 + 0.7
kTgp> 0.303 =+ 0.004 0.304 % 0.007 0.303 £ 0.004 - 0.303, fixed
NBp2 7.0 £0.1 5.6 + 0.1 8.1+0.1 - 8 +2
E 6.40 + 0.02 6.39 + 0.02 6.41 + 0.03 6.40 + 0.02 -
FWHM 130 +%, 60 1230 150 250 160 =+ 70 -
Vbroad 6000 + 5000 3000 *359 7000 F330000 8000 % 3000 -
cz -300 =+ 900 100 + 1000 -1000 + 2000 -500 + 800 -
F 2.7+05 3.2 4 0.6 2.4 4 0.7 3.0+ 04 -
Xed 1.80 (399) 1.122 (607) 1.282 (692) 1.25° (61) 1.17° (994)

® in the range 0.2—10 keV, ® in the range 5—8 keV, ¢ in the range 0.32—2.07 keV.

697, DON v HH4LdVHO
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Figure 4.6: The (observer’s frame) Fe Ka emission line (combined MOSI, M0S2
and pn data) with the model including both Fe Ka and Fe K/3.

combined spectrum was not suitable for continuum fitting. I therefore fitted a local
power-law to the 5—8 keV range and used this as the underlying continuum when
fitting the iron line. The line was best fitted as a Gaussian, marginally resolved,
whose parameters are given in Table 4.2. I added in a Gaussian, with the same a as
Ka, to represent Fe K/?, with the expected 14% of the intensity. The x"red worsened
slightly to 1.28 for 58 degrees of freedom; this final model is shown in Fig. 4.6.

4.2.3 RGS spectrum
Warm absorber

The power-law and two blackbody model (with neutral absorption due to our Galaxy)
fitted to the pn data was used as the underlying continuum for the RGS spectrum.
The blackbody temperatures and power-law slope were kept the same as in the best-
fit pn model, but the normalisations of the three components were re-fitted to the
RGS data, avoiding problems with differences in relative normalisations between the

instruments. This does not take into account the known calibration difference in
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power-law slopes between the RGS and pn of 0.1; the blackbody component, how-
ever, is the most important contribution to the continuum spectrum over most of
the RGS range. This assumption will probably have only a small effect on the fitted
normalisations. The parameters of the best fit continuum are given in Table 4.2.
The presence of the warm absorber will have some effect on the fitted continuum,
and this is discussed at the end of this section.

The RGS data were binned into groups of three channels, slightly below the in-
strument resolution, for the analysis. A number of narrow emission and absorption
lines are present in the spectrum; these features are marked in Fig. 4.7 and Fig. 4.8,
which show the RGS spectrum with the model superimposed. No absorption edges
are visible. To estimate the statistical significance o of the narrow features, a sliding
Gaussian fit was performed over the whole RGS spectral range (see Chapter 2); the
results of this are shown in Fig. 4.9, with the most important features identified.
The parameters of the absorption and emission lines (identification, rest wavelength,
observed wavelength, equivalent width, velocity shifts, flux, velocity width (as ap-
propriate) and log £ of maximum abundance) are given in Table 4.3 and Table 4.4
respectively, and the rest wavelength, velocity shifts, flux, velocity width and log &
of maximum abundance of the broad and narrow O VI lines observed in the UV by
FUSE (Kriss et al., 2003) are also listed in Table 4.4 for comparison.

The velocity shifts of the absorption lines unaffected by re-emission (thus exclud-
ing O vii1 Lya and Cvi Lya which are partially filled in by re-emission in a P-Cygni
profile), with an Equivalent Width inconsistent with zero, are plotted against log ¢
of maximum abundance for those ions in Fig. 4.10. This shows immediately that
there is a very wide distribution of ionisation parameter in the warm absorber,
and that all ionisation levels are blueshifted. Unfortunately, there are not enough
measurable ions to robustly determine any variation in blueshift with ionisation;
the weighted average of all the velocity shifts is —800 £ 100 km s~!, whereas the
weighted averages for the high-ionisation phase (log £ clustering around 1.5) and
the low ionisation phase (log £ below 0.5) are, respectively, —900 % 100 km s~ and
—600 % 200 km s~
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Figure 4.7: Combined RGSI and RGS2 rest frame spectrum of NGC 7469 (black),
binned into groups of three channels, with power-law plus two blackbody contin-
uum model superimposed (red) including all lines listed in Table 4.3 and Table 4.4,
plotted over the range ¢ —22 A. The positions of other possible spectral features are
labelled. The G subscript refers to features originating in our galaxy, and Finst is an

instrumental Fluorine feature.
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Figure 4.8: As for Fig. 4.7, plotted in the range 22—38 A.
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Figure 4.9: Top: combined RGSI and RGS2 rest frame spectrum of NGC 7469
(6—38 A) with power-law plus two blackbody continuum superimposed, and the
positions of important features marked. Bottom: plot of the statistical significance
of the narrow absorption and emission lines. This plot shows the absolute value of
the change in  when a narrow Gaussian of variable width (up to 1000 km s“%)
is added to an underlying continuum which has been smoothed with a 70 channel
boxcar function (see Section 2.5). Positive and negative values of | | refer
to emission and absorption features respectively. The number of a indicates the
confidence level at which the spectral feature, as fitted by the Gaussian, is significant.
Since the fit involves one interesting parameter, namely the equivalent width of the
Gaussian, the number of a represented by a given percentage confidence level is the

square root of | A%" |.



Table 4.3: Absorption lines in the RGS spectrum of NGC 7469: rest wavelengths (Arest; A), observed wavelengths (Aobs; A),
equivalent widths (EW; mA), velocity shifts (v; km s~!), and log £max (€ is in erg cm s™!) where the ion is most abundant;
rms errors are quoted throughout, except for log £..x Wwhere the error bars give the range where the ion has a higher relative

abundance than adjacent ionisation states.

Transition  Apest Aobs EW v log & max
Ovii Lya 18969 18.89 +0.05 10 = 10 1.8+ 0.3
Ovii LyS 16.006 1598 £0.02 20+10 —600+500 1.8 +0.3
Ovmi Lyy 15.176 1512 +0.05 10 + 10 1.8+ 0.3
Ovi3—1 18629 1857+0.04 10+ 10 1.1 4%
Ov Bea 22334 2225+0.04 20+ 20 0134
Om Ca  23.058 2299+ 0.04 70+20 —800+ 500 —1.8=+0.6
Nvi Lye 24.781 24.72+0.04 10 + 10 1.5+ 0.3
Ni1vBea 29.896 29.87+0.03 60+ 20 —300+400 —0.6=+0.5
CviLya 33.736 33.65+0.03 50420 —800 + 200 1.1 94

CviLyy 26990 26.90 +0.03 20+ 10 —1000 =+ 300 1.1 434
Neix Hef 11.547 1148 +£0.02 50 420 —1600 % 500 1.7 103
Nevi Bea: 13.814* 13.79 +0.02 40+ 10 —500+500 0.5+ 0.3

2 from Behar and Netzer (2002)

6972 DON Vv H4LdVHO
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Table 4.4: Emission lines in the RGS spectrum of NGC 7469: rest wavelengths (Aes;; A), observed wavelengths (Agps; A),
equivalent widths (EW; mA), velocity shifts (v; km s™1), fluxes (in 1075 photons cm~2 s71), velocity widths (Vbroad, FWHM; km
s7!) and log £max (€ is in erg cm s™!) where the ion is most abundant; rms errors are quoted throughout, except for log &max
where the error bars give the range where the ion has a higher relative abundance than adjacent ionisation states. Also listed
are rest wavelengths, velocity shifts, fluxes, velocity widths and log £,.x for the broad and narrow O VI emission lines observed

by FUSE (Kriss et al., 2003).

Transition  Apest Aobs EW v Flux Vbroad log &max
Ovmi Lya 18969 1898 £0.05 —20+10 200+ 700 1.4%10  0F30® 1.8+ 0.3
ovm (f) 22101 22.0740.02 —80+20 —400+200 60+17 0F7® 1.1 338
Oovm (i)  21.807 21.8040.04 —40+20 —100+£500 2.7+£16  70012%° 1.1 304
ovr 1031.93 323 £37 4457 + 223 4901 + 146 0.5 *33
ovr 1037.62 323 +£37 2241 £ 115 4901 +£146 0.5 133
ovr® 1031.93 —163 £ 55 1221 4 151 1061 + 82 0.5 ¥53
ovr 1037.62 —163+55 616 +78 1061 + 82 0.5 ¥03
Cvilya 33.736 33.8240.03 —90+30 700200 36413 700752 1.1 333

2 from the Broad Line Region

b from the Narrow Line Region

6972 DON v H4LdVHO
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Figure 4.10: Velocity shift plotted against log ( of maximum abundance for ions

observed in the RGS spectrum of NGC 7469.
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The high-ionisation phase has the largest number of measurable ions, so we
can learn the most about its properties. Its average ionisation parameter can be
estimated if we assume that the O viI and O v1iI lines come from this phase, using
the ratio of the absorbed fluxes of Oviil Ly# and the Ovii 3—1 resonance line.
Oviil Lya and O vl 2—1 resonance are partially filled in by re-emission and are
thus less useful for this purpose. Log €, estimated by this method (see Chapter 1),
is 1.6%37.

An unusual feature of the RGS spectrum of NGC 7469 is the apparent lack of
iron absorption, which is such a major factor in the spectra of other warm absorber
Seyferts (the most extreme example is NGC 3783; see Chapter 3). This is probably
because of the low overall column of the NGC 7469 absorber; taking log £ of the
high-ionisation phase to be 1.6, the zabs model in SPEX 2.00 can be used to fit
an overall equivalent hydrogen column of (1.5 & 0.9) x 102 cm™2. Iron absorption
would not be significant, at the signal-to-noise of our spectrum, at this column. I
assumed a turbulent velocity of 100 km s™! in this estimation, which is much higher
than the measured value for the UV absorber (25 km s~!; Kriss et al. 2003); using
a value of 25 km s~! for the X-ray absorber turbulent velocity, the fitted overall
column is (0.6 & 0.3) x 10% cm~2. This is consistent with the value obtained using
v = 100 km s~!, probably due to the relatively low signal-to-noise of the RGS
spectrum. Construction of a full global model for the warm absorber in this source
will have to wait for a much higher signal-to-noise RGS spectrum from the ~ 150 ks

XMM-Newton observation of this source planned for late 2004.

Warm emitter

The measured parameters of the emission lines are given in Table 4.4. These pa-
rameters were fitted without taking absorption into account, so the blueshifts of
Oviil Lya and CvI Lya will be affected by this, as they have P-Cygni profiles. The
lines are not significantly broadened, but any broadening could be obscured by the
absorption. The other two important lines in the spectrum, O viI (i) and O vii (f),

are less likely to be affected.
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Although O 11 (i) and O vii (f) are clearly visible, the third member of the O viI
triplet, O VII (r), is not seen. The presence of the O viI 3—1 resonance absorption
line means that the 2—1 rescnance absorption is cancelling out the 2—1 resonance
(O i1 (r)) emission. The same situation is seen with O viiI, where Lya absorption
is partially filled in by Lya emission and so is less deep than the Lyy and Lyg
absorption lines.

If we want to use the ratio of the fluxes of the O viir Lya and O viI (r) emission
lines to estimate the ionisation parameter of the warm emitter, then we have to find
a way of modelling the O vil and O vIII absorption. I did this by fitting O vir and
O vi11 absorbing columns (using slab in SPEX 2.00, again assuming a velocity width
of 100 km s™!) to the O viI 3—1 resonance and O Vi1 Ly and Ly~ absorption lines.
Columns of log Noyy = 16.5 795 and log Noviy = 17.3 & 0.3 (where N is in cm~2)
were obtained, at a fitted blueshift of 900 £ 400 km s~!. The ratio of these implies
a log £ of 2.1 1 which is consistent with the value obtained above using a simple
ratio of absorbed fluxes. At this ionisation parameter, the overall column of the
absorber would be (4 & 2) x 102 cm™2.

Ovit (f) line is the brightest line and the least absorbed. I therefore used its
blueshift, and the fact that it is unresolved, to fix the blueshift of O viii Lya and
Ovr (r) to be 400 km s and their velocity broadening to be zero. The lines
were modelled as Gaussians, with the O vil and O viiI absorption described above
applied using slab. The fluxes obtained will be dependent on whether the absorption
is applied only to the continuum or to both the continuum and emission lines; in
the latter case, the emission line fluxes would need to be higher.

The resulting line fluxes are listed in Table 4.5, along with the flux ratios and
derived ionisation parameters. If the warm absorber only covers the continuum
(model B), log ¢ would be 2.2 T3:3. If the absorber covers both lines and continuum
(model A), log £ would be slightly higher at 2.7 + 0.2. Both of these values indicate
that the emission lines are produced in gas of a similar ionisation level to that of
the high-ionisation warm absorber.

The ratio of the fluxes of the O viI forbidden and intercombination lines can be
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Table 4.5: Estimates of the ionisation parameter of the warm emitter using the
ratio of the fluxes of O vill Lya and O viI (r) emission lines. The fluxes were fitted
assuming an O VIIT absorbing column of 10'"® cm™2 and an O viI column of 1065
cm™~2, both blueshifted by 900 km s~*. The O viiI Lya and O viI (r) emission lines

were assumed to have a blueshift of 400 km s~! and zero intrinsic width, for fitting

purposes.
Model* A B
FB., 442 3+1
F8ym 32+6 5+1
Xon 743 243

log¢d  2.7+£0.2 22433

2 A: warm absorption applied to both continuum and emission lines, B: warm
absorption only applied to continuum (Galactic neutral absorption applied to

both)

-2 g1

model line flux in 10~° photons cm , including the effects of Galactic (but

not intrinsic) absorption
¢ ratio of fluxes of O vii1 Lya and O viI (r)

implied log £ in erg cm s7!
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Figure 4.11; The O v emission line triplet region with model overposed (continuum
plus fitted columns of O vir and Oviii; the other absorption and emission lines are
included with the parameters given in Table 4.3 and Table 4.4). Positions of other

transitions not significantly detected are also shown.

used to estimate the density of the emitter (Porquet and Dubau, 2000). Care has
to be taken in using these ratios, as they can be affected by photoexcitation (see
Chapter 1) which is known to occur in the warm emitter of NGC 1068 (Kinkhabwala
et ah, 2002). However, in this case, the ratio of the lines (~ 2) gives a firm estimate
of the upper limit of ~ 10”7 cm“” for the density. The oxygen line region of the
spectrum with the emission lines model overposed is shown in Fig. 4.11.

Finally, I tested the effect of the warm absorption on the continuum fitting. The
presence of only a few narrow lines and no absorption edges implies that the warm
absorber/emitter should have little effect on the EPIC CCD resolution spectrum.
Using the pn spectrum and the SPEX slab model, I applied absorption to the contin-

uum from O v, Ovi, Ov, Oill, Nvir, Neix and Cvr (estimated using slab, from
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the depths of narrow lines in the RGS spectrum, as 1073, 1065, 106-2, 10166, 1062,
10" and 1017 cm™2 respectively), taking into account the normalisation difference
between the RGS and pn. Absorption lines not currently included in slab (N1v and
NeviI) were modelled with Gaussian profiles with the parameters in Table 4.3. The
emission lines were also modelled as Gaussians, and had the measured parameters
given in Table 4.4 (O viI (f), O viI (i) and C Vi) or were given the parameters derived
from the warm absorber covering only the continuum (O viI (r) and Ovii Lya).
The warm absorber/emitter, modelled in this way, requires an increase of up to 10%
in the soft excess normalisation and ~ 2% in the power-law normalisation. Adding
these warm absorber components to the pn model partly accounted for some of the
residuals seen in Fig. 4.5, but did not totally get rid of them. These residuals are

within the 10% calibration uncertainties of the pn camera.

4.3 Discussion and conclusions

4.3.1 XMM-Newton observation

The pn spectra and lightcurves of NGC 7469 show this AGN to have a variable
hardness ratio. There is no evidence of correlated X-ray and UV variability during
the observation. The X-rays vary more than the UV; there is at least 20% variability
in all of the X-ray bands, whilst any UV variability is within 10%. I model the X-ray
soft excess with two blackbody components over a power-law continuum. This model
provides a good representation of the spectrum, but the fairly rapid variability makes
it seem unlikely that blackbodies are anything other than a fitting device in this case.
A more physical model would involve, for example, Inverse Comptonisation of UV
photons from an accretion disc in a rapidly varying accretion disc corona, with
different parts of a highly dynamic corona contributing to the overall spectrum of
the soft excess. It has proved hard to constrain the large number of parameters in a
Comptonisation model for this object, and so, although this may be a more physical
representation of the soft excess, I decided to use the blackbodies as a convenient

parameterisation in order to establish an accurately shaped continuum to underly
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the RGS data.

A narrow, unresolved Fe Ka line is present in the pn spectrum. When the MOS
and pn data are combined to increase the signal-to-noise, the line appears marginally
resolved, with a FWHM and a slight intrinsic redshift consistent with O vi and S1v
UV emission lines from the Broad Line Region (Kriss et al., 2003). The apparent
broadening may, however, be due to the presence of a weak Fe XxV line at 6.64 keV.
The currently unpublished Chandra HETGS spectrum of NGC 7469 could shed
further light on this issue.

The soft excess underlies a shallow warm absorber/emitter, characterised not
by absorption edges, as previously thought (e.g. Reynolds, 1997) but by narrow
absorption and emission lines. It contains gas outflowing at an average speed of 800
+ 100 km s}, spread over about four decades in ionisation parameter from log ¢ =
-2 to log £ = 2. The highest ionisation phase of the absorber is the best constrained,
and is found to have an average log £ of 1.6 *37 and an overall equivalent hydrogen
column of (1.5 + 0.9) x 10%® cm~2. This is about two orders of magnitude lower than
that found in NGC 3783 (Blustin et al., 2002a), and is probably the reason why no
iron absorption is observed in the spectrum. Not enough lines are visible from the
low ionisation phase to make meaningful conclusions about its physical conditions.

Four prominent emission lines from O viI (f), O vit (i), O viit Lya and Cvi Lya
are observed in the RGS spectrum, the latter two having P-Cygni profiles. O viI
(f) has the best determined parameters, and is found to be unresolved and to be
blueshifted by 400 4+ 200 km s™!. I show that the warm emitter has a level of
ionisation similar to that of the high ionisation warm absorber.

NGC 7469 possesses a very strong starburst component which dominates the
bolometric luminosity of the galaxy (Genzel et al., 1995). The starburst could
theoretically have an important influence on the RGS spectrum, although Perez-
Olea and Colina (1996) show that it probably only accounts for 4% of the X-ray
luminosity. In any case, X-ray emitting gas associated with a starburst would be
collisionally ionised plasma, from which the O v1I (r) emission line would be stronger

than the O viI (f) line. The opposite is true in the RGS spectrum; O viI (f) is the
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strongest observed feature and this remains the case even if the flux of O viI (r) is
corrected for the effects of the warm absorber. The presence of dominant O viI (f)
emission is a clear indication of an origin in photoionised gas (i.e. associated with an
AGN) rather than in collisional plasma. The starburst, therefore, does not appear

to be making a noticeable contribution to the observed soft X-ray spectrum.

4.3.2 UV results from FUSE and the X-ray/UV connection

NGC 7469 was observed about a year before XMM-Newton by FUSE. The results
of this, and a comparison with the X-ray results described in this Chapter and pub-
lished in Blustin et al; (2003), have been published by Kriss et al. (2003). I will briefly
summarise their results here, and discuss the X-ray/UV warm absorber/emitter
connection in NGC 7469. My collaboration with G. Kriss on the joint X-ray/UV
analysis originated in discussions during the AGN Spectroscopy Workshop held at
MPE-Garching in December 2001.

The main result from the FUSE observation is that there are two velocity com-
ponents in the UV absorber (Fig 4.12). Component #1 has a blueshift of 569 km
s~1, and a covering factor of about 50%, consistent with coverage of the continuum
only and not the broad lines. Kriss et al. (2003) argue that this places UV #1 inside
the Broad Line Region (BLR), perhaps as an accretion disc wind. UV component
#2 has a much higher blueshift of 1898 km s~!, and a covering fraction of ~ 90%
of the broad line and continuum emission, locating it exterior to the BLR.

The most obvious point of contact between the X-ray and UV ranges is the O vi
ion, which has absorption lines in both. Unfortunately, there is no O vI line visible
in the RGS spectrum, putting the O VI column somewhere lower than 1065 ¢cm~2.

This is unsurprising as the O VI columns for both UV phases, ~ 8 x 10** cm™2

, are
far too low to be visible in the RGS spectrum. Kriss et al. (2003) show, however,
that the O vi and H1 columns observed in the UV, and the O viI and O viiI columns
observed in the X-rays, are all consistent with a photoionised warm absorber model
with an equivalent hydrogen column of 3.5 x 10%° cm~2 and an ionisation parameter

U = 6 (U is defined as the ratio of ionising photons in the Lyman continuum to
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Figure 4.12: Part of the FUSE UV spectrum of NGC 7469 (Kriss et ah, 2003),
showing the multiple intrinsic absorption components (red), the absorption due to
our Galaxy (dark blue), the continuum level (black dotted line), and the continuum
plus broad and narrow emission lines (green). The light blue lines represent two
extreme models, tried by Kriss et al. (2003), in which there there are either no
narrow emission lines, or the narrow emission lines are not obscured at all by the

intrinsic absorber.
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the electron density; for the best fit FUSE continuum model, £ = 24.05 x U, and
thus U = 6 is equivalent to log £ of 2.2). This fits in well with the parameters I
derived for the high-ionisation X-ray absorber, when I fitted the columns of O vI
and O v directly (log ¢ = 2.173%, and an overall hydrogen column of (4 + 2) x
10%° ¢m~?), and so combined with the fact that the blueshift of the high-ionisation
X-ray absorber is the best match for that of UV#1, Kriss et al. (2003) identify the
high-ionisation X-ray warm absorber with UV#1, placing them within the BLR.

There is, on the other hand, no X-ray counterpart for UV#2: although it has an
ionisation parameter within the range seen in X-rays (U = 0.2; log £ = 0.68), it has a
blueshift far higher than that of the X-ray absorber, and a modelled overall column
of 3.8 x 10'® cm~2 which is too weak to be observable in the RGS spectrum. There
is also no UV phase that seems to coincide with the low-ionisation X-ray absorber.

What are the consequences for our overall picture of the circumnuclear environ-
ment of NGC 74697 The overall Kriss et al. (2003) interpretation is that the data
are consistent with a UV and X-ray absorbing accretion disc wind within the BLR,
with another UV absorbing wind further out, perhaps originating in the dusty torus.
They also point out that other interpretations are of course possible, in terms of a
thermally-driven wind at greater distances (as in Krolik and Kriss, 2001).

If we take the disc wind plus torus wind interpretation, then it is interesting to
see where the soft X-ray emission lines, and the low ionisation X-ray absorber, fit
into it. Wandel et al. (1999) reverberation studies of NGC 7469 found the distance
of the BLR from the nucleus to be of the order 10'® cm. Assuming log ¢ of 2 for
the high-ionisation absorber, and a 1—1000 Ryd luminosity of ~ 10* erg s=! (taken
from the RGS continuum model), I estimate a lower limit to the absorber density
of ~ 10 ¢m3,

I have shown that the soft X-ray emission lines come from gas at an ionisation
parameter similar to that of the high-ionisation warm absorber. If I take the further
step of identifying the emitter with this absorber, then the upper density limit of ~
10'° cm~3 derived from the O v1I triplet line ratios places the absorber/emitter at

the distance of the BLR. If the overall equivalent hydrogen column of the absorber
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is 4 x 10%° cm~2, and the density is 10'® cm~3, then the depth of the absorber can be
estimated as 400 000 km. This is extremely small in comparison with the distance
from the nucleus, so it would imply that the absorber had a sheet-like or low filling
factor structure.

If the velocity widths and blueshifts of the X-ray lines were consistent with those
from the UV BLR, it would be possible to say more definitely whether the X-ray
lines really do come from the high-ionisation absorber. The absorption affecting the
X-ray lines makes it hard to measure their widths and blueshifts precisely enough,
however. OviI (f), which is the brightest and least affected by absorption, has a
width and blueshift which are closer to those of the narrow O vi UV lines, identifying
it with the Narrow Line Region (NLR). This is the scenario that has recently been
claimed for the soft X-ray emission lines in NGC 3783 (Behar et al., 2003). If they
do come from the NLR, then either they are not coming from the high-ionisation
X-ray absorber, or it was not correct to place this absorber within the BLR.

Very few ions are detected from the low ionisation X-ray absorber, so one cannot
say much more than that the ionisation levels range down as far as log & ~ -2.
Placing this gas coincident with the high ionisation phase would imply a very wide
range of density in the accretion disc wind absorber. It is also possible that this low
ionisation gas is located much further out from the nucleus. The UV absorber seems,
though, to show evidence of increasing outflow speed with distance from the nucleus,
and so, since the high and low ionisation phases of X-ray gas have similar blueshifts,
one could prefer the clumpy absorber interpretation. This picture is summarised in

Fig 4.13.
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Figure 4.13: The overall picture of the circumnuclear region of NGC 7469 as inferred

from X-ray and UV absorption and emission measurements.



Chapter 5

BL Lac objects

5.1 Introduction

Having worked on understanding the soft X-ray absorption structures in two Seyfert
1 galaxies, I turned my attention to another class of AGN: BL Lac objects. Although
these sources are well known for their almost featureless spectra throughout the elec-
tromagnetic spectrum, certain BL Lacs have been claimed to exhibit broad, deep
absorption features at soft X-ray wavelengths (see Chapter 1). In order to investi-
gate this, I looked at data from XMM-Newton observations of four BL Lac objects
for which these absorption features have been reported: 1H1219+301, H1426+428,
Markarian 501 and PKS 0548-322. Some basic parameters of these sources are given
in Table 5.1. The work described in this chapter is published in Blustin et al. (2004).

There is only one report of such absorption in 1H1219+301. Madejski et al.
(1991) discovered a ~ 100 eV wide absorption ‘notch’ (trough) at 0.56133% keV in
the Einstein Solid State Spectrometer (SSS) spectrum of this object (the energy
is quoted in the observed frame, as are all energies in this section unless stated
otherwise). H1426+428, on the other hand, has shown evidence of soft X-ray ionised
absorption in spectra from three different missions, which was discovered first by
Madejski et al. (1992) in a BBXRT spectrum. The BBXRT data were re-analysed
in more detail by Sambruna et al. (1997), along with data from ROSAT and ASCA.
Interestingly, the feature manifested itself differently in the different spectra; the
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Table 5.1: Some basic parameters of the BL Lac objects discussed in this chapter

(coordinates are J2000).

Target Right Ascension Declination

Galactic

column®

1H1219+301 12h 21m 21.941s +30d 10m 37.11s 0.182
H14264-428 14h 28m 32.6s +42d 40m 21s
Markarian 501 16h 53m 52.2s +39d 45m 37s
PKS 0548-322  5h 50m 40.771s  -32d 16m 17.76s

1.78°
1.36¢
1.73¢
2.514

a

o

[¢]

=%

redshift as listed by the NASA Extragalactic Database (NED)

Galactic absorbing column in 10%° cm™
Elvis et al. 1989

Costamante et al. 2001

2
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BBXRT feature was best parameterised by a broad Gaussian absorption line at ~
0.66 keV with a width less than or equal to 43000 km s~!, whilst the ROSAT and
ASCA data (fitted together due to the similar flux levels in the two observations)
contained indications of two absorption edges at 0.15 keV and 0.52 keV.

An absorption feature was seen in Markarian 501 with the Einstein SSS and
possibly with ROSAT. The feature in the Einstein data was first described by Urry
et al. (1986) as an absorption trough at ~0.57 keV with a width of 80 eV, and later
by Madejski et al. (1991) as a notch at 0.56 &+ 0.01 keV with a width of 240 eVl
and covering factor of 0.52. Fink et al. (1991) reported a possible absorption line in
ROSAT data at 0.3713:% keV, with a width fixed at 100 eV, although the feature
was not statistically significant.

An absorption feature in PKS 0548-322 was first detected by Madejski et al.
(1991) in an Einstein SSS spectrum; they fitted the feature as an absorption trough
at 0.57 £ 0.02 keV. ASCA data have since revealed an absorption edge at ~ 0.66 keV
(Sambruna and Mushotzky, 1998); this feature could alternatively be explained as
a notch at 0.82 keV with a width fixed at 100 eV and covering factor 0.12. These
authors re-analysed the Einstein data, finding an edge at 0.487 keV. They also found
two edges in a ROSAT spectrum of this source, one at 1 keV (which was probably
instrumental in origin) and another at 0.553 keV, which could either have been
intrinsic to the source or due to calibration uncertainties.

These broad absorption features are usually interpreted as being due to ionised
oxygen in the immediate environment of the BL Lac object, following the original
Canizares and Kruper (1984) identification of an absorption trough in PKS 2155-
304 as Oviil Lya. Exactly this interpretation was given by Madejski et al. (1991)
for the ‘notches’ they detected in Einstein SSS data. The first reported feature in
Markarian 501 was described more generally as being due to ‘highly ionised oxygen’
(Urry et al., 1986). The ~ 0.66 keV BBXRT feature of Sambruna et al. (1997) was
only marginally consistent with O vill Ly, and was best explained by absorption
edges of Ov-Ovil. Of the two edges reported in their combined ROSAT and
ASCA fits, one (at 0.15 keV) had no physical interpretation, whilst the other, at
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0.52 keV, could be identified with the K-edge of O111. The possible 0.37 keV line
seen in ROSAT data by Fink et al. (1991) was not given an interpretation. Two
identifications were provided by Sambruna and Mushotzky (1998) for the feature
they reported in PKS 0548-322: either an O vI absorption edge or a notch from
Fe x1x-FexX or NevII |

Sambruna et al. (1997) and Sambruna and Mushotzky (1998) also fit the data
with photoionised absorption models. Sambruna et al. (1997) noted that the ab-
sorption feature in H1426+4428 was present at a lower energy when the source flux
was lower, in line with the predictions of photoionised warm absorber models; con-
versely, Sambruna and Mushotzky (1998) found that the feature in PKS 0548-322
was at a lower energy when the source flux was actually higher.

Prior to the launch of XMM-Newton and Chandra, that was where the under-
standing of BL Lac ‘warm absorbers’ stood. Since then, Chandra LETGS spectra of
Markarian 421 have yielded evidence of very weak intrinsic narrow absorption lines
of Ovir Hea (Nicastro et al., 2000, 2003), but most attention has been focussed
on the discovery of narrow absorption lines from the intervening Warm-Hot Inter-
galactic Medium (WHIM) in PKS 2155-304 (Nicastro et al., 2002) and Markarian
421 (Nicastro et al., 2003), also observed with the XMM-Newton RGS (Rasmussen
et al., 2003). Despite the many observations of these two objects as calibration
sources by XMM-Newton and Chandra, deep broad absorption features have not

yet been observed in either of them.

5.2 Lightcurves

The X-ray lightcurves of the four BL Lacs are plotted in Fig. 5.1. The 0.4—10 keV pn
lightcurves (1H1219+301, H1426+428 and Markarian 501) are constant to within ~
5%, and the RGS lightcurve of PKS 0548-322, for which no pn data were available,
was on average constant to within ~ 10% (the signal-to-noise was lower than for the
pn lightcurves). The spectral fitting is therefore not likely to be seriously affected
by spectral variability.
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Figure 5.1: The 0.4—0 keV pn lightcurves of 1H1219+301, H1426+428 and Markar-

ian 501 (from orbits 474 and 475), all in 300 s time bins, and the RGS lightcurve of
PKS 0548-322 (0.35-2.5 keV; 600 s time bins).
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5.3 EPIC spectra

I started off by looking at the EPIC-pn data of 1H1219+301, H1426+428 and
Markarian 501 (there were no pn data for PKS 0548-322). In order to observe
any departures from a smooth continuum, I fitted simple power-law models to the
0.4-10 keV pn spectra, with fixed neutral absorption due to our Galaxy. The ratios
of these fitted power-laws to the data are shown in Fig. 5.2. Whilst there is certainly
spectral curvature in excess of the power-law, these plots show no evidence for in-
trinsic spectral features - or excess neutral absorption in addition to the Galactic
column. Motivated by the deviations of the spectra from a single power-law, I fitted
them all with broken power-law models (and fixed Galactic neutral absorption). The
resulting models are shown overplotted on the data in Fig. 5.2. The parameters of

both single power-law and broken power-law fits are listed in Table 5.2.

5.4 RGS spectra

In order to ascertain the presence or otherwise of broad features in the RGS spectra
of the four BL Lacs, I fitted first single power-laws, and then (taking the observed
spectral curvature into account) broken power-laws to the data. The parameters of
these models are given in Table 5.2. Figs. 5.3-5.6 show straightaway that there are
no significant broad absorption features in the RGS spectra. Testing whether the
narrow absorption and emission type features in the RGS spectra are real, however,
is more complicated. To measure the statistical significance of these features, I fitted
a Gaussian against a local smoothed continuum to all of the apparent features in
the spectrum, as described in Chapter 2. The results of this are plotted above the
relevant RGS spectra in Figs. 5.3-5.6.

The numbers and significance of narrow features in the RGS spectra of 1H1219+301
and Markarian 501 are entirely in line with what is to be expected from random
statistical noise. The RGS spectra of H1426+-428 and PKS 05487322 each have one
feature significant at 40 and contain, respectively, five and ten features significant

at 3o - only one of which is in each case due to emission. This is not consistent



Table 5.2: Fit parameters for power-law and neutral absorption, and broken power-law with neutral absorption, fits to the
EPIC-pn (0.4—10 keV) and RGS (0.35—2.5 keV) spectra of the BL Lacs observed: Ny, neutral absorbing column in 10% cm=2
(fixed); I'q, slope of single or soft power-law; Eg, break energy in keV; I'y, slope of hard power-law; N, power-law normalisation

in 1072 photons keV~! cm~% s~! at 1 keV; reduced x? of the total fit (degrees of freedom are given in brackets); Fa_30, 2—10 keV

flux of preferred model in 10~ erg cm=2 s~ 1.

Object Instrument Ny I Eg | N X2 Fa_10
1H1219+301 pn 1.78% 2.49 + 0.01 2.23 £ 0.08 1.38 (714)
pn 1.78* 2.404+0.02 14 +0.2 2.61 +£0.02 2.29 +0.02 0.99 (712) 2.64 £ 0.02
RGS 1.78% 2.09 &+ 0.02 2.00 + 0.02 1.08 (1038)
RGS 1.78 1.76 £ 0.06 0.75 £0.05 2.44 +0.07 2.5+ 0.1 0.89 (1036)
H1426+428 pn 1.36° 1.87 £ 0.01 0.90 £ 0.01 1.61 (607)
pn 1.36® 1.924+0.01 1.5+0.2 1.82 +0.01 0.89 +£0.01 1.24 (605) 2.90 £ 0.01
RGS 1.36° 1.68 & 0.02 0.78 £ 0.01 1.19 (996)
RGS 1.36°® 1.47 £0.07 0.79 £ 0.08 1.88 +£0.05 0.89 & 0.05 1.05 (994)
Markarian 501 pn 1.73* 231 £ 0.01 2.64 £ 0.01 1.17 (653)
pn 1.73* 234+001 19+04 2.23 £0.03 2.62 +£0.01 1.03 (651) 4.48 + 0.02
RGS 1.73* 2.00 £ 0.02 2.27 £ 0.02 1.01 (1038)
RGS 1.73* 1.70 £ 0.06 0.71 £0.04 2.26 £0.05 2.8 0.1 0.84 (1036)
PKS 0548-322 RGS 2.51° 1.74 + 0.02 0.94 + 0.01 1.28 (1038)
RGS 251> 1384005 0.74 +£0.02 2.01+0.04 1.19+0.04 1.03 (1036) 2.47 £ 0.08

2 Elvis et al. 1989; ® Costamante et al. 2001
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Figure 5.2: Left panels: ratios of the pn spectra of 1H1219+301, H1426+428 and

Markarian 501 to fitted power-laws with fixed Galactic neutral absorption (plotted

in the observed frame). Right panels: the pn spectra of IH1219d-301, H14264-428

and Markarian 501 with superimposed best-fit broken power-law models (with fixed

Galactic neutral absorption; plotted in the observed frame). In all plots, the spectra

are grouped to a minimum of 40, 350 and 100 counts per bin respectively.
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Fig 4.9), and the RGS spectrum itself with best-fit broken power-law model (red) superimposed (bottom), plotted in the source
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Figure 5.4: The statistical significance of narrow absorption and emission features in the RGS spectra of H1426+428 (top; as in
Fig 4.9), and the RGS spectrum itself with best-fit broken power-law model (red) superimposed (bottom), plotted in the source

rest frame.
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Figure 5.5: The statistical significance of narrow absorption and emission features in the RGS spectra of Markarian 501 (top;
as in Fig 4.9), and the RGS spectrum itself with best-fit broken power-law model (red) superimposed (bottom), plotted in the

source rest frame.
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source rest frame.
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with what would be expected due to statistical noise. The 40 absorption line in
H1426+428 has an equivalent width of 40 + 10 mA at 11.55 A (observed frame),
which is 10.23 A in the source rest frame. It could be identified as NeX Lyg3, though
the corresponding Ne X Ly line is missing, which makes this interpretation unlikely.
It could also be NeX Lya itself, blueshifted by ~ 47000 km s~!; this would make
sense in the context of a BL Lac jet, but I did not find any other lines which would
support this pattern. The 4c¢ line in PKS 0548-322, at 21.82 A in the observed
frame (20.41 A in the rest frame), has a greater equivalent width: 70 + 20 mA at
21.82 A. There is no obvious identification for it in the rest frame, but it could
conceivably be O vil Hea at a blueshift of ~ 17000 km s~!. As in the case of the
H1426+428 feature, this interpretation is not confirmed by the presence of further
lines. Although the 30 and 4¢ lines did not appear in the vast majority to be af-
fected by systematic errors (from, for example, anomalies in the response matrix
at CCD gaps), I was unable to find a consistent interpretation for them, and thus

cannot provide evidence that they are real spectral features.

5.5 Discussion and conclusions

Despite the large effective area of EPIC-pn and the high spectral resolution of the
RGS, the XMM-Newton observations of 1H1219+301, H1426+428, Markarian 501
and PKS 0548-322 produced no evidence of broad, deep, ionised absorption fea-
tures. Although the RGS spectra of H1426+428 and PKS 0548-322 both contain
some evidence for narrow line absorption, I was unable to find any consistent inter-
pretation for the apparent lines and cannot therefore state that these features are
real. Certainly, given that Chandra LETGS spectra of Markarian 421 have shown
weak narrow absorption lines intrinsic to the BL Lac (Nicastro et al., 2000, 2003),
it is conceivable that the features could be real. Any confirmation of this will have
to wait for future observations.

Whether or not a small number of narrow lines were present, the rather more

dramatic phenomenon which I set out to investigate - the broad deep absorption
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features which could have provided valuable clues to the nature of the BL Lac
environment - certainly did not manifest itself. If the spectrometers on Einstein
could see such features, then XMM-Newton should have been able to. Two possible
explanations then present themselves: either the features are transient, or they were
never there in the first place.

To see how frequently the features had actually been observed in these four
objects, and whether there was any correlation between the presence of features and
the source flux level, I went through the literature and collected together all X-ray
flux measurements made using past X-ray missions, and made a note of whether or
not a feature had been reported for each observation. I only included observations
with missions which could have detected the feature: Einstein, ROSAT, BBXRT,
ASCA, BeppoSAX and XMM-Newton. There have been no Chandra publications
on these objects. EXOSAT did not have any energy resolution in the band in
which the features appear. It has nevertheless been claimed (Madejski et al., 1991)
that EXOSAT would have been capable of detecting the presence of deep ionised
absorption features from the averaged flattening of the spectrum in the soft band.
I did not find any reports in the literature of EXOSAT ever actually having been
used to detect BL Lac absorption features, so I have not included data from this
mission. ROSAT had very low spectral resolution in the soft band, but since there
are reports of BL Lac absorption features in ROSAT data (Sambruna et al., 1997,
Sambruna and Mushotzky, 1998; Fink et al., 1991), I included ROSAT fluxes. All
the measured fluxes I collected are listed in Table 5.3—5.4, alongside the observation
date, the reference, and an indication of whether or not an absorption feature was
observed. In each case I quote the 2—10 keV flux; this was the range most often
given in the literature, and so using it as standard minimised the the number of
measurements which had to be converted to different energy bands (using PIMMS
or Xspec with the original fit parameters), with the possibility of introducing errors
in the process. The 2—10 keV band is also not seriously affected by the possible
fitting degeneracy between power-law slope and excess neutral absorption in the soft

band. The resulting flux points are plotted in Fig. 5.7.



present X-ray missions.

Table 5.3: The history of the 2—10 keV fluxes (in 107! erg cm~2 s71) of 1H1219+301 and H1426+428 as observed by past and

Object Mission Date F(2-10) Intrinsic absorption = Reference for flux value
1H1219+301 XMM-Newton 11/06/01 2.6 no Table 5.2
BeppoSAX 13/07/99 1.5 no Costamante et al. (2001)

ROSAT 18/06/92 2.7 no Lamer et al. (1996)

Einstein 05/06/79 1.1 yes® Urry et al. (1986)

Einstein 07/12/78 2.5 no Urry et al. (1986)

H1426+428 XMM-Newton 16/06/01 2.9 no Table 5.2
| BeppoSAX 08/02/99 2.0 no Costamante et al. (2001)

ASCA 06/02/94 1.6 yes Sambruna et al. (1997)

ROSAT 24/01/92 2.3 yes Sambruna et al. (1997)

BBXRT 09/12/90 3.5 yes Sambruna et al. (1997)

2 Madejski et al. (1991)
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Table 5.4: The history of the 2—10 keV fluxes (in 107! erg cm~2 s™!) of Markarian 501 and PKS 0548-322 as observed by past

and present X-ray missions.

Object Mission Date F(2-10) Intrinsic absorption Reference for flux value
Markarian 501 XMM-Newton 13/07/02 4.5 no Table 5.2
ASCA 26/03/96 6.6 no Kubo et al. (1998)
ROSAT 13/08/91 2.2  yes Fink et al. (1991)
ROSAT 25/02/91 1.3 no Lamer et al. (1996)
Einstein 22/08/79 2.7 yes Ciliegi et al. (1993)
Einstein 01/03/79 5.8 no Ciliegi et al. (1993)
Einstein 25/01/79 1.8 no Ciliegi et ai. (1993)
PKS 0548-322 XMM-Newton 03/10/01 2.5 no Table 5.2
BeppoSAX 07/04/99 1.5 no Costamante et al. (2001)
BeppoSAX 26/02/99 1.8 no Costamante et al. (2001)
BeppoSAX 20/02/99 2.3 no Costamante et al. (2001)
ASCA 30/10/93 2.8 yes Sambruna and Mushotzky (1998)
ROSAT 06/03/92 3.8 yes® Lamer et al. (1996)
Einstein 06/04/79 4.0 yes Sambruna and Mushotzky (1998)
Einstein 10/03/79 4.5 no Ciliegi et al. (1993)

2 Sambruna and Mushotzky (1998)
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Figure 5.7: 2—0 keV fluxes of 1HI1219+301, H1426+428, Markarian 501 and
PKS 0548-322 observed with Einstein, ROSAT, BBXRT, ASCA, BeppoSAX and

XMM-Newton. Observations where intrinsic absorption was reported are circled.
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Fig. 5.7 indicates that the absorption features must be transient, if they exist.
One has to take into account, though, that the features may have been present but
not reported (or not detectable) during some of the pre-XMM-Newton observations,
especially those of the earlier missions. Since XMM-Newton did not detect any deep
broad absorption features in the objects>, despite producing much higher quality
datasets than the previous observations, we can definitely state that if the features
are real, then they must be transient.

There is no clear evidence of any patterns of differing feature visibility at different
flux levels. It is also hard to make any definite conclusions about the timescales over
which the features might be visible; the absorption in Markarian 501 appears in a
space over a few months but is no longer detected in the next observation four years
hence, and the feature in H1426+4428 is observed for at least three years, but is
no longer detectable by the time of the next observation, eight years after the first
detection.

The detection rate of the features in previous observations can be used to esti-
mate the probability of no features being observed by XMM-Newton. The percent-
age of previous o‘bservations which did not yield a detection is 75%, 25%, 66% and
57% for 1H1219+301, H14264-428, Markarian 501 and PKS 0548-322 respectively.
With these non-detection rates, the probability of observing no broad absorption
features in any of the objects with XMM-Newton is 7%.

This means that the existence of transient deep broad intrinsic absorption fea-
tures in the BL Lacs can be ruled out at 93% confidence. The failure of a further set
of comparable observations to detect any features would mean that their existence
can be ruled out at 99.5% confidence. Future observations with XMM-Newton and
Chandra will tell whether broad absorption features in BL Lacs can be consigned to
history; other classes of objects - for example Broad Line Radio Galaxies - may prove
more fruitful sources of information on the circumnuclear environment of radio-loud

AGN.



Chapter 6

Conclusions and new perspectives

6.1 Introduction

This dissertation has examined the evidence for intrinsic X-ray absorption in two
Seyfert 1 galaxies (NGC 3783 and NGC 7469) and four BL Lac objects (1H1219+301,
H1426+428, Markarian 501 and PKS 0548-322). The overall conclusion is that both
Seyferts have ionised outflows with wide ranges of ionisation, giving rise to both
X-ray absorption and emission, whilst the BL Lac objects showed no convincing
evidence for intrinsic X-ray absorption. The lack of strong evidence for intrinsic
absorption in BL Lacs is perhaps unsurprising. Assuming that the relativistic jet
along our line of sight is outside the warm absorber, it probably outshines any X-ray
emission from the nucleus (which might be imprinted with absorption features from
the nuclear environment). As I noted in Chapter 5, Broad Line Radio Galaxies
probably provide the best chance of investigating ionised gas in the nuclei of radio
galaxies.

Can the new knowledge about NGC 3783 and NGC 7469, as presented in this
thesis and elsewhere, take us any further in our understanding of Seyfert warm
absorption? There are two levels of questions which can be asked. Firstly, the
detailed phenomenology of warm absorbers: their ionisation levels, outflow speeds,
and column densities - and how these factors depend on the type, orientation and

luminosity of the AGN. Secondly, the big questions: where do warm absorbers come
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from, where do they go, and are they important? What role do they play in the
energetics of an active galaxy, and do they tell us something truly fundamental
about the way an AGN works and the way it evolves? This question was neatly
summed up by H. Netzer at the AGN Spectroscopy Workshop in MPE-Garching,
December 2001: are warm absorbers weather or climate?

In order to attempt to answer a few of these questions, I have collated all available
published information, at the time of writing, on Seyfert 1 type AGN (Seyfert 1.x
galaxies, Narrow Line Seyfert 1s and Seyfert 1 type quasars) observed to date using
the high-resolution grating spectrometers on XMM-Newton and Chandra. I found a
total of 23 such objects, of which 17 show evidence of warm absorption. Sufficiently
detailed spectral modelling has been applied to the warm absorbers of 14 objects
for them to be usable for comparative purposes. Tables 6.1 and 6.2 give some basic
information about the whole group. Fig. 6.1 shows the distribution of the sources
in redshift and bolometric luminosity, and whether or not a warm absorber has
been detected in each individual source. The work reported in this Chapter is being

prepared for publication (Blustin et al., in preparation).

6.2 Phenomenology of X-ray warm absorbers

High resolution X-ray grating spectroscopy has allowed us to gain a much clearer
view of the detailed phenomenology of warm absorbers. It is therefore worth asking,
now that relatively advanced spectral models have been constructed for a number
of AGN observed with such instruments, whether any interesting new patterns are
emerging. For the comparisons in this section I have relied upon the published
spectral models for the 14 Seyfert 1 type objects for which sufficiently detailed
warm absorber models have been developed. I summarise the main parameters of
these models in Table 6.3. For NGC 3783 I use the model of Netzer et al. (2003)
rather than my own, as these authors had the benefit of a higher signal-to-noise
spectrum, and as a result were able to construct a more sophisticated mode!.

The ionisation state of warm absorbers is a good place to begin. It is now



Table 6.1: Basic properties of Seyfert-type warm absorbers observed with XMM-Newton and Chandra: object name, morpholog-
ical type, redshift, log Ly (erg s—1), whether the X-ray spectrum is dominated by emission lines (EM), whether the source has
a warm absorber (WA), whether a detailed spectral model has been published (Mod), whether the warm absorber is outflowing

(Outflow), and reference for the warm absorber model (or non-detection of a warm absorber).

Object Type zZ log Loy EM WA Mod Outflow Reference
MR2251-178 Syl RQQ 0.06398 45.7* ° ° ° Kaspi et al. 2003
PG0844+349 Syl RQQ 0.064 455 . . ° Pounds et al. 2003a
PG1211+143 Syl RQQ 0.0809 45.6 . ° . Pounds et al. 2003b
PKS 0558-504 NLSyl RLQ 0.137 ~ 46 O’Brien et al. 2001b
TIRAS 1334942438 NLSyl RQQ 0.10764 46.4° . ° ° Sako et al. 2001
ESO 141-G55 Syl 0.036 ~ 45 Gondoin et al. 2003
NGC 4593 Syl 0.0084 43.5° . ° ° Steenbrugge et al. 2003a
NGC 3783 Syl 0.00973 44.7¢ e o . Netzer et al. 2003
Markarian 509 Syl.2 0.0344 > 45.5° ° ° . Yaqoob et al. 2003
NGC 7469 Syl.2 0.0164 44.4f ° ° . Chapter 4
Markarian 279 Syl.5 0.0305 ~ 458 Scott et al. 2004

2 Monier et al. 2001; ® Beichman et al. 1986; ¢ Santos-Lleo et al. 1995; ¢ Markowitz et al. 2003; ¢ Kriss et al. 2000a; f Petrucci
et al. 2004; & Bachev and Strigachev 2003
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Table 6.2: Table 6.1 continued.

Object Type z log L,s EM WA Mod Reference
NGC 3516 Syl.5 0.009 ~ 44 ° ° Netzer et al. 2002
NGC 5548 Syl.5 0.01676 44.7* ° ° Steenbrugge et al. 2003b
NGC 4151 Syl.5 0.00332 ~44®> o Schurch et al. 2004
NGC 5506 Sy1.9 0.00618 ~ 44 . Bianchi et al. 2003
NGC 4258 Syl1.9 LINER 0.00149 ~ 42° e ° Young and Wilson 2004
Markarian 478 NLSyl 0.079¢  45.24 Marshall et al. 2003
Ton S180 NLSyl 10.06198  ~ 46° . Rézariska et al. 2004
MCG -6-30-15 NLSyl 0.00775 ~ 44! ° ° Sako et al.-2003
Markarian 766 NLSyl 0.012929 ~ 448 . ° Mason et al. 2003b
NGC 4051 NLSy1 0.00234 434 ° ) Ogle et al. 2004
Markarian 359 NLSyl 0.0174 ~ 44 ° O’Brien et al. 2001a
Ark 564 NLSy1 0.02468  44.4° o o Matsumoto et al. 2004

® Pounds et al. 2003c; ® Swain et al. 2003; ¢ Yuan et al. 2002; ¢ Gondhalekar et al. 1994; ¢ Turner et al. 2002; f Reynolds

2000; & Pounds et al. 2003d; * Romano et al. 2002
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Figure 6.1: The distribution in redshift and bolometric luminosity of Seyfert 1 type

AGN observed with the high-resolution spectrometers on XMM-Newton and Chan-

dra: filled shapes indicate that the presence of a warm absorber has been reported.
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Table 6.3: Equivalent hydrogen columns (log Ny; cm~2), ionisation parameters (log
¢; erg cm s71) and outflow velocities (vou; km s71) of the modelled warm absorber

phases of objects listed in Tables 6.1 and 6.2.

Object log Ng log & Vout
MR2251-178 21.51 29 2508
20.3 0.68 250
PG0844+349 23.6 3.7 63000
PG1211+143 23.7 3.4 24000
21.8 1.7 24000
22.9 -0.9 not given
TIRAS 13349+2438 22.3 2.25 0
2125 0 420
NGC 4593 21.2 2.61 400
19.8 0.5 380
NGC 3783 219 11 750P
22.0 2.3 7500
22.3 2.9 750°
Markarian 509 21.3 1.76 200
NGC 7469 20.6 2.1 800
NGC 3516 21.9 0.78 200
NGC 5548 21.68  2.69 311
21.52 1.98 440
20.15 04 290
MCG -6-30-15 21.3 1.25 150
21.3 2.5 1900
Markarian 766 21.2 0.7 0
NGC 4051 21 1.4 402
Ark 564 21 0 150
21 2 150*

2 Estimated from the blueshift of the UV absorber; ® Average of two velocity
phases at 1000 and 500 km s~1.
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apparent that warm absorbers can contain a range of ionisation levels. There is
currently no consensus as to whether this takes the form of discrete ionisation phases
(i.e. Krongold et al., 2003), a continuous ionisation parameter distribution (Behar
and Netzer, 2002), or some combination of these (c.f. Chapter 3). All spectral
modelling of warm absorbers, to déte, has assumed that the gas contains discrete
ionisation phases; for the 14 objects I am looking at here, the average number of
modelled ionisation phases is two.

I contend that the number of modelled phases does not tell us anything fun-
damental about the ionisation structure, as it is more likely to be a function of
the quality of the data, and of the spectroscopic knowledge and techniques of the
investigator. Indeed, two of the highest statistical quality spectra - those of NGC
3783 (Netzer et al., 2003) and NGC 5548 (Steenbrugge et al., 2003a) - require three
ionisation phases, and it is quite possible that better quality spectra of other objects
would also require a larger number of phases.

Perhaps a more interesting quantity is the range of ionisation parameters in
the absorber, which I estimate here as the difference between log & of the highest
and lowest modelled ionisation phases. I list these values in Table 6.4, alongside
other averaged properties of the warm absorber for each object as discussed below.
Naively, one might expect that - if all warm absorbers had the same ionisation
structure - increasing the overall total column Ny of the absorber would bring a
greater range of ionisation states into view. In reality, the objects in my sample
show no such correlation, which either implies a wide variation in the ionisation
structures, or, very probably, significant differences in the analysis methods and
statistical quality of the spectra used by different authors. In particular, observers
may be looking mainly for ‘traditional’ warm absorber ions such as O viIiI and O v1i,
and others at a similar ionisation level, and may not be expecting to find much more
lowly ionised species for which atomic data are harder to obtain.

The average ionisation parameter of an absorber, though a rather crude measure,
is probably less open to interpretation than its ionisation range, and may be more

useful for comparative purposes. I have estimated average values of £ for the sources,
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Table 6.4: Averaged warm absorber parameters for the sources in Table 6.3: object
name, log 1—-1000 Ryd ionising luminosity (log Li.,; erg s71), log range in ionisation
parameter (A log &; erg cm s71), log total equivalent hydrogen column (log Nyot;
cm™?), log weighted average ionisation parameter (log £avg; erg cm s™'), weighted

average outflow velocity (vayg; km s71).

Object log Lion Alog& log Nuiot log &avg  Vawg
MR2251-178 44.9* 222 21.54 2.87 250
PG0844+349 44.2* 0 23.6 3.7 63000
PG1211+143 43.9* 4.3 23.77 3.39 24000
IRAS 1334942438 44.6* 2.25 22.34 2.21 30
NGC 4593 43.5% 2.11 21.82 2.54 204
NGC 3783 44.0* 1.8 22.58 2.68 750
Markarian 509 44.5% 0 21.3 1.76 200
NGC 7469 44.0° 4 20.60 2.1 800
NGC 3516 43.1* 0 21.9 0.78 200
NGC 5548 44.6° 2.29 21.92 2.51 362
MCG -6-30-15 43.2% 1.25 21.60 2.22 1025
Markarian 766 43.4% unknown 21.2 0.7 0
NGC 4051 42.64 no info 21 14 402
Ark 564 449> ¢ 2 21.30 1.70 150

& Estimated with PIMMS using the extension of the fitted X-ray power-law (as
given in the reference listed in Tables 6.1 and 6.2) over the 1-1000 Ryd range.

o

Estimated using the continuum model in Chapter 4.

¢ Kaastra et al. 2002b

=9

Ogle et al. 2004

¢ Lion estimated from the extrapolation of the measured power-law of Matsumoto
et al. (2004) is actually larger than the value of Ly estimated by Romano
et al. (2002); either the source has become brighter, or the Romano et al.

(2002) estimate was incorrect.
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weighting the £ of individual phases according to their absorbing columns. The
distance scales of an AGN environment are expected to be roughly proportional to
the square root of the bolometric luminosity of the central engine (see e.g. Netzer and
Laor, 1993), and so since (according to the definition of the ionisation parameter) &
decreases faster with distance than it increases with luminosity, one might expect the
average ionisation parameter of warm absorbers to decrease with increasing source
luminosity. In fact, there is no significant correlation between average ionisation
and log bolometric luminosity (linear correlation coefficient C = 0.52, probability p
of getting C greater than or equal to this from a random distribution = 0.3). There
are slight differences between log £, for each class of AGN; for the quasars, log {avg
= 3.0 = 0.6, for the Seyferts log {avg = 2.1 & 0.7 and for the NLSyls log £avg = 1.5
=+ 0.6, where the errors are given as the standard deviation. The overall log £,y for
all types is 2.2 & 0.8. Log avg is plotted versus log Ly in Fig. 6.2.

There is also no significant correlation between log total column and log bolo-
metric luminosity (C = 0.50, p = 0.3; see Fig. 6.3), but again, the three classes of
object have slightly different average log columns: 22.8 £+ 0.9, 21.7 + 0.6 and 21.3
+ 0.2 em™2 for quasars, Seyferts and NLSyls respectively. The average column for
all objects was 21.9 & 0.9 cm™2. There is, however a significant correlation between
log £avg and log Ny¢or: C = 0.70, p = 0.05. The significance decreases to C = 0.44
and p = 0.2 for log € and log Ny of the individual phases. This correlation is simply
an observational bias, since the more highly ionised the warm absorber, the greater
the column required for it to be observable.

Apart from the ionisation parameter and column, a warm absorber is also char-
acterised by its outflow velocity. It is immediately obvious from Table 6.4 that we
are dealing with two rather different orders of outflow speed. The Seyferts and
NLSy1s have average warm absorber outflow speeds (with the contribution of each
warm absorber phase weighted by column as before) of a few hundred km s~!; the
two PG quasars have outflow speeds of tens of thousands of km s™!. If the PG
quasars are excluded from the analysis, the average outflow speeds are not signifi-

cantly correlated with bolometric luminosity (Fig. 6.4), absorbing column (Fig. 6.5)
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Figure 6.2: Log (avg versus log Lboi for the objects in Table 6.4.
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Figure 6.3: Log Nntot versus log Lboi for the objects in Table 6.4.
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or average ionisation parameter (Fig. 6.6).

In a radiatively accelerated wind, the density of the outflow decreases with in-
creasing velocity, so we expect more highly ionised gas to be outflowing faster. It
is therefore, perhaps, surprising that there is no correlation between the average
ionisation paraméters and velocities. Even the individual phases for each object,
although their ionisations may vary, are outflowing at the same or similar speeds.
The one exception is MCG -6-30-15 in which the high-ionisation phase is outflowing
much faster.

Realistically, it might be hard to observe an increasing velocity with ionisation
parameter due to the rapid fall-off with density in such winds. Also, the two outflow
phases in MCG -6-30-15 might not be part of the same accelerating wind - the high
velocity, high ionisation component might originate from closer in to the nucleus
where the escape velocity is very high, and the low velocity component could be
launched from much further away.

The relativistic velocities of the PG quasar outflows are not simply due to the
high luminosities of the sources - IRAS 1334942438 and MR2251-178 are both
quasars with even higher bolometric luminosities, but they have low velocity ionised
outflows very much like those seen in nearby Seyferts. There has to be some other

fundamental difference in the origin of the outflow.

6.3 The nature of warm absorbers

A fundamental question about warm absorbers is whether their presence is somehow
essential to an AGN - or put another way, are there Seyferts which do not have them?
Previous work (e.g. Reynolds 1997) found that only about half of AGN have warm
absorbers (or at least ones observable by instrumentation prior to XMM-Newton and
Chandra). The group of AGN I am looking at here is not an ideal sample to answer
this question, since many of them were selected to be observed precisely because
they were known to exhibit ionised soft X-ray absorption from previous studies.

There are, however, certain objects in the group which do not show evidence of



CHAPTER 6. CONCLUSIONS AND NEW PERSPECTIVES 168

1000 QSO

Seyfert 1
NLSyl

(¢4

I 500

I
>
43 44 45 46 47
Log (ergs')

Figure 6.4: Average outflow velocity, Vavg, versus log Lboi for the objects in Table 6.4,
excluding PG0844+349 and PG1211-f143.
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Figure 6.5: Average outflow velocity, Vavg, versus log Nntot for the objects in Ta-

ble 6.4, excluding PG0844-1-349 and PG1211+143.
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Figure 6.6: Average outflow velocity, v*vg, versus log C'g for the objects in Table 6.4,
excluding PG0844+349 and PG1211+143.
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warm absorption.

Of a total of 23 objects in Tables 6.1 and 6.2, eleven are ordinary Seyferts (as
classified by the authors referenced in the table, or otherwise by NED), seven are
NLSyls, and five are quasars. Four of the Seyferts lack a warm absorber. Two
of these, NGC 4151 and NGC 5506, are emission line sources with an obscured
central engine. The presence of the narrow X-ray emission lines probably implies
that NGC 4151, at least, would appear to have a warm absorber if viewed from a
different angle. The Chandra observation of Markarian 279 (Scott et al., 2004) was
very short, and the source was in a low state, so the signal-to-noise of the spectrum
is poor. Although Scott et al. (2004) found no significant evidence of X-ray warm
absorption, this source does have an intrinsic UV absorber, making it very likely
that an X-ray absorber will be found in better quality data in future; Crenshaw
et al. (1999) found that objects in their sample with UV absorption always showed
evidence of an X-ray absorber. The one remaining object without a warm absorber,
ESO 141-G55 (Gondoin et al., 2003) is towards the high end of the Lpg—redshift
distribution, but there does not seem to be anything significantly unusual about it
with respect to the other sources. NGC 4258 is basically a Seyfert 2-type object,
without a soft X-ray absorber; it has however been claimed to exhibit absorption
lines above 6 keV (Young and Wilson, 2004).

Of the NLSy1s, only Markarian 478 lacks a warm absorber. Like ESO 141-G55, it
has a fairly high luminosity, but does not seem to have very different properties from
other sources which do have warm absorbers. One of the quasars (PKS 0558-504,
O’Brien et al. 2001b) does not show evidence of warm absorption. It is a radio loud
quasar, though, and radio-loud objects might be particularly problematic in terms
of finding observational evidence for ionised outflows (c.f. Chapter 5). Disregarding
the emission line and radio loud objects in the sample, as well as Markarian 279 since
it has a UV absorber, I find that 2 out of 18 (11%) of the Seyfert 1-type objects in
the sample show no evidence of an ionised outflow. If this was representative of the
population as a whole, it would imply a global covering factor of almost 90% for

X-ray warm absorbers.
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It is as well to be careful of reading too much into the non-detection of warm
absorption in ESO 141-Gb55 and Markarian 478. An absorber might be present, but
with a turbulent velocity and column density too low to be observed with today’s
instrumentation. If indeed there are AGN which genuinely lack warm absorbers,
then we know that AGN are able to do Withoﬁt them and they must be a side-effect

- rather than an essential feature - of the AGN process.

6.3.1 The energetics of warm absorbers

How much mass is carried out of the AGN by the outflow? How does this compare
to the amount of matter being accreted? Do ionised outflows carry a signiflcant
fraction of the energy output of an AGN? The answers depend upon the way one
models the outflow. The most straightforward assumption is that the warm absorber
contains a gas with uniform filling factor and density smoothly decreasing with 1/r2.
This is unlikely to be a realistic scenario, though; observations (e.g. Kinkhabwala
et al., 2002) have shown that a range of densities and ionisation parameters is likely
to exist at any given radius, and therefore that the warm absorber/emitter is more
likely to consist of filaments or clouds with a low overall filling factor. We have to
bear this in mind when estimating the mass outflow rate and energy output of the
AGN.

For a spherical outflow, the mass contained within a segment of a thin spherical

shell of radius r, thickness dr, solid angle §2 and mass density p(r) is

M = r2p(r)érQ2. (6.1)

If matter is moving through this shell at a speed dr/6t = v(r), then the mass
outflow rate through the shell is

My = r2p(r)v(r)S2. (6.2)

Now assuming that the outflow has cosmic elemental abundances (i.e. ~ 75% by

mass of hydrogen and ~ 25% by mass of helium), p(r) ~ 1.23m,7i(r) where m,, is
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the mass of a proton and 7(r) is the average gas number density at radius r, giving
My ~ 1.23r2my7(r)v(r)Q. (6.3)

In a spherical outflow at constant velocity (i.e. no acceleration or deceleration
is taking place in the gas that we observe), i(r) must fall off as 1/r?, giving the
relationship

A(r) = % | (6.4)

where k is a constant.

Let us say that the base of outflow is at r = R, where

A(R) = =5 (65)
which gives
k = a(R)R? (6.6)
and so ) ,
a(r) = ”(IjzR . (6.7)

Substituting this into Eqn. 6.3, and noting that v(r) is simply v for the constant

density outflow we are assuming, we get

) - 2
Mot ~ 1.23r2mpin(1:3R (6.8)
and therefore
Mpy: ~ 1.23R?m,(R)vS2. (6.9)

We need to relate 7i(r) to a measurable quantity. The jonisation parameter is

given by
_ Lion
" n(R)R?’

Now, the density in the ionisation parameter expression refers to the ‘microscopic’

§ (6.10)

electron density in the gas where the physical absorption is taking place. I assume
here that the electron and ion number densities are similar, i.e. that hydrogen is fully
ionised. The density in the mass outflow expression 7i(R) refers to a macroscopic

ion number density averaged across the segment of shell. It is therefore a function of
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both the number density of the gas that is actually absorbing at ionisation parameter

&, and also the volume fllling factor of this gas C,(R), so that
(R) = n(R)Cy(R) . - (6.11)
This then gives us
Mys ~ 1.23R*m,n(R)C,(R)vS2, (6.12)

and substituting in the expression for ionisation parameter,

Lion

My ~ 1.23R2mpCv(R)ngﬁ : (6.13)
giving a flnal expression for the mass outflow rate of
. 1.23m,L;,,C, Q
My ~o 223 LionCu(R)02 (6.14)

4
I can then use this expression to estimate the mass outflow rate for the warm
absorbers of the 14 AGN in my sample. £ and v are directly measurable, and L;e,
can be estimated from the continuum model fitted in the X-ray band (Table 6.4). I
estimate the solid angle of the outflow using the information that ~ 25% of nearby
AGN are type 1 (Maiolino and Rieke, 1995), and that the covering factor of these
outflows seems to be at least 50% (Reynolds, 1997). This gives  ~ 1.6 sr. The
volume filling factor C,(R) is harder to estimate, especially since it very probably
has some radial dependence. I cannot therefore take the same value for each AGN,
as their warm absorbers could be at a wide range of radii with different (unknown)
morphologies. C,(R) of the X-ray NLR could in principle be estimated from the ratio
of the density derived from the emission measure (which is a macroscopic density)
to the density derived from He-like triplet diagnostics, a microscopic density; we are
seeing the bulk of the warm absorber near the base of the outflow however, where
Cy(R) could be rather different. One can however say with certainty that, since
Cy(R) must be less than or equal to 1, I can use C,(R) = 1 and take the calculated
mass outflow rate to be an upper limit.
The calculated values of the mass outflow rate upper limits are given in Table 6.5

for the ‘averaged’ warm absorbers. They vary between ~ 0.09 and ~ 6 My yr!

)
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and there appear to be no particular patterns or differences between the different
classes of AGN. It is interesting to compare the outflow rates with the accretion rate

of the black hole in each case; I calculate this with the formula

. Lol
Mo = 32, (6.15)

where 7 is the accretion efficiency. I assume 1 = 0.1 for each object. The values of
M., and of the ratio Moy /M., are listed in Table 6.5. In all but one case (IRAS
13349+-2438), the upper limit outflow rate is greater than the accretion rate, in one
case up to 130 times greater.

Are these outflows significant in energetic terms? The upper limit of the kinetic
energy carried via the outflow per unit time, i.e. the kinetic luminosity, can be
estimated as

1.
LKE = § O'U.tvz (6.16)

where we assume that the observed velocity v is representative of the main mass of
the outflow. I list values for Lgg in Table 6.5 alongside the percentage of Ly that
Lkg represents.

For all of the Seyferts, NLSyls and the two quasars with low velocity absorbers,
the upper limit to kinetic luminosity of the outflow is well below 1% of the bolometric .
luminosity of the AGN, and so cannot be playing any major réle in the energetics
of the system. The kinetic luminosities of the two high velocity quasar outflows,
however, are predicted to be up to ~ 20% and an unphysical 500% of Ly for
PG1211+143 and PG0844+349 respectively. Since fhis kinetic luminosity is an
upper limit, and depends on C,, this must be telling us that C, is really much less
than 1 for the warm absorber of PG0844+349. If - improbably - the acceleration of
this phase actually accounted for 100% of the bolometric luminosity of the AGN,
the upper limit to C, would need to be about 0.2.

Table 6.6 gives values of Mout, Macc, th / Macc, Lkg and the percentage of Ly
represented by Lkg calculated for the individual warm absorber phases. For these
individual phases, it is clear that - assuming a volume filling factor of one - the lower

ionisation phases can potentially carry the most mass. Again, the fraction of the
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Table 6.5: Mass outflow rates calculated using the averaged warm absorber param-

eters quoted in Table 6.4: object name, mass outflow rate (Mout; Mg yr~1), mass

accretion rate (Mae; Mg yr~!), ratio of mass outflow rate to mass accretion rate

(Mout/ Macc), kinetic luminosity of outflow (log Lkg; erg s~!), percentage of Ly

represented by Lxg (% of Lya).

Object Mout Mace  Moys/Mace log Lxg % of Lol
MR2251-178 <13 0.88 <15 < 40 <5x 10
PG0844+349 <11 0.53 <21 < 46 < 500
PG1211+143 <44 0.70 <63 <45 <20
IRAS 13349+2438 < 0.40 4.7 < 0.085 <38 <6 x 1077
NGC 4593 <0.092 0.0067 <16 <39 < 0.004
NGC 3783 <083 0079 <11 <41 <0.03
Markarian 509 <5.6 0.60 <94 <41 < 0.002
NGC 7469 <33 0044 <75 <42 <03
NGC 3516 <23 0.018 <130 < 40 < 0.03
NGC 5548 <22 0.088 <25 <141 < 0.02
MCG -6-30-15 <048 0.018 <27 <41 <0.2
Markarian 766 - 0.018 - - -
NGC 4051 <034 0.0047 <72 <40 < 0.06
Ark 564 <12 0.042 <280 <41 <0.03
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bolometric luminosity that can be carried by each phase is generally of the order
of or less than about 1%. However, the kinetic luminosity of the middle ionisation
phase (no velocity information was available for the lowest ionisation phase) of
PG1211+143 is up to ~ 1000% of the bolometric luminosity. Using the previous
argument, the volume filling factor of this ’ph'ase has to be less than 0.1, remembering
also that the other ionisation phases will also be associated with finite, and different,
values of C,.

If we assume that the outflow is radiatively driven, we can get a better estimate
for C, from the percentage of the bolometric luminosity that the outflow is observed
to absorb. I obtained the flux of a power-law model before and after applying
absorption (with the zabs model in spex) from the ‘averaged’ warm absorbers of
PG0844+349 and PG1211+143 (I used these objects as they are the ones with
the highest upper limits to the percentage of Ly, represented by Lkg), and used
the resulting 0.3—10 keV fluxes to estimate the fractions of the 0.3—10 keV flux,
and thus luminosity, that the absorbers intercept. This fraction was multiplied by
the observed 0.3—10 keV luminosity to estimate the actual luminosity absorbed by
the outflows in each case. The column densities of these warm absorbers are high
enough for Thomson scattering to be important; 7, the optical depth for Thomson
scattering, is ~ 0.3 and 0.4 for PG0844+349 and PG1211+143 respectively. I used
this to estimate the 0.3—10 keV luminosity lost to scattering. The percentages of
Lyo represented by the total luminosity lost to absorption and scattering were then
calculated. For PG0844+349 this percentage was 1.3%, as opposed to the 500%
upper limit from M,,;, and for PG12114143 it was 1.6% as compared to the 20%
upper limit. This gives estimates of the volume filling factor of the two averaged
absorbers as ~ 0.003 and ~ 0.08 respectively. '

So do ionised outflows play a significant role in the energetics of AGN? Given
that the upper limit to the fraction of Ly, represented by the kinetic luminosity of
Seyfert and NLSyl warm absorbers is much less than 1%, the answer has to be no.
Even in the case of the high velocity outflows seen in the two PG quasars, although

the upper limits to their kinetic luminosities are very high, the volume filling factors
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of the ionised material are probably low enough to put their energetic importance

more in line with that seen in the other objects.

6.3.2 Where do warm absorbers come from?

The outflow speed can give us a useful clue to the origins of warm absorbers. If we

assume that the outflow has to obtain a speed greater than or equal to the escape

[2GM
Vesec = T (617)

and G is the gravitational constant, M is the mass of the black hole and R is the

velocity Vesc, where

distance of the bulk of the gas from the black hole, then we can estimate a minimum
distance of the warm absorber from the central engine using the measured outflow

speeds:

2GM
R>Z2. (6.18)

Vout

The maximum distance of the base of the warm absorber can also be estimated.
Assuming that most of the mass of the absorber with ionisation parameter £ is
concentrated in a relatively thin layer of depth Ar (since the density falls off rapidly
with radius), Ar has to be less than or equal to the distance R from the central
engine:

Ar

—<1. .
= <1 (6.19)

The observed line-of-sight absorbing column Ny is a function of the density n(R)

of the material at ionisation parameter £, its volume filling factor C,(R) and Ar;
Ny ~ n(R)Cy(R)Ar, (6.20)

which can be combined with the expression for the ionisation parameter of the shell

Lion

(6.21)

to give

(6.22)
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Table 6.6: Mass outflow rates calculated for each outflowing warm absorber phase
using the parameters quoted in Table 6.3: object name, log & of phase (erg cm s71),
mass outflow rate (Moy; Mg yr~!), mass accretion rate (Mae; Mg yr~1), ratio of
mass outflow rate to mass accretion rate (Mout / Mm), kinetic luminosity of outflow

(log Lkg; erg s™1), percentage of Ly represented by Lxg (% of Lya).

Object log & Mot  Mae  Mows/Mace log Lye % of Ly
MR2251-178 29 <13 08 <14 < 40 <5x10™*
0.68 <210 0.88 <240 < 43 < 0.08
PG0844+349 37 <11 052 <21 < 46 < 500
PG1211+143 34 <44 070 <63 <45 <20
1.7 <220 070 <310 < 47 < 1000
IRAS 1334942438 0 <810 4.7 < 170 <44 <02
NGC 4593 2.61 <0.15 0.0058 < 26 < 40 < 0.02
0.5 <19 0.0058 < 3200 < 42 <3
NGC 3783 11 <31 0079 <400 < 43 <1
23 <20 0079 <25 < 42 < 0.08
29 <050 0079 <64 < 41 < 0.02
Markarian 509 1.76 <56 0.60 <94 <41 < 0.002
NGC 7469 21 <33 0044 <75 < 42 <03
NGC 3516 078 <23 0018 <130 < 40 < 0.03
NGC 5548 269 <12 008 <14 <41 < 0.008
198 <9.0 0.08 <100 < 42 <0.1
04 <230 0.08 <2600 <43 <1
MCG -6-30-15 125 <066 0018 <37 < 40 < 0.005
2.5 <047 0018 <27 < 42 <05
Markarian 766 0.7 — 0.018 - — -
NGC 4051 14 <034 00047 <72 < 40 < 0.06
Ark 564 0 <590 0.042 < 14000 <43 <2

2 <59 0042 <140 <41 < 0.02
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Applying the condition that Ar/R < 1, one then gets

R —————, 6.23
- &Ny (6.23)
and since C,(R) < 1,
L;
R< =2 6.24
~ &Ny (6.24)

The resulting minimum and maximum distances are listed in Tables 6.7 and 6.8
alongside the distances of the BLR and torus for each object. The BLR distances
were taken from the literature, except in the cases of IRAS 13349+2438, MCG -6-
30-15 and Markarian 766 where they were estimated using rgrr o< LE3 (Netzer and
Laor, 1993), with the BLR distance of NGC 5548 (a reverberation measurement;
Wandel et al. 1999) used to normalise the proportionality. Torus distances were
estimated using the approximate relation given in Krolik and Kriss (2001) that the
inner edge of the torus is ~ 1 x L{;> 44 pc, where Lion,44 is the 1—1000 Ryd luminosity
Lion in units of 10** erg s™1.

The results of this comparison are that the minimum warm absorber distances
for the Seyferts and NLSyls are all further out than the BLR. In all but four cases
they are also closer in than the torus. Placing the base of the warm absorber outflow
at around the distance of the torus immediately rules out an origin in an accretion
disc wind for these absorbers; it lends support instead to the idea that the outflows
originate in a radiation driven wind from the torus (e.g. Krolik and Kriss, 2001).

But what about the Kriss et al. (2003) result, in collaboration with my own
work discussed in Chapter 4, that at least one phase of the warm absorber in NGC
7469 was actually within the BLR? If the Kriss et al. (2003) suggestion is correct, it
could imply that we are seeing the warm absorber in the object (and perhaps others)
before it has been accelerated to the full escape speed, and therefore the gas can be
closer to the central engine than I predict. This may be a reasonable suggestion,
since we are seeing the bulk of the gas very close to the base of the outflow, and it
will obviously take a finite distance to accelerate the outflow to escape velocity.

The situation is a little different with the quasars. Of the two objects with ‘nor-

mal’ Seyfert-type outflows, MR2251-178 fits into the same pattern as the Seyferts,



Table 6.7: Comparison of distances within the AGN environment: object name, black hole mass (Mpg; 107 Mg), minimum
distance of warm absorber from central engine (rpyin; pc), maximum distance of warm absorber from central engine (ryax; pc),
distance of BLR from central engine (rprr; pc), distance of torus from central engine (riorus; pc), the ratios of the minimum and

maximum distances to the BLR and torus distances respectively (Imin/TBLR, I'min/Ttoruss Tmax/TBLR max/Ttorus)-

Object MpH TImin Tmax  TBLR  Torus Tmin/TBLR Tmin/Ttorus Tmax/TBLR Tmax/Trorus
MR2251-178 0.83* 1.1 97 0.027° 28 43 0.41 3600 35
PG0844+349 2.7°  0.000059 0.027 0.020° 1.3 0.000045 0.00012 1.3 0.021
PG1211+143 2.36° 0.00035 0.020 0.085° 094 0.0042 0.00037 0.23 0.021
IRAS 1334942438 804 5800 34 0.11¢ 1.92 52000 3000 300 18
NGC 4593 0.2f 041 4.2 0.0076f 0.55 55 0.75 560 7.7
NGC 3783 118 0.17 1.8  0.0038 10 45 0.17 490 1.8
Markarian 509 9.5¢ 20 880 0.0678 1.8 310 12 13000 500

® Morales and Fabian 2002; ® Monier et al. 2001; ¢ Kaspi et al. 2000b; ¢ Brandt et al. 1997; ¢ calculated from Lg,, as described
in text; f Santos-Lleo et al. 1995; 8 Wandel et al. 1999.
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Table 6.8: Table 6.7 continued.

Object MBH Tmin  Tmax TIBLR Ttorus Tmin/TBLR  Tmin/Ttorus Tmax/TBLR  Tmax/Ttorus
NGC 7469 0.76> 0.10 640 0.00422 1.0 24 0.10 150000 640
NGC 3516 2.3 49 88 0.0088¢° 0.36 560 14 10000 250
NGC 5548 6.8 4.5 46 0.0152 1.9 290 2.3 3000 24
MCG -6-30-15 1.5¢9 0.12 7.3  0.0068° 0.39 18 0.32 1100 19
Markarian 766 1.9¢ - 1000 0.0068° 049 - - 150000 2100
NGC 4051 0.14* 0.075 &3 0.0054 0.20 14 0.37 9800 260
Ark 564 3.7 14 2400 < 0.0025" 2.8 5600 5.1 970000 880

2 Wandel et al. 1999; ® Gebhardt et al. 2000; © Wanders et al. 1993; ¢ Reynolds 2000; © calculated from Ly, as described in
the text; f Mathur et al. 2001; 8 Matsumoto et al. 2004; ® Shemmer et al. 2001.
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whereas IRAS 1334942438 has a minimum radius far out beyond the torus. The
minimum radius for the absorber in IRAS 1334942438 actually comes out much
greater than the maximum radius: this is due to the very low average outflow
speed. The two PG quasars, on the other hand, have minimum and maximum radii
much closer to the central engine due to their extremely high outflow speeds, high
columns and high average ionisation: the warm absorber of PG0844+349 is placed
between about 2 light-hours and 30 light-days from the continuum source, and the
corresponding limits for PG1211+143 are around 10 light-hours to 20 light-days.
This makes an origin in an accretion disc wind more likely.

There is evidence that these inner outflows also occur in nearby Seyferts. In
NGC 3783, Reeves et al. (2004) found evidence for a highly ionised phase of the
warm absorber whose variability put it very close to the central engine. Crucially,
the main spectral evidence for this phase were absorption lines in the 6—7 keV band,
where resolution and signal-to-noise are much lower than in the soft X-rays. This
very highly ionised gas is hard to observe in soft X-ray spectra, and this may be
why it has not been reported in more objects. There could therefore be significant
columns of such gas which have previously been unobserved.

So where does this take our understanding of the origins of warm absorbers? We
seem to be dealing with two different basic types of warm absorber - the type we
see in nearby Seyferts, which appears to be most consistent with a torus wind, and
the rather more extreme variety observed in the two PG quasars and in the hard
X-ray spectrum of NGC 3783, which could correspond to an accretion disc wind.

One interesting thing about the extreme outflows is that their presence is not
a simple function of luminosity, as the two most luminous quasars I look at here
have low velocity, low column Seyfert-type outflows. There must be some difference
either in the availability of matter for the outflow, or in the process which can
drive it. Within the unified model of AGN, this must mean either that there is
some difference in the structure of the inner regions of the AGN environment, or
that there is something different about the accretion process which can drive an

accretion disc wind.
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Having reached this point, it is now worth asking how this relates to the knowl-
edge gained about AGN outflows from studies of UV absorbers and emitters. The
higher resolution of current astronomical UV spectrometers allows us to gain quite
a detailed view of the kinematics of UV absorbers. The first problem to solve, be-
fore making a comparison between outflows in the two wavebands, is the precise
relationship between UV and X-ray absorption. Different conclusions have been
reached about different sources: at least some of the components of the X-ray and
UV absorbers have been claimed to have a common origin in NGC 3783 (Kaspi
et al., 2002; Gabel et al., 2003), NGC 3516 (Kraemer et al., 2002), NGC 7469 (Kriss
et al., 2003 and Chapter 4) and Ark 564 (Romano et al., 2002). Conversely, the
UV and X-ray absorption apparently originate in different phases of gas (albeit at
similar velocities) in Markarian 509 (Kraemer et al., 2003).

The emerging picture is that some but not all of the UV velocity phases can
be seen in the X-ray absorber, and some but not all of the X-ray absorber phases
can be seen in the UV; the deciding factors are the column density and ionisation
parameters of the phases. Plasma which absorbs in the UV will contain ions that
are observable in the soft X-ray band, although the line-of-sight column of the
plasma may not be high enough for the X-ray transitions to be visible to current
instrumentation. Plasma absorbing in the X-rays, so long as it is not too highly
ionised, can contain ions with transitions in the UV. Working out exactly which
of the UV and X-ray phases observed in any given object coincide ideally requires
simultaneous high resolution spectroscopic observations in both bands.

UV absorbers generally have more than one discrete velocity component (Cren-
shaw et al., 1999). It can be hard to work out whether the gas phases giving rise
to these components actually have different ionisation parameters, due to the lim-
ited number of spectral lines visible in certain observable wavebands. Nevertheless,
two basic interpretations are possible; either we are seeing different velocity streams
with different origins, or we are seeing a single accelerating (or decelerating) outflow
with a multiply-peaked density profile. This latter case could imply that the ionised

absorber is not a single time-steady outflow, but is the result of a series of ejection
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events. If the UV wind originated from the torus, for example, then this could be
due to major variations over time in the AGN luminosity (i.e. high and low states, or
flares) giving rise to peaks and troughs in the amounts of material ablated from the
torus. The multiple phases would thus contain an imprint of the accretion history
of the AGN.

Kraemer et al. (2002) note that there is a lack of evidence of radial acceleration
in AGN absorbers. Their analysis of UV absorbers in NGC 3516 does find that
the different kinematic phases are moving faster the further they are from the nu-
cleus (the X-ray absorber appears to be associated with the slowest moving phases
closest to the nucleus), but they remark that this is not necessarily the sign of an
accelerating outflow as the phases could have originated at different distances from
the nucleus. As I discussed earlier, faster moving gas in a radiatively accelerated
outflow would be expected to be more highly ionised - so are the X-ray absorbers
moving faster than the UV absorbers? The observational evidence tends to favour
the opposite scenario, with (at least some) of the UV phases moving faster than
the X-ray phases, for instance in NGC 3516 (Kraemer et al., 2002) and NGC 7469
(Kriss et al., 2003). This may, again, be due to the decreasing column problem;
UV spectrometers are able to detect much lower columns of gas than current X-ray
instruments.

There is evidence of increasing velocity with distance from the nucleus in the
UV NLR, interpreted as the result of radiative acceleration, in the emission line
dominated objects NGC 1068 and NGC 4151. The ionisation cones forming the
NLRs can be modelled as outflowing bicones at least partially evacuated along their
axes (Crenshaw and Kraemer, 2000; Crenshaw et al., 2000). By measuring the
velocities of individual knots or clouds in the ionisation cones, higher speeds were
observed at greater distances from the nucleus, and then a decrease in speed further
out interpreted as being due to interactions with a patchy ambient medium. In the
case of NGC 4151 the acceleration of emission line knots continued up to 160 pc
away from the nucleus, with decelerated clouds approaching the systemic velocity

at 290 pc. In NGC 1068, UV continuum radiation has been observed from an
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apparent shock front where an emission line knot is being decelerated (Kraemer and
Crenshaw, 2000).

So, the gas in the UV NLR (which has been associated with the X-ray NLR,
e.g. Kinkhabwala et al. 2002) does appear to be an outflow, plausibly accelerated
by radiation from the central engihe. Crenshaw et al. (2000) interpret the apparent
evacuation of the NLR ionisation cone along its axis as possibly being due to the
radio jet in NGC 4151; interestingly, a hollow bicone is the geometry one would
expect from a torus wind.

Can the ‘inner’ outflow, which could be an accretion disc wind or an outflowing
BLR, be seen in UV? As discussed in Chapter 4, Kriss et al. (2003) find that one
of the UV absorber phases in NGC 7469 could originate at the distance of the
BLR. Hutchings et al. (2001) found that the P-Cygni profile of O vI observed whilst
NGC 3516 was in a low state was evidence that the BLR was actually an outflowing
wind. If the BLR is outflowing, where is the matter being replaced from? Is the
BLR a manifestation of the accretion disc wind?

The general picture that I get from the X-ray warm absorbers in Seyfert-type
objects - namely that there appear to be two types of AGN outflow with different
origins - is reflected in the findings of a recent survey of intrinsic UV absorption
in 56 PG quasars. Laor and Brandt (2002) compared UV absorption in Soft X-ray
Weak Quasars (SXWQs) and non-SXWQs. SXWQ UV outflows have a very high
column (the more luminous SXWQs are Broad Absorption Line (BAL) Quasars) and
presumably cause the soft X-ray spectra to be highly absorbed. Non-SXWQs, on
the other hand, have UV absorbers which resemble those in nearby Seyferts. They
concluded that the non-SXWQ outflows are launched at ten times the distance from

which SXWQ outflows originate.

6.3.3 Where do warm absorbers end up?

The mass carried in the warm absorber must be ending up somewhere. Does it have
an important effect on the host galaxy? One firstly needs to know if the ionised

outflow is a short-lived phenomenon, or whether it exists for long enough to have a
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significant influence on the mass budget of the AGN.

In the absence of replenishment of warm absorber material, how long would the
observed columns of gas last? If one approximates the warm absorber as a slab of
gas of thickness Ar lying a distance r from the absorber, with a mass density p and

subtending a solid angle §2, the mass MW 4 of the absorber is given by:
Mw 4 = r°pArQQ. (6.25)

Since the mass density p ~ 1.23m,fi, where 7 is the average number density of the
column and m, is the proton mass (as before, the factor of 1.23 corrects for a ~

25% He, 75% H by mass elemental composition),
My 4 ~ 1.23m,Ar?ArQ, (6.26)
and using the fact that the equivalent hydrogen column Ny is given by
Ny = nlAr, (6.27)
the mass of the absorber can be estimated as
Mwa ~ 1.23m,Ngr*Q. (6.28)

Assuming a solid angle of 1.6, as before, using the average Ny for the Seyfert 1
galaxies in my sample (10?*7 cm~?), and assuming that the warm absorber slab is
at the distance of the torus (~ 1 pc from the central engine), I estimate a Seyfert
warm absorber mass of approximately 80 Mg. If the mass outflow rate was of the
order of a solar mass per year (Table 6.5), the warm absorber gas would not last
out a century; even if the mass outflow rates are two or three orders of magnitude
smaller than the upper limits that I calculate, due to a low volume filling factor,
the warm absorber would still be extremely short-lived compared to the AGN itself.
This would have implications for the observability of ionised outflows; if they only
lasted 102—10° years, there would be a low probability of observing them during
the total AGN lifetime of perhaps 10® years. This means that the warm absorber
column must be fed constantly by some long-lived source of matter - presumably, in

the case of nearby Seyferts, the torus.
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Assuming an outflow rate of ~ 1 Mg yr~!, and an AGN lifetime of order 10%
years, gives the approximate estimate that the warm absorber could be pushing out
up to 108 M of matter through its ionisation cones over the course of its existence.
At the same time, the AGN will be accreting mass (which has presumably passed
through the torus) via the accretion discr; taking the average accretion rate of the

Seyferts in my sample, ~ 0.14 Mg yr~?

, and assuming that a similar rate is sustained
throughout the AGN lifetime of 108 years, the total mass accreted by the black hole
is then of order 1.4 x 107 My. Even taking into account the uncertainty in the
outflow rates, it is clear that there is a potential competition for the mass reservoir
in the central regions of the AGN. Could the removal of mass through the ionised
outflow be shortening the lifetime of the AGN?

Having established that the outflow is likely to be a long-lived phenomenon in
the life and evolution of an AGN, and that it could potentially be returning up to ~
108 My of material into the surrounding galaxy, we have to ask what effect it might
have. Firstly, does it stay in the galaxy itself, or does it escape into the IGM? The
Crenshaw et al. (2000) study of the UV NLR outflow in NGC 4151 showed that the
outflow had decelerated to a standstill by the time it had got about 290 pc away
from the central engine; this distance is of the order of half the vertical thickness
of a nearby spiral galaxy. This implies that the outflow material, in this case, is
reaching the ‘top’ of the galaxy but may not be moving out into the IGM. So, the
outflow could certainly be adding to the density of the host galaxy ISM, but is it
doing anything else?

Kauffmann et al. (2003) find, using data from the Sloan Digital Sky Survey
(SDSS), that AGN tend to show evidence for recent bursts of star formation. For
ionised outflows to contribute to this, they would have to contain or encounter
regions of sufficiently high density, perhaps through shocks of the type observed in
NGC 1068 (Crenshaw and Kraemer, 2000). This is certainly an area which deserves

more attention.
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6.3.4 Are warm absorbers important?

So after all of this, should we actually be spending time thinking about warm ab-
sorbers? Are they, in Netzer’s words, ‘weather’ or ‘climate’?

Firstly, are the origins of warm absorbers telling us anything fundamental about
the energetics or structure of the central engine? For nearby Seyferts, the evidence I
have presented implies that the soft X-ray warm absorber we observe is more likely
to reflect events around the torus area, and is not directly connected to the energy
generation process in the central engine. Given that the upper limit of the kinetic
luminosity of Seyfert warm absorbers is less than 1% of the bolometric luminosities
of these objects, the warm absorbers cannot be playing any significant role in the
energetics of the system anyway.

It is, however, possible that the highly ionised absorption seen above 6 keV could
originate much closer to the nucleus, and this may be the best place to look if one
is interested in searching for accretion disc winds in Seyfert galaxies.

Unlike in the case of the nearby Seyferts, there is good evidence that the ex-
tremely fast outflows in certain quasars really could originate in accretion disc winds.
If this is the case, then they could be of great interest in understanding the ener-
getics of the central engine. If matter is actually outflowing at or close to the upper
limits that I calculate, this would imply that the accreting black hole was operating
like a leaky blender, with material being drawn in towards the black hole and then
ejected, with only a small amount of matter being lost to accretion. This relation-
ship between inflow and outflow would be consistent with an ion-supported thick
accretion disc, which is radiatively inefficient and loses most of the accretion energy
via a massive wind, only actually accreting a small fraction of its total mass supply
(e.g. Blandford and Begelman, 1999). As I have shown, though, the real mass out-
flow rates and kinetic luminosities are probably much lower than the upper limits
I calculate. Before it is possible to draw out any accretion disc wind physics from
these observations - if these outflows really are accretion disc winds - we will need
some accurate estimates of the volume filling factors of the outflows.

Weather or climate? As far as the fundamental physics in the central engine is
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concerned, very possibly just weather, for nearby Seyferts, although extreme quasar
outflows could potentially be a window into the workings of accretion discs. But in
terms of understanding the environment of the central engine, and the processes by
which the AGN (and especially quasars during their evolution) interact with their

host galaxies, warm absorbers remain - in my opinion - scientifically promising.

6.4 Future work

We are only just beginning to realise that the X-ray spectrum above 6 keV shows
evidence of high ionisation absorption features, which could potentially be more
revealing of the properties of the central engine than the soft X-ray absorbers. These
need to be searched for in a much wider group of objects - Astro-E2 could find this
area fertile ground.

In terms of understanding the wider environment of the AGN, namely the struc-
ture of the BLR and torus and their relation to the warm absorber outflow, simul-
taneous multi-wavelength spectroscopy has been shown to be extremely useful. The
use of X-ray and UV spectra for this purpose was discussed in Chapter 4. I think
that future studies of warm absorbers are likely to become more reliant upon this
technique as X-ray astronomers move into high resolution spectroscopy and begin
to finally understand what their UV colleagues have been going on about all these
years.

If the torus genuinely is the source of (many) warm absorbers, and radio-loud
galaxies also have an obscuring torus, then this implies that radio-loud AGN should
show similar soft X-ray warm absorbers. This prediction needs to be tested. Sim-
ilarly, if the torus is present in all Seyferts, why are there some Seyfert 1 galaxies
which do not appear to have warm absorbers? Could this be because the ring-shaped
source of the material gives rise to a hollow biconical outflow, as inferred in NGC
4151 and NGC 1068 (Crenshaw et al., 2000; Crenshaw and Kraemer, 2000), and
certain viewing angles do not intersect it?

Much more work can be done on finding and modelling quasar warm absorbers,
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including those in objects which are too faint for high resolution X-ray spectroscopy
with current instruments. Of particular interest is the range of redshifts at which
these absorbers are visible, and any links with the evolution of the quasars and their
host galaxies. The potential influence of AGN outflows on star formation in nearby

(and more distant) AGN could also be a fruitful area for further work.
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