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Zusammenfassung

Die Korrelation zwischen Mittinfrarot- und Röntgenleuchtkraft
in Aktiven Galaktischen Kernen

Der wichtigste Baustein des vereinheitlichten Modells für aktive galaktische Kerne
(active galactic nuclei – AGN) ist die Existenz eines absorbierenden Torus. Das verein-
heitlichte Modell hat sich in den letzten Jahren als sehr erfolgreich erwiesen; über die
physikalischen Eigenschaften des Torus wissen wir jedoch nach wie vor sehr wenig. In
dieser Arbeit präsentieren wir räumlich hochaufgelöste Mittinfrarot(MIR)-Bilder von na-
hen AGN und untersuchen die Korrelation zwischen der – auf das Ruhesystem des jeweili-
gen Objekts bezogenen – 12.3 µm- und der absorptionskorrigierten 2-10 keV-Leuchtkaft.
Da die Röntgenstrahlen von der Akkretionsscheibe stammen und das Mittinfrarotkon-
tinuum im Wesentlichen vom Torus emittiert wird, wo ein Teil der Strahlung von der
Akkretionsscheibe reprozessiert wird, ermöglicht uns diese Methode die Geometrie des
Torus zu untersuchen.

In unser Untersuchung finden wir eine starke Korrelation zwischen diesen beiden
Leuchtkräften mit LMIR ∝ L1.04±0.04

X . Außerdem ergeben unsere Daten, dass AGN
vom Typ I und vom Typ II mit einer Wahrscheinlichkeit von 97 % das gleiche mit-
tlere Leuchtkraftverhältnis LMIR/LX haben. Da es uns die hohe räumliche Auflösung
unserer Beobachtungen erlaubt, signifikante Beiträge von Störquellen auszuschließen,
ist diese Ähnlichkeit zwischen Typ I- und Typ II-AGN sehr wahrscheinlich echt. Wir
interpretieren dies als einen starken Hinweis auf Klumpigkeit des absorbierenden Medi-
ums. Die Steigung der Korrelation befindet sich in guter Übereinstimmung mit den
Vorhersagen des vereinheitlichten Modells und impliziert, dass sich die Geometrie des
Torus bestenfalls geringfügig mit der Leuchtkaft eines AGN ändert. Darüber hinaus
demonstrieren wir die außerordentliche Bedeutung von hoher räumlicher Auflösung für
Infrarotstudien von AGN.

Abstract

The mid-infrared – hard X-ray correlation in Active Galactic
Nuclei

The cornerstone of the unified scenario for active galactic nuclei (AGN) is the existence
of an obscuring torus. While the unified scenario has proven very successful, little is
known about the physical state of the torus itself. In this work, we present high spatial
resolution mid-infrared (MIR) imaging of 25 nearby AGN. We investigate the correlation
between the rest frame 12.3 µm and absorption corrected 2-10 keV luminosities. Since the
X-rays originate in the accretion disc and the MIR continuum is accretion disc radiation
reprocessed in the torus, this enables us to constrain the torus geometry.

We find a strong and highly significant correlation between both luminosities with
LMIR ∝ L1.04±0.04

X . Furthermore, we find that with a probability of 97 %, type I and
type II AGN have the same luminosity ratio LMIR/LX. The high spatial resolution of
our MIR imaging allows us to exclude any significant non-torus contribution to the AGN



mid-IR continuum, thereby implying that the similarity in the LMIR / LX ratio between
type Is and type IIs is intrinsic to AGN. We argue that this is best explained by clumpy
torus models. The slope of the correlation is in good agreement with the expectations
from the unified scenario and indicates little to no change of the torus geometry with
luminosity. In addition, we demonstrate that the high angular resolution is crucial for
AGN studies in the IR regime.
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1 Introduction

The more we learn about the world, and the deeper
our learning, the more conscious, specific, and artic-
ulate will be our knowledge of what we do not know,
our knowledge of our ignorance. For this, indeed, is
the main source of our ignorance – the fact that our
knowledge can be only finite, while our ignorance must
necessarily be infinite.

Sir Karl R. Popper: Conjectures and Refutations: The Growth
of Scientific Knowledge (1963)

1.1 Active Galactic Nuclei

Since Maarten Schmidt (1963) identified the emission lines in the spectrum of the ra-
dio star 3C 273 and deduced that its redshift is 0.16, this new class of quasi-stellar
radio sources (Quasars) has fascinated astronomers throughout the world. Interpreting
this redshift as being cosmological implies a gigantic intrinsic luminosity, and in fact
Quasars are the most luminous non–transient objects ever discovered. In order to ex-
plain this enormous energy output several very different models were proposed, among
them accretion onto a supermassive black hole (Salpeter, 1964; Zeldovich, 1964). This
idea did not become popular until Lynden-Bell (1969) argued that dead quasars in the
form of “collapsed bodies” should be common in quiescent galactic nuclei and might be
detectable through their effect on the mass-to-light ratio. Further support came from
the discovery of variable X-ray sources by the Uhuru satellite which turned out to most
probably contain accreting black holes of stellar masses (e.g. see Webster & Murdin,
1972; Tananbaum et al., 1972; Thorne & Price, 1975, for the interpretation of Cyg X-1).

Accretion was soon thought to be an important phenomenon not only in galactic X-
ray sources and AGN, but also in cataclysmic variable stars and protostars. In all these
objects the accreted material usually has a non-negligible amount of angular momentum.
Therefore, it is natural to assume that the accretion takes place in a disc that is oriented
perpendicular to the angular momentum vector. A key uncertainty has long been how
these “accretion discs” transport matter inward while at the same time transporting
angular momentum outward. The α-prescription of turbulent viscosity by Shakura &
Sunyaev (1973) and, later, the more general β-viscosity (Duschl et al., 2000; Richard
& Zahn, 1999) proved to be successful parameterisations of the turbulent processes in
accretion discs. Despite the success of these models, however, some aspects of the hy-
drodynamics in accretion discs are still not well understood.

1



2 1 Introduction

Figure 1.1: Optical spectra of different types of AGN, assembled by William C. Keel
(http://www.astr.ua.edu/keel/agn/spectra.html). References for individual spectra: NGC 4941
& 4579: Keel (1983); NGC 3368: Kennicutt (1992); Cygnus A: Owen et al. (1990); 3C 390.3 &
0814+425: Lawrence et al. (1996); mean QSO: Francis et al. (1991); NGC 4151: compiled by
Keel from several original sources.

Seyfert (1943) had been the first to systematically analyse galaxies with nuclear emis-
sion lines. To make active nuclei of galaxies a prime field of astrophysical research,
however, it required the discovery of Quasars and their subsequent identification with
the centers of distant galaxies (e.g. by Kristian, 1973). A variety of phenomena of nu-
clear activity were observed. Apart from Quasars, the most important classes of AGN
are Seyfert galaxies, Radio galaxies and Blazars.

Seyfert galaxies appeared as the less luminous local counterparts of Quasars and came
in two flavours: With the permitted emission lines showing a more broadened base than
forbidden ones (Seyfert 1) and without this extra broadening (Seyfert 2). These very
broad lines are also seen in the optical spectra of Quasars and are believed to originate in
a region closer to the central black hole than the narrower lines. These regions are called
Broad line regions (BLRs) and Narrow line regions (NLRs), respectively. Figure 1.1
shows the optical spectra of different types of AGN. We see the broad line components
in the spectra of Seyfert 1 and Broad line radio galaxies (BLRGs) and quasars. They
are missing in the spectra of Seyfert 2 and Narrow line radio galaxies (NLRGs).

Radio galaxies show gigantic radio lobes which are often connected to the centre of
the galaxy by jets (A beautiful example for such an object is Cygnus A; as illustration,
a radio map from Perley et al. (1984) is reproduced in fig. 1.2). Finally, Blazars are
characterised by their extremely rapid variability (in some cases on timescales of one
day) and polarised optical component. Despite these differences, all these objects show
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Figure 1.2: Radio map at 6 cm of the prototypical double-lobed radio galaxy Cygnus A, taken
by Perley et al. (1984) with the Very Large Array (VLA). Most striking are the giant radio lobes
which span a projected distance of 140 kpc. Both lobes show hot spots at their outer edges and
are only connected to the central point source by very thin radio jets.

an optical continuum that is fairly well described by a power law and strong optical
emission lines. Furthermore, they are usually bright in the X-ray and infrared (IR)
regimes. Because of these similarities the question arose whether some aspects of the
diversity in AGN appearance may result from the observer’s location relative to the
AGN. This led to the unified scenario for AGN which will be discussed in the next
section. Readers looking for a more detailed account of AGN research may be interested
in the review paper by Shields (1999).

1.2 The unified scenario for AGN

The term “unified scenario” is used for two different concepts in AGN research: A single
physical model to reproduce radio-quiet type I AGN (with Broad lines) and type II AGN
(without Broad lines); a model to unify the different classes of radio-loud AGN. In this
section both of these schemes will be briefly discussed. For a more elaborate, but in
some points somewhat outdated, account, consult Antonucci (1993) (for both radio-loud
and radio-quiet AGN unification) and Urry & Padovani (1995) (for radio-loud unification
only).

Radio-loud and radio-quiet AGN clearly require somewhat different physics. As the
formation of jets – which power the radio lobes in radio-loud AGN – in accretion discs
is still poorly understood, it is not known why some AGN have very powerful jets and
others only weak ones or in some cases possibly none at all. Furthermore, the huge
range of luminosities from Seyfert galaxies to QSOs (quasi-stellar objects - the name
for Quasars and radio-quiet objects with the same optical properties) is largely intrinsic.



4 1 Introduction

Figure 1.3: Idealised view of
an AGN and its viewing an-
gle dependent appearance: If
the line of sight crosses the
obscuring torus, the central
continuum source as well as
the broad line region clouds
are hidden from the observer.
Please note that the structures
are drawn in logarithmic scale.
This figure has been repro-
duced from Urry & Padovani
(1995).

Some aspects of the diverse appearance of AGN, however, can be attributed to orientation
effects.

1.2.1 Unification of radio-quiet AGN

Radio quiet AGN consist mainly of four classes of objects: Sy 1 and Sy 2 galaxies
at low luminosities and their high-luminosity counterparts, type I and type II QSOs.
Sometimes finer distinctions are made: As the strength of the narrow line components
increase relative to the broad components, the AGN are assigned types 1.0, 1.2, 1.5,
1.8, 1.9 and 2.0. Furthermore, classifications like 1h (broad lines detected in polarised
light only) and 1n (broad line AGN with unusually narrow Balmer lines), etc. have been
established. For a precise definition of the different spectroscopic AGN classes, consult
e.g. Véron-Cetty & Véron (2000).

The basic idea for explaining type I and type II objects with the same physical model,
is the presence of an axi-symmetric absorber, containing molecular gas and large amounts
of dust. The geometry of this absorber is thought to be either the one of a torus or of a
warped disc. Fig. 1.3 illustrates this concept. In fig. 1.4, I demonstrate how the torus is
orientated with respect to the observer in different types of AGN.

The first literature appearance of the idea of an orientation effect as the source for
different AGN appearance seems to be a footnote in Rowan-Robinson (1977). It was
picked up again, among others, by R. Antonucci to explain the presence of broad lines
in the polarised flux of the Narrow Line Radio Galaxy 3C 234 (Antonucci, 1982, 1984)
and the Seyfert 2 Galaxy NGC 1068 (Antonucci & Miller, 1985; Miller et al., 1991).

In both cases, the polarised spectrum showed broad lines and a strong continuum,
typical for type I AGN, with the polarisation position angle being perpendicular to
the radio jet. This was interpreted in the picture described above: While the strong
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continuum and broad lines are blocked from direct view by the geometrically and optically
thick torus, their light is scattered into the line of sight by electrons and, further outwards,
dust grains (Miller et al., 1991) which are situated above (or below) the plane of the torus.

Subsequently, many more type II AGN were shown to exhibit a type-I-like spectrum
in polarised light (e.g. by Tran et al., 1992; Lumsden et al., 2004; Zakamska et al.,
2005). While these results are the most convincing arguments for the unification of
radio-quiet AGN, other methods also contributed to establish the current picture. The
strongest argument for the axi-symmetry of the absorber is provided by observations of
ionisation cones. These usually have sharply defined conical or even biconical shapes
and are often well aligned with the radio jet axis (e.g. Pogge, 1989; Evans et al., 1991;
Storchi-Bergmann et al., 1992) and therefore match the picture imposed by the unified
scenario. The ionisation cones can be identified with the NLR as illustrated in fig. 1.3.

A still unsettled question is the geometry of the obscuring material. While most
theoretical work is done on models for tori (which will be discussed in more detail in
chapter 2), some groups also pursue the idea of a geometrically thin but warped disc
(e.g. Phinney, 1989; Pringle, 1996; Schinnerer et al., 2000; Galliano & Alloin, 2002).

There have been claims of “pure”, unobscured type II AGN (e.g. by Tran, 2003; Tran
et al., 2005; Wolter et al., 2005). While this issue has not been settled yet, it seems that
pure type II AGN, if they exist at all, are a small subclass of AGN. In section 7.2, we
present evidence from MIR imaging against the existence of pure type II AGN.

1.2.2 Unification of radio-loud AGN

As illustrated by 3C 234, the assumption of an axi-symmetric absorber is also employed
in the unification of radio-loud AGN. Thus, NLRGs and BLRGs can be explained as
being the same kind of objects viewed from different angles, just in the same way as Sy
1s and Sy 2s. There is much observational evidence to support this hypothesis, but since
it is of the same kind as for the radio-quiet AGN, it will not be discussed here.

To fully account for the different flavours of radio-loud AGN, however, a second effect
has to be taken into account: Relativistic Beaming of a collimated jet. Blandford &
Rees (1978) and Blandford & Konigl (1979) proposed that Blazars are radio galaxies
viewed along the axis of jets moving with highly relativistic velocities. They explained
the low equivalent width of the emission lines in these objects with the continuum being
relativistically boosted toward the observer. The most important arguments for a highly
relativistic motion of the emitters in blazars are (1) the apparent superluminal motions of
distinct knots, (2) the very short variability timescales – which lead to unphysical results
on the sizes of the emitting regions if relativistic beaming is not taken into account –
and (3) the presence of γ-ray photons up to TeV energies in some blazars (e.g. see
Sanders, 1974; Quirrenbach et al., 1992; Tavecchio et al., 1998; Kataoka et al., 1999). In
the radio, these sources have remarkably flat spectra and are dominated by the compact
jet component. Therefore, they are called Flat-Spectrum Core-Dominant (FSCD) Radio
Sources. In the optical, beamed sources are called “BL Lac” type objects and Optically
Violently Variable Quasars (OVVs). Both classes are characterised by rapid variability
and strong polarisation. The distinction is mostly historical, although most BL Lacs are
local objects of luminosities comparable to the ones of Seyfert galaxies while OVVs are
more distant and luminous AGN. The term “blazar”, a combination of “BL Lac” and
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Figure 1.4: Sketch of the unified scheme for AGN. The thick black arrow divides radio-loud from
radio-quiet objects and also denotes the direction of increasing luminosity. From left to right,
the orientation of the torus (brown “doughnut”) and the jet (blue cone) changes from face on to
edge on. The weak jets in radio quiet objects have been omitted for clarity.

“Quasar” then usually refers to all beamed AGN.
The idea of blazars to be radio galaxies viewed along the axis of their jets was confirmed

by the detection of weak, diffuse radio emission around many FSCDs (Antonucci &
Ulvestad, 1984). These weak radio lobes are approximately isotropic, the core emission,
on the other hand, shows a strong anisotropy. This is expected if the jet on one side is
moving toward the observer while the jet on the other side is moving away. The same
asymmetries are found in a large number of BLRGs. Reassuringly, asymmetric jets are
much more frequent in BLRGs than in NLRGs which indicates that the jets in NLRGs
are oriented closer to the plane of the sky as illustrated in fig. 1.4; see Barthel (1989) for
a more thorough discussion of this point.

Another important aim of unified schemes for radio-loud AGN is to explain the di-
chotomy between Fanaroff-Riley class I (FR I) and FR II galaxies. Fanaroff & Riley
(1974) discovered that at a certain critical luminosity in the radio (e.g. at L178 ≈ 2·1025W
Hz−1 at 178 MHz), the morphology of radio galaxies changes significantly. The lower
luminosity FR I sources are brightest near the nucleus and show relatively broad jets
and weak lobes. The higher luminosity FR II sources, on the other hand, are brightest
at the outer edges of the radio lobes and have very thin jets; Cygnus A, the example
shown in fig. 1.2, is a typical FR II galaxy.

FR I galaxies, being less luminous than FR II galaxies, seem to be the radio-loud
counterparts of Seyfert galaxies and, among the classes of beamed sources, can be unified
with the local BL Lac objects1 which are intrinsically less luminous than beamed Quasars.
FR IIs, on the other hand, are the same beasts as Quasars.

The reason for the different appearance of FR Is and IIs is that in FR Is the relativis-
tic jets are weaker, more easily slowed down by the interstellar medium (ISM) and thus
unable to inflate the huge radio lobes that are characteristic for FR IIs. Recent observa-
tions with the Infrared Space Observatory (ISO) by Müller et al. (2004) have confirmed

1The BL Lacs at cosmological distances should really be counted as OVVs since the spectroscopic
distinction between these two classes is quite fuzzy anyway
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Figure 1.5: 0.1 − 10 keV image of
the ULIRG NGC 6240, taken with
the Chandra X-ray telescope. The
two separate nuclei are clearly vis-
ible.

that FR Is are intrinsically less luminous than FR IIs and not merely embedded in thick
dust shells. Figure 1.4 illustrates how the different types of AGN fit into the unification
scheme.

It should be noted that despite the great success of the unification scenario described
above, AGN can have individually differing appearances. This is expected since an AGN
depends on and interacts with its environment. The picture gets especially complicated
for galaxies in which the type of activity (starburst or AGN) cannot be easily determined.
The most important classes of composite objects are Ultraluminous Infrared Galaxies
(ULIRGs) and Low Ionisation Nuclear Emission Regions (LINERs). ULIRGs are very
dusty objects and always contain starbursts (Sanders & Mirabel, 1996). In addition, some
of them contain deeply embedded AGN. One famous example is the double-nucleus of
NGC 6240, shown in fig. 1.5.

LINERs have spectroscopic properties which place them between Sy nuclei and H II
regions (see fig. 1.1). Some of these objects form the low luminosity end of the AGN
population while others seem to be pure star forming objects. The most reliable way to
discern between LINERs that contain AGN and those who do not, is to observe them
in the X-rays (González-Mart́ın et al., 2006; Flohic et al., 2006). But since the AGN in
LINERs can be very weak, it is not always possible to discriminate between those and
luminous X-ray binaries (ULXs).

1.3 Evolution of AGN

The scenario proposed by Lynden-Bell (1969) implies that the evolution of AGN is linked
to the evolution of their host galaxies. A more specific prediction is that a large number
of quiescent galaxies should contain Super Massive Black Holes (SMBHs) as the remnants
of past AGN activity. This prediction was indeed proven true. The best known example
of a quiescent SMBH is, of course, the one in the centre of our own Galaxy. This object
is especially important as it is the one with the tightest constraints on mass and radius,
ruling out most alternatives to BHs (Schödel et al., 2003).

We also find SMBHs at the centre of most other quiescent nearby galaxies (e.g. see
Richstone et al., 1998). In addition, their mass even seem to correlate with that of the
Bulge component of the host galaxy (Wandel, 1999; Ferrarese & Merritt, 2000; Gebhardt
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et al., 2000) which indicates that the BH and its host galaxy evolve together and influence
each other.

Even before these correlations were found, astronomers wondered how the gas that
fuels an AGN (and makes the BH grow) gets into the centre of the host galaxy. One very
popular idea is that external events disturb the kinematic structure of the galaxy and
make gas fall inward. The most violent of these events are major mergers, i.e. mergers
between two galaxies of comparable mass. Sanders et al. (1988) proposed that ULIRGs
are transition objects: post-mergers and pre-AGN. ULIRGs show a significantly higher
frequency of disturbed morphology and close companions than quiescent galaxies, and
contain sufficient cold gas to fuel an AGN. This idea was later also supported by theory.
Barnes & Hernquist (1996) showed that tidal interactions with close companions can,
indeed, sufficiently disturb a galaxy in order to funnel gas into its centre.

Further evidence for this evolutionary scenario is provided by the redshift distribution
of powerful quasars which has been determined quite accurately for X-ray selected QSOs
(e.g. by Silverman et al., 2005). This distribution can be qualitatively reproduced
by the major merger scenario, independently of the chosen structure formation model
(Horst & Duschl, 2007). N-body simulations of galaxy mergers by Hopkins et al. (2006)
show that, indeed, many observables, e.g. the AGN luminosity function, the column
density distribution, the mass function of local SBMHs and the X-ray background, are
fully consistent with the major merger scenario. Furthermore, it nicely fits into the
cosmological concept of hierarchical structure formation.

On the other hand, host galaxies of local AGN do not show an increased frequency of
significantly disturbed morphologies or close companions compared to quiescent galaxies
(e.g. Grogin et al., 2005), in contradiction to the expectations from the major merger
scenario. The resolution of this problem seems to be that AGN activity at low to mod-
erate luminosities can be triggered by minor instabilities leading to the infall of small
amounts of matter into the nucleus (King & Pringle, 2007) while, on the other hand,
luminous quasars are triggered by more violent events (major mergers and, potentially,
galaxy formation by monolithic collapse).

1.4 Current problems in AGN research

There are still many open questions regarding AGN. Three of these currently receive
particular interest: AGN – host galaxy co-evolution, the formation of the first QSOs and
the physical state of the axi-symmetric absorber.

It seems highly unlikely that different kinds of merger and instability events lead to the
same fueling rate of the AGN, relative to the bulge mass. One possible explanation for the
observed BH – bulge mass correlation is that every event that significantly enlarges the
bulge also causes the central BH to grow close to the Eddington limit. Another possibility
is a feedback process that induces self-regulation of BH growth. The most important
feedback effect is probably the heating of the circumnuclear environment via energetic
jets and winds (Begelman, 2003). Furthermore, radiative heating may be important as
well. These heating processes will have two effects: Expelling gas from the centre of
the galaxy and heating up molecular clouds and, thus, shutting down star formation.
Unfortunately, the efficiency of these effects is still poorly constrained.
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The field of AGN and host galaxy co-evolution touches the second major problem, the
Astrophysicist’s version of the hen and egg question: Did the first QSOs form in the cores
of the first galaxies or did the first galaxies assemble around primordial SMBHs (Carr,
1975)? The detection of galaxies and QSOs at redshifts above 6 makes it increasingly
unlikely that these objects can have formed by hierarchical merging. As demonstrated
by Immeli et al. (2004), however, a monolithic galaxy formation is a plausible way to
form galaxies at high redshifts. Thus, there is still no need to invoke primordial BHs in
galaxy evolution. On the other hand, we have to wonder whether the SMBHs are formed
along with the galaxy in a monolithic collapse or, later on, in a merger event. I believe
that for the highest redshift QSOs the first alternative is much more likely. This view
is supported by the recent result of Shields et al. (2006) who find the BH – bulge mass
relationship to change at redshifts z > 3 toward less massive bulges.

Finally, the physics and geometry of the obscuring material in AGN continues to raise
questions. Even the hypothesis that the absorbing medium has the geometry of a torus
is not undisputed. Some authors (Phinney, 1989; Schinnerer et al., 2000; Galliano &
Alloin, 2002) prefer to think of the obscuring medium as a thin, warped disc. The
majority of models, however, does assume a torus-like geometry. The torus hypothesis
is also supported by most observations, i.e. the biconical ionisation cones found in many
AGN. Furthermore, we know that the absorbing material is very compact (e.g. Weigelt
et al., 2004; Tristram et al., 2007) and has to be geometrically thick in order to reproduce
the observed type I / type II ratio of ∼ 1/3 (Osterbrock & Martel, 1993; Maiolino &
Rieke, 1995; Akylas et al., 2006). This favors a geometry resembling a torus rather than
a warped disc.

Another open question in this respect is whether the material in the torus is smoothly
distributed (Pier & Krolik, 1992) or arranged in discrete clumps (Krolik & Begelman,
1988). While this debate is far from being settled, recent models for clumpy tori by
Nenkova et al. (2002); Dullemond & van Bemmel (2005); Hönig et al. (2006) have proven
successful in reproducing infrared observations of AGN. A full hydrodynamical treatment
of clumpy tori, however, is still missing.

As we have seen, the putative torus is the key ingredient of the unified scenario.
Therefore, to constrain its physical properties is of paramount importance for our un-
derstanding of AGN. In this work, we will try to contribute to this task by investigating
the correlation between mid-IR and hard X-ray luminosities in AGN. A more thorough
discussion of the models for AGN tori and the observational evidence we have, will be
given in chapter 2.

1.5 The mid-IR – hard X-ray correlation and the scope of this
work

The mid-infrared (MIR) – hard X-ray correlation is an interesting tool to test the unified
scenario in general and different classes of torus models in particular. The intrinsic hard
X-ray luminosity, i.e. corrected for absorption in the torus, is a good proxy for the
bolometric luminosity of the accretion disc. The MIR luminosity, on the other hand,
measures the total thermal dust re-emission from the torus. As the dust is heated by
optical and UV photons from the accretion disc, a correlation between the intrinsic hard
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X-ray and MIR luminosities is expected for AGN. This expectation was confirmed by
Krabbe et al. (2001) and Lutz et al. (2004). The properties of the correlation these
authors found, however, does not agree with model predictions. More details on this will
be given in section 2.3.4.

Our contribution to this line of work is to observe a sample of AGN with – in the
MIR – unsurpassed angular resolution and, thus, present data that is largely free of
contamination from extra-nuclear emission. The X-ray data we use have been taken
from the literature. An extensive search enabled us to select the observations of highest
data quality and compare the results of different X-ray observations of the same objects.
Therefore, our results are well suited to constrain the geometry of obscuring dust tori in
AGN.

In order to set the stage, I will present the basic theory of obscuring tori in chapter
2. Different models as well as observational constraints will also be briefly discussed. In
chapter 3, I will discuss the observing techniques for ground-based MIR observations as
well as some specific properties of the VISIR instrument which we used.

Chapter 4 will then deal with the preparation and conduction of our two observing
campaigns with the results being presented in chapter 5. The implications of our results
for models of AGN as well as a comparison to results of projects similar to our own are
put forward in chapter 6.

In chapter 7, I present a few other projects I have been involved in during my time as a
Ph.D. student and which are relevant for the topic of this thesis. Finally, our conclusions
as well as an outlook on present and future activities are given in chapter 8.



2 The physics of AGN tori

There’s a tiresome young man in Bay Shore
When his fiancée cried, ’I adore
The beautiful sea’,
He replied, ’I agree,
It’s pretty, but what is it for?’

Morris Bishop, reproduced from ’Abstract and Concrete
Categories: The Joy of Cats’ by Jǐŕı Adámek, Horst Herrlich and

George E. Strecker

2.1 Basic geometry of the torus

An obscuring torus is the key ingredient of the AGN unification scenario. As we have
seen (section 1.2.1), there is strong observational evidence for an axi-symmetric absorber
to be the cause of the Sy 1 / Sy 2 dichotomy. Moreover, there are good indications that
the absorber is compact and torus-shaped. With this assumption, its geometry can be
constrained by some simple arguments.

2.1.1 The radius of the torus

The material absorbing the UV and optical continuum and broad line emission in type
II AGN, is dust. This dust is assumed to be similar to the one observed in the Galactic
interstellar matter and, thus, to consist mainly of different types of carbon and silicate
grains. Based on this assumption, we can calculate the temperature Tsub at which dust
particles sublimate. This process then defines the inner radius of the dusty part of
the torus (Barvainis, 1987). As silicate dust is destroyed at lower temperatures than
carbonaceous dust, I only consider the latter for the following calculations.

If we assume that the heating of the dust is mainly due to optical and UV radiation,
and the emission mainly in the IR regime, a dust particle is in radiative equilibrium, if∫

UV,optical
πa2QabsF

AD
ν dν =

∫
IR

4πa2QabsπBν(T )dν , (2.1)

where a is the radius of the dust particle, Qabs the absorption efficiency, FAD
ν the ra-

diation field at frequency ν originating in the accretion disc, and Bν(T ) the Planck
function at temperature T . In the UV and optical and for small grains (a . 0.05 µm),
we can assume Qabs to be ≈ 1, while in the IR we can approximate it by a power-law:

11
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Qabs/a = q0ν
γ with γ = 8/5 (see the absorption efficiency plot in Draine & Lee, 1984).

Here, we use a = 0.04 µm, q0 = 2.99 · 10−17 m−1 Hz−8/5 at ν = 3 · 1014 Hz (wavelength
λ = 1µm), as used in the radiative transfer calculations by Hönig et al. (2006). We then
obtain the equilibrium temperature of the dust:

Teq = 1136K · L5/28
45 r−10/28

pc a
−5/28
0.04 µm (2.2)

with rpc being the radius with respect to the primary radiation source in parsec, L45 =∫
UV,optical 4πr2Fνdν/1045 erg s−1 the source luminosity in units of 1045 erg s−1 and

a0.04 µm the grain radius in units of 0.04 µm. The dust grains sublimate when Teq = Tsub;
using the sublimation temperature for graphite, Tsub = 1500 K, we get the sublimation
radius rsub:

rsub = 0.46 pc · L1/2
45 T

14/5
sub a

1/2
0.04 µm. (2.3)

We will, henceforth, assume rsub to be the inner radius of the dusty torus. Very recently,
Kishimoto et al. (2007) found that near IR reverberation mapping of type I AGN agrees
with the general picture of rsub defining the inner radius of the torus. They find in-
dications, however, for the dust chemistry to differ from the one in Galactic molecular
clouds.

The existence of a sharp outer radius of the torus is much less obvious. The obscuring
material may smoothly connect to the ISM in the AGN’s host galaxy. SINFONI obser-
vations of NGC 3227 by Davies et al. (2006) show an ordered velocity field of molecular
hydrogen out to radii of 10 ∼ 20 pc. We can therefore assume, that the torus stretches
out to a few tens of parsecs.

2.1.2 The vertical extent

So far, we have considered the radial extent of the torus. In order to be an efficient
absorber it has to be geometrically thick, in addition to be optically thick. We can infer
its scale height by considering the ratio of type I to type II AGN which is estimated to be
close to 1/3 (Osterbrock & Martel, 1993; Maiolino & Rieke, 1995; Akylas et al., 2006).
We define θ as the half opening angle of the torus and Ωtorus as the solid angle it covers
when seen from the nucleus. Then, the covering factor fC of the torus is given by

fC =
Ωtorus

4π
= cos θ. (2.4)

For fC ≈ 2/3, we get θ ≈ 45◦. We now assume that the height h of the torus follows
a simple radial dependence of the form h(r) ∝ rα. Henceforth, we call α the flaring
parameter. From this assumption, we obtain

fC = cos arctan
(
c r1−α

sub

)
, (2.5)

where c is a constant and has the dimension pcα−1. The simplest solution for this
equation is h(r) = r. In case α was smaller than unity, eq. 2.4 still requires h(rsub) ≈ rsub

in order to match the observed Sy 1 / Sy 2 ratio. Therefore, we find c ≈ 1 pcα−1.
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2.2 The physical state of the torus

After the basic geometry of the torus has been established, we can now look into the
theoretical considerations for the physical state of the torus in more detail.

2.2.1 The need for clumpiness

As mentioned earlier, there is still debate over whether the torus is clumpy or not. The
basic argument for clumpiness, given by Krolik & Begelman (1988), is the dynamics
of the torus: In order to dynamically support the geometric thickness of the torus, we
require

∆vz

vϕ
≈ h

r
, (2.6)

where ∆vz is the velocity dispersion perpendicular to the torus mid-plane and vϕ is
the torus’ orbital velocity. This yields random velocities & 100 km s−1. If these velocities
were thermal, the resulting temperature (∼ 106 K) would be too high to allow for the
existence of dust. In sufficiently cold gas, however, these velocities would be highly
supersonic. Dissipation of such motion can only be avoided if the collision rate between
streams of different velocities is small – which can be achieved if the cool gas is organised
in clouds.

An alternative to the scenario described above, is to – at least partially – support the
thickness of the torus by pressure. This was proposed by Pier & Krolik (1992). Such
pressure could be provided either by the radiation from the accretion disc, or by a large
number of luminous stars combined with supernovae. The first possibility was investi-
gated by Krolik (2007) who found a 2d axi-symmetric solution for a radiatively supported
torus. Since, however, inwardly directed IR radiation is not considered in his model its
applicability is not evident. The second possibility requires a very recent episode of in-
tensive star formation which, in turn, requires fragmentation of the molecular gas. Thus,
even if the torus was supported by radiation pressure from stars and supernovae, one
would expect the medium to be clumpy. Please note, that for his modeling of a smooth
torus, Schartmann et al. (2005) had to use a supernova rate that significantly exceeds
the observed value.

2.2.2 Global structure

A basic analysis of the global structure of a molecular torus around a SMBH was provided
by Camenzind (1995) and Schartmann et al. (2005). These authors assume the gas and
dust to reside in a potential of the form

φtot = φBH + φSC + φCF , (2.7)

where φBH is the gravitational potential of the BH, φSC the one of the nuclear star cluster
and φCF the potential of the centrifugal force. Furthermore, they assume that the dust is
provided by stars and, therefore, has the same rotational velocity and velocity dispersion
as these donor stars. Assuming a density and velocity profile for the star cluster, the
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Figure 2.1: Isopynes (lines
of constant density) for
the Camenzind-Schartmann
model in the r − z plane.
Numbers are in kg m−3.
Dashed lines indicate different
angles from the torus axis.
Figure reproduced from
Schartmann et al. (2005).

Poisson equation for the torus can be formulated. For a torus in hydrostatic equilibrium
and with the further assumption that the torus is isothermal, a density distribution for
the dust can finally be obtained. An example is displayed in fig. 2.1. Close to the inner
wall of the torus, the density is steeply declining; the density profile then flattens toward
the outer parts of the torus. It is also important to note that the dust-free cone has steep
walls which means that the opening angle is small.

Structure of clumpy tori

The major shortcoming of the physical considerations presented above is the neglection
of cloud interactions. While clumpiness of the medium is assumed it is not taken into
account for the analysis of the global properties of the torus.

This issue was addressed by Vollmer et al. (2004) and Beckert & Duschl (2004) who
consider a torus that consists of distinct clouds, confined by self-gravity. The basis of
their model is the assumption that kinetic energy that is dissipated in the torus drives
a turbulent cascade down toward ever smaller spatial scales until fragmenting structures
are inherently stable: self-gravitating clouds close to the shear limit are formed. The
source of the kinetic energy that drives the turbulent cascade is accretion of interstellar
matter (ISM) toward the AGN. The resulting clumpy torus is still accreting, with energy
being dissipated in cloud-cloud collisions. This can become a stationary process with the
torus being the link between ISM and AGN.

The effective viscosity of this system depends on the collision rate between individual
clouds. The latter is parameterised by the dimensionless collision time τ = vϕ/rωcoll

where ωcoll is the mean collision frequency for one cloud. Then the viscosity ν is

ν =
τ

1 + τ2

(∆vz)
2 r

vϕ
. (2.8)

Except for the innermost part of the torus, the accretion time scale Beckert & Duschl
(2004) derived via eq. 2.8 is smaller than the star formation timescale. Thus, in this
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Figure 2.2: Density distribu-
tion for the collisional torus
model. Meridional cut (here
x is the radial coordinate)
through the mass density dis-
tribution in the torus. Spatial
coordinates have been scaled
to the dust sublimation radius.
Figure reproduced from Beck-
ert et al. (2004).

picture star formation and subsequent supernovae are not important for the dynamics
of the torus.

Combining the assumption of marginally stable clouds with the one of an isothermal
torus governed by a gravitational potential of the form of eq. 2.7 allows us to derive a
density distribution for the torus. An example is shown in fig. 2.2. The shape of the
isopynes is significantly different than the ones derived by Schartmann et al. (2005) as
shown in fig. 2.1. In particular, the clumpy torus has a wider opening angle and an
overall flatter shape. For the clumpy model, the number of obscuring clouds N for an
inclination i of the torus toward the observed (where i = 0 corresponds to a face-on view
of the AGN) is

N(i) =
∫ sout

ssub

ds

lcoll
= sin−1 i

∫ rout cos i

rsub cos i

dr

lcoll
, (2.9)

where lcoll is the mean free path for single clouds and rout is the effective outer radius of
the torus. The obscuring hydrogen column density then is

NH(i) =
∫ sout

ssub

ds

lcoll
NH,Cl(s) , (2.10)

with NH,Cl being the hydrogen column of a single cloud. For a typical Seyfert 2 galaxy,
this model yields between 6 and 10 clouds along the line of sight, on average. Due to
this small number, fluctuations in the hydrogen column densities toward Seyfert nuclei
are expected. The mass accretion rates Ṁ that correspond to these cloud densities and
the observed opening angles of AGN tori are beyond the Eddington limit (Ṁ ≈ ṀEdd).
This is not in disagreement with the observed sub-Eddington luminosities of the AGN as
a substantial amount of matter can be lost in outflows along the ionisation cones (Krolik
& Kriss, 2001).
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2.2.3 Dependence on luminosity

In the framework of the collisional torus model, accretion through the torus is required
to support its geometric thickness. If the accretion rate declines, some of the remain-
ing clouds will be scattered inward onto the accretion disc. Without sufficient energy
resupply, the velocity dispersion will decrease and, finally, the torus collapses to a thin
disc, similar to the one we find around the Galactic Centre (Vollmer et al., 2004). In a
recent study, Hönig & Beckert (2007) determined the minimum bolometric luminosity of
an AGN in order to support a geometrically thick torus to be Llow ≈ 5 · 1042 erg s−1.

Interestingly, the same luminosity was derived by Elitzur & Shlosman (2006) who
used a very different approach to explain the structure of AGN tori: In contrast to the
accretion scenario discussed so far, they argued that the torus is produced by a wind in
which material is blown off the surface of the accretion disc, cools down and eventually
forms dust. Here, the reason for the collapse of the torus is that in AGN with low
accretion rates the disc wind cannot provide enough mass to support a thick and dense
torus.

Another aspect of clumpy tori Hönig & Beckert (2007) investigated is the effect of
radiation pressure on the torus structure. First of all, since the matter density within
clouds declines with radius, the Eddington luminosity for individual clouds is a function
of r. If we consider the largest clouds that are marginally stable against gravitational
collapse, we get

LEdd,Cl ∼ r−3/2 . (2.11)

Limiting the discussion to the largest clouds only is justified as these provide the strongest
obscuration of the central engine. An important implication of rel. 2.11 is that large
clouds at large radii are blown away from the torus if they are not shielded by other
clouds. Therefore, strong flaring of the torus is inhibited and we expect h(r)/r ≈ const.
Furthermore, radiation pressure also affects clouds situated at the inner edge of the torus.
Above a luminosity Lbol ≈ 1045 erg s−1, the maximum cloud size is set by radiation
pressure rather than the shear limit. In this case, the volume filling factor declines and,
effectively, the covering factor behaves as

fC =
Ωtorus

4π
∝ L−1/4 . (2.12)

Thus, for AGN of increasing luminosities, we expect the type I / type II ratio to increase,
as well. Strictly speaking, rel. 2.12 only applies for accretion at the Eddington limit, i.e.
L = LEdd. For Eddington ratios significantly lower than unity, the dependence of the
covering factor on luminosity can be quite different.

2.3 Observational constraints and torus models

In the last section, I presented our current theoretical understanding of the physical
state of the torus. In order to test these theoretical concepts, we have to compare their
predictions to observations of AGN. As has been laid out in section 1.2.1, the evidence for
the existence of obscuring tori is quite firm. To observationally constrain their geometry
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Figure 2.3: Sketch of different torus geometries that are considered in models. a): Flared disc
geometry with constant h/r and half opening angle θ. b): As a) but with a clumpy rather than
smooth dust distribution. c): coplanar, cylindrical disc with constant h.

(see fig. 2.3 for a sketch of different torus geometries that are considered in models) and
physics, however, is a more demanding task. The most important achievements in this
line of work will be briefly discussed in the following.

2.3.1 Mid IR SEDs and radiative transfer modeling

One of the most straightforward, and also most important tests of torus models is to
compare the predicted dust emission to the observed one. The dust in the torus has
temperatures between 200 ∼ 1500 K, therefore it mainly radiates in the mid infrared
regime and its spectral energy distribution (SED) peaks at around 10µm.

Pier & Krolik (1993) compared the SED expected for a compact, cylindrical torus with
MIR observations of NGC 1068 and several PG quasars. They found general agreement
between observed and model SEDs. However, the absence of the 9.7 µm silicate feature
in some type 2 and all type 1 objects proved to be a problem for the model. This was
also noted by Efstathiou & Rowan-Robinson (1995) who tried to reproduce observations
using different torus geometries. They found that models produced either too narrow
an IR continuum or silicate features that are much stronger in absorption for type II
objects than the observed ones. The comparably best results were obtained for tapered
discs which behave like flared discs close to the sublimation radius and then flatten out
and become coplanar for larger radii.

With the Spitzer space telescope, different groups (Hao et al., 2005; Siebenmorgen
et al., 2005; Sturm et al., 2005), for the first time, managed to un-ambiguously detect
the silicate feature in emission for some type I AGN. The feature, however, turned out to
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Figure 2.4: Average
MIR spectra for different
AGN types, observed
with Spitzer. The 9.7 µm
feature appears strongly
in absorption for ULIRGs
and Sy 2 galaxies and
mildly so for Sy 1 galax-
ies. Only quasars show
the feature in emission.
Figure reproduced from
Hao et al. (2007).

Figure 2.5: Comparison
between the observed
SED of NGC 1068 (blue
diamonds and red curve)
and a model SED based
on the collisional torus
model. The shaded
area shows the range of
model SED variations for
different random cloud
arrangements, the dark
grey line is the average
of these different SEDs.
Figure reproduced from
Hönig et al. (2006).

be rarer and weaker than expected from model calculations. As can be seen in fig. 2.4,
the average MIR spectrum for Sy 1 galaxies even shows the feature weakly in absorption.

Nenkova et al. (2002) showed that the problems with fitting the shallow silicate features
and the widths of the IR SEDs could be solved by accounting for the clumpiness of
the emitting medium in the radiative transfer calculations. More recently, Hönig et al.
(2006) performed 3D-modeling of clumpy tori, based on the collisional torus model. They
showed that the application of their model to the prototypical Sy 2 galaxy NGC 1068
produces a SED that is in very good agreement with the observed one (fig. 2.5). The
comparison of this kind of model SEDs to the ones of type 1 AGN also shows promising
results (S. F. Hönig, private communication). The reason for the success of the clumpy
ansatz is that, for type I sources, self-absorption within the torus can be accounted for:
The cloud faces that are heated directly by the AGN show the silicate feature in emission
while the cool sides of the clouds that face outward show it in absorption. The result is
a very weak feature in either emission or absorption for type I sources. Similarly, in type
II sources the absorption feature is weakened by the clumpy structure.
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Figure 2.6: Compar-
ison between K-band
model visibilities for the
collisional torus model
(thick grey line), a simple
Gaussian visibility curve
(dashed-dotted lines)
and observations of NGC
1068 (black diamonds).
Figure is reproduced
from Hönig et al. (2007).

2.3.2 Infrared interferometry

So far, high quality mid infrared interferometry data have been published only for three
AGN: NGC 1068, Cen A and Circinus. They show very different structures.

In the case of Cen A, MIDI observations show that the bulk of the mid infrared radi-
ation originates in an unresolved source. Therefore, Meisenheimer et al. (2007) suggest
that the IR continuum of Cen A is not dominated by a dusty torus but by synchrotron
emission from the base of the jet. In this picture, the prominent silicate absorption fea-
ture is produced in a foreground screen of cold dust – the famous dust lane in the host
galaxy. However, Cen A is a weak AGN and, therefore, the torus may be too small to be
resolved with the used MIDI observation. Meisenheimer et al. (2007) state a resolution
of < 10 milli arcseconds (mas) while from eq. 2.3 we expect rsub to be equivalent to . 1
mas.

In the case of Circinus, MIDI observations obtained by Tristram et al. (2007) do show
indications for extension of the primary source of MIR radiation. They fit the observed
visibilities using two components: A dense and warm disc of 0.2 pc radius and a less
dense and cooler, geometrically thick component of ∼ 1 pc radius which they identify
with the obscuring torus. Furthermore, the observed visibility dependence on projected
baseline is interpreted as a signature for clumpiness inside the torus.

For NGC 1068, K-band bispeckle and long-baseline interferometric data were analysed
by Hönig et al. (2006). They found overall agreement between the visibilities and the
collisional torus model. In fig. 2.6, the observed K-band visibilities of NGC 1068 are
shown. A smooth torus is expected to have a Gaussian visibility curve. As can be seen,
such a profile does not the match the VINCI observation. A clumpy torus model, on the
other hand, can reproduce the data very well.

2.3.3 The type I / type II ratio

Another powerful, yet simple, tool to constrain torus models is to use the number statis-
tics of type I and type II sources. As mentioned in section 2.1.2, the type I / type II
ratio constrains the opening angle of the torus. Observations have shown, however, that
this ratio depends on luminosity: The relative frequency of type I AGN compared to
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Figure 2.7: Mid IR
– hard X-ray corre-
lation found by Lutz
et al. (2004) – fig-
ure reproduced from
their paper. Blue
diamonds are type
I (Sy 1.0-1.5) AGN,
red stars are type
II (Sy 1.8-2.0) AGN.
The dotted line de-
notes slope unity.

type IIs increases with luminosity from ∼ 0.2 for L2−10 keV . 5 · 1042 erg s−1 to ∼ 0.6 for
L2−10 keV & 5 ·1044 erg s−1 (Simpson, 2005, and references therein). Therefore, Lawrence
(1991) suggested the “receding torus model” for which the opening angle increases with
luminosity. The simplest incarnation of such a model is a coplanar disc (see fig. 2.3)
with a scale height that is independent on accretion rate. As the sublimation radius of
the torus increases with luminosity the solid angle covered by it decreases. This model
was later refined by Simpson (2005) who found the type 1 fraction f1 to depend on the
λ5007 [OIII] luminosity L[OIII] as

f1 = 1−
(
1 + 3

(
L[OIII]/L0

)0.54
)−0.5

. (2.13)

with L0 = 1041.9 erg s−1. For L[OIII]/L0 � 1/3, eq. 2.13 yields f2 = 1 − f1 ∝
L−0.27

[OIII] which is close to the finding of Hönig & Beckert (2007) as laid out in eq. 2.12.
And, indeed, the clumpy torus model offers an alternative explanation for the luminosity
dependence of the type I / type II ratio: Instead of assuming the opening angle to increase
with luminosity, it predicts the clumps to be packed less densely within the torus.

2.3.4 The mid-IR – hard X-ray correlation

Finally, the mid-IR – hard X-ray correlation can serve to constrain torus models. First of
all, a strong correlation between the absorption-corrected hard X-ray luminosity LX and
the MIR luminosity LMIR is expected for AGN. Moreover, the anisotropy of the torus
emission should cause an offset in the LMIR/LX ratio: In type II objects, the hottest dust
close to the sublimation radius is hidden from the observer, therefore the LMIR/LX ratio
should be lower than in type I AGN by up to one order of magnitude (Pier & Krolik,
1992).
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The correlation was first investigated by Krabbe et al. (2001) who found a strong cor-
relation between the N-band (8− 13µm) and absorption corrected 2-10 keV luminosities
for a sample of 8 Seyfert galaxies. Lutz et al. (2004) evaluated the correlation for a
sample of 71 AGN, observed with the ISOPHOT instrument aboard the Infrared Space
Observatory (ISO). They found the dispersion of the correlation to be much larger than
expected. Moreover, in both studies, no difference in the luminosity ratio LMIR/LX be-
tween type I and type II AGN could be found. The results by Lutz et al. are shown in
fig. 2.7.

The infrared luminosities used by Lutz et al., suffer from the large aperture (24′′×24′′)
of the ISOPHOT instrument. Thus, the large observed scatter in the correlation may be
induced by extra-nuclear emission contaminating their flux measurements. Furthermore,
such contamination could also hide the difference between the Sy types.

In order to avoid the problems Lutz et al. encountered when it comes to interpreting
their data, we aimed to explore the mid-IR – hard X-ray correlation with the highest
possible angular resolution in the MIR and, thus, minimise contamination. We decided
to use archival X-ray data of nearby AGN and observe these with MIR instruments
mounted at 8m-class telescopes. Therefore, two observing campaigns using the VISIR
instrument at Unit Telescope 3 of ESO’s Very Large Telescope (VLT) were undertaken.
Both proved to be successful and provided us with MIR photometric data of high quality.
These data were used to constrain the geometry of the dusty torus in AGN.
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Zapp Brannigan: Good work everyone; the mothership
is destroyed.

. . .
Zapp Brannigan: What the hell is that thing?
Kif: It appears to be the mothership . . .
Zapp Brannigan: Then what did we just blow up?
Kif: The Hubble Telescope

Futurama, Season 1, Episode 12 (1999)

3.1 Observing in the mid-Infrared

Groundbased mid-IR observations face a number of special problems due to the physical
properties of the Earth’s atmosphere. The obvious way to overcome these is to make
MIR observations from space. This, however, currently limits the achievable angular
resolution to that of Spitzer’s 85 cm mirror. In order to do better and, in particular,
make use of the high angular resolution capabilities of today’s 8-10 m class telescope’s,
special observing techniques have to be applied to deal with the problems imposed by
our atmosphere.

Our atmosphere absorbs the majority of the MIR radiation from astronomical sources.
The main absorbers are the molecules H2O, CH4, CO2, O2 and O3. There are, however,
two spectral windows between 8 − 13 µm and 16.5 − 24.5 µm, in which the atmosphere
is rather transparent; these are called N- and Q-band, respectively. While the trans-
mission in the N-band is fairly good at a dry site – especially between 10.5 − 12 µm –
the atmosphere’s transparency in the Q-band is rapidly decreasing with wavelength and
can be viewed as a superposition of many sub-bands with a typical spectral coverage of
∆λ ≈ 1 µm and transmissivity of 60%.

The atmosphere does not only absorb MIR photons from astronomical objects but also
emits a strong thermal background. This background can be described as blackbody
radiation with a temperature of roughly 253 K. Also contributing to the background is
the telescope itself which, in case of the VLT, radiates at about 283 K. To avoid internal
background, MIR instruments have to be cooled. The VISIR instrument is operated at
33 K, its detectors at ∼ 4− 6 K, depending on the actual instrument setup.

The background is actually much stronger than the flux of the astronomical object
that is targeted in observations. In the N-band, the surface brightness of the sky is
mN = 3700 Jy/arcsec2 which is equivalent to ∼ 108 photons/s reaching the detector. In
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order to avoid saturation, the detector integration time (DIT) has to be short,typically
a few tens of milliseconds.

To make the astronomical target visible, the background has to be removed. This is
done by Chopping and Nodding. The basic idea is to perform differential imaging.
The chopping technique consists of taking two exposures, one on-source (target plus
background) and one off-source (background only), and subsequently subtract one from
the other. This has to be done faster than the rate of background variations. For VISIR,
a chop frequency of 0.25 Hz for N-band and 0.5 Hz for Q-band imaging has been found
to be adequate. Spectroscopic observations are performed with a chop frequency of 0.1
Hz.

In practice, chopping is usually achieved by moving the secondary mirror of the tele-
scope. This, however, slightly changes the optical light path and the resulting residual
background is suppressed by nodding. For that, the whole telescope is pointed off-source
and the same chopping observations as on-source are repeated.

If the amplitude of chopping and nodding (these two are usually identical), the so
called chop-throw, is chosen small enough, it is possible to gain another image of the
astronomical target from the off-source position. In fact with a chop-throw smaller by
a factor of two than the detector’s field of view, one gets three (when chopping and
nodding are done parallel to each other) or four (when done perpendicular) images of
the same object. Of course, this reduces the effective field of view to one third and one
forth of the detector’s, respectively. Here caution is required when observing extended
sources or objects in crowded fields. The result of this procedure is shown schematically
in fig. 3.1.

3.2 The VISIR instrument1

The MIR instrument used for our programme, was the VLT spectrometer and imager
for the mid–infrared (VISIR, see Lagage et al., 2004). The instrument is located at the
Cassegrain focus of unit telescope (UT) 3, Melipal (see fig. 3.2). It provides diffraction-
limited imaging at high sensitivity in the two mid-infrared atmospheric windows: the N
band between 8−13 µm and the Q band between 16.5−24.5 µm. In addition, it features
a long-slit spectrometer with a range of spectral resolutions between 150 and 30000.

3.2.1 Layout of the instrument

As VISIR is observing in the thermal infrared, it is a cryogenic instrument. The optical
bench is enclosed in a vacuum vessel. Standard Giffor-McMahon closed-cycle coolers are
used to maintain the required temperatures: 33 K for most of the optical system, < 15
K for the part close to the detectors and ∼ 4− 6 K for the detectors themselves.

Imager and spectrograph are two sub-instruments with independent lightpaths, optics
and detectors. Both parts have an all-reflective optical design.

1This section is based on information provided on the VISIR webpage at ESO:
http://www.eso.org/instruments/visir/ and in the VISIR User Manual (Smette & Vanzi, 2007).
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Figure 3.1: Schematic drawing of the content of a frame observed with chopping and nodding
done parallel (top) and perpendicular (bottom). The arrows depict the North and East directions
on the image; plus-signs indicate a positive flux, minus-signs a negative measured flux (resulting
from the subtraction procedure). In each row, the two central panels show the two nodding half-
cycle images in which the two different chopping positions have already been subtracted from
each other. The panels on the right show the final frame of one complete chop-nod-cycle. Figure
reproduced from Smette & Vanzi (2007).

The imager

The optical design of the imager – as shown in fig. 3.3 – consists of two parts, a collimator
which provides an 18 mm diameter cold stop pupil in parallel light and a set of three
objectives mounted on a wheel.

To avoid straylight and excessive background emission from the telescope structure,
the pupil of the telescope is imaged on a cold stop mask. The collimator mirror (M1)
is an aspherical mirror and is followed by a folding flat mirror (M2) which eases the
mechanical implementation. The filter wheel is located just behind the pupil mask.

Two objectives – the intermediate field (IF) and small field (SF) objectives – are
available on VISIR. Each of them is based on a three mirror anastigmatic (TMA) system
with each of the TMAs being made of three conic mirrors.

The SF objective has a scale of 0.075′′/pixel and a field of view (fov) of 19.2′′ × 19.2′′.
The IF objective’s scale is 0.127′′/pixel with a fov of 32.5′′ × 32.5′′. The radius of the
first Airy ring at λ = 7.7µm corresponds to 0.24′′ on the sky. This is the highest angular
resolution achievable with VISIR.

For the N-band, ten narrow-band and one broad-band filters are offered. For the Q-
band, three filters with intermediate widths can be used. The imager has some additional
filters that have not been offered to the community yet.

The sensitivities of all offered filters are shown in fig. 3.4. Units are in mJy/h for a
signal-to-noise ratio (S/N) of 10. For some filters, sensitivities close to the background
limit can be achieved. Especially in the Q-band but also for some N-band filters, however,
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Figure 3.2: The VISIR in-
strument mounted at the
Cassegrain focus of UT 3,
Melipal. Image taken from
ESO press release 13/2004:
http://www.eso.org/public/outreach/press-
rel/pr-2004/pr-13-04.html

the discrepancy between the theoretical limit and the observed sensitivity is quite large
(up to a factor of 2). The most important factors for the sensitivity are atmospheric
seeing and the amount of water vapour in the lower atmosphere. Therefore, observing
during the “Bolivian winter” in February, when humid air flows down from the Altiplano
toward Atacama desert, is not advisable.

The spectrograph

VISIR offers slit spectroscopy at three spectral resolutions, each with an angular scale
of 0.127′′/pixel. The spectrograph has two arms – one with the low order gratings for
the low and medium spectral resolution, the other with Echelle gratings for the high
spectral resolution. In front of the slit wheel, a reflective re-imager consisting of two
off-axis paraboloids and three folding flats is installed. The re-imager provides a 16 mm
diameter cold stop pupil in parallel light and transforms the incoming VLT Cassegrain
beam of F:13.4 to an F:10 beam at the spectrometer entrance.

The spectrometer has long slits and also short slits which are, however, only used in
high resolution cross-dispersed mode. The long slits have a length of 32.5′′ covering the
whole width of the detector, the short slits have a length of 4.1′′. The available slit
widths are 0.4′′, 0.75′′ and 1′′. An additional slit with a width of 15.3′′ is used for target
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Figure 3.3: Optical design of the VISIR imager; the optical path is shown from the entrance
window down to the detector. Figure reproduced from Smette & Vanzi (2007).

acquisition and centering on the detector.
The offered low resolution settings cover the whole N-band and provide a spectral

resolution of ∼ 300, the exact number depending on the chosen central wavelength. The
medium resolution mode provides a resolution of ∼ 3000; four settings in the N-band and
one in the Q-band are offered. The high resolution mode offers long-slit settings centred
on three narrow pass-bands (two in the N-band, one in the Q-band) and a total of 13
cross-dispersed settings (seven in the N-band and six in the Q-band); spectral resolutions
vary between 11000 and 32000.

Detectors

Both imager and spectrograph are equipped with a 256×256 pixel detector. The quantum
efficiency ranges between 50% to 65%. The temperature of the detectors is negligible
compared to the background generated by the atmosphere and the telescope. Both effects
are removed by chopping and nodding. Dark current residuals are at least 6 times lower
than the photon noise for the spectrometer and negligible for the imager.

The detectors have a switchable pixel capacity. The large capacity (1.8 · 107 e−) is
used for broad-band imaging, the small capacity (1.9 · 106 e−) for narrow-band imaging
and spectroscopy. For background noise-limited performance, the detectors are best
operated at half of the dynamic range for the large capacity and between 1/5 and 1/2 of
the dynamic range for the small capacity.

The performance of the imaging system depends on the quality of the detector. While



28 3 Observing Techniques

8 9 10 11 12 13
wavelength [µm]

1

10

100

se
ns

iti
vi

ty
 [m

Jy
 1

0σ
/h

]

median small field

median intermed. field

PAH1

ARIII

SIV_1

SIV

SIV_2

PAH2

SIC

PAH2_2

NEII_1

NEII

NEII_2

17.0 17.5 18.0 18.5 19.0 19.5 20.0
wavelength [µm]

10

100

se
ns

iti
vi

ty
 [m

Jy
 1

0σ
/h

]

median small field

median intermed. field

Q1 Q2 Q3

Figure 3.4: Sensitivities for VISIR imaging filters in the N-band (top) and Q-band (bottom).
Units are in mJy/h for a signal-to-noise ratio of 10. Filled triangles depict median sensitivities
for the SF objective, open triangles for the IF objective. Small dots show the sensitivities for
individual observations, thick dots the best sensitivity ever achieved. Horizontal bars show the
background noise limits for each filter. Their length corresponds to the filter’s bandpass. Figure
reproduced from Smette & Vanzi (2007).
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Figure 3.5: Bad pixel map of
the imager. The large grey
rectangular in the southwest-
ern corner consists of pixels
masked electronically in or-
der to decrease detector strip-
ing and the appearance of
ghosts. Figure reproduced
from Smette & Vanzi (2007).

it has a reasonably low number of bad pixels (< 2%), their positions are unfortunate
for high precision photometry. Furthermore, the detector suffers from striping and the
appearance of ghosts when observing bright targets.

The bad pixel map (fig. 3.5) shows that the Eastern side of the detector (assuming a
Position Angle of 0) is heavily affected by bad pixels. The electronic ghost, on the other
hand, usually appears on the Western side. The Southwestern corner of the detector
has been electronically masked in order to decrease the ghost and also detector striping.
This striping still appears when observing bright targets. As the minimum chop throw
offered for VISIR is 8′′, it is virtually impossible to avoid all bad pixels and the ghost
when using the SF objective. The consequences for our programme will be described in
chapter 4.

3.2.2 Data acquisition

Both of the VISIR detectors are controlled by ESO’s standard IRACE acquisition system.
In imaging, up to 200 frames per second are read. This rate is too high to store every
single frame; one image has a size of 256× 256 pixels with 4 bytes per pixel, yielding 262
kB per read-out. Thus, during each chopping cycle the elementary exposures are added
in real time and only the result is stored on disk.

Up to issue 80, the VISIR User Manual contained an incorrect equation for the total
rejected time for one exposure. Therefore, the calculation is shown below. In issue 81,
the error has been corrected.

A typical chopping frequency is fchop = 0.25 Hz. This means that one chopping half-
cycle (i.e. the time spent in one chopping position) takes Tchop = 1/2f−1

chop = 2 s. One
data file consists of all chopped images taken during one nodding position. For science
observations, one nodding half-cycle usually takes Tnod = 90 s. The number of images
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stored in one data file then is

Ncyc chop =
1
2

Tnod

Tchop
−Nskip chop, (3.1)

where Nskip chop is the number of chopping cycles dropped after each telescope movement
due to stability issues. The number of nodding cycles Ncyc nod is set according to the
total integration time given by the observer.

Similarly to Nskip chop, a number Nskip DIT of readouts at the beginning of each chop-
ping position is ignored. When TDIT is the time for one single exposure, the number of
stacked images for one chopping position is

NDIT = (2TDITfchop)
−1 −Nskip DIT. (3.2)

This yields a total on-source integration time of

Tsource = 2Ncyc nodNcyc chopNDITTDIT (3.3)

and a total rejected time of

Tskip = 2Ncyc nodTDIT (Nskip DITNcyc chop + Nskip chopNDIT) (3.4)

The duty cycle Tsource/(Tsource + Tskip) is typically around 70 %. This has to be taken
into account when applying for and planning observing runs with VISIR.
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While “pleasure” and “enjoyment” are often used to
characterize one’s efforts in science, failures, frustra-
tion and disappointments are equally, if not the more,
common ingredients of scientific experience. Overcom-
ing difficulties, undoubtly, contributes to one’s final
enjoyment of success. Is failure, then, a purely nega-
tive aspect of the pursuit of science?

Subrahmanyan Chandrasekhar: The Pursuit of Science: Its
Motivations (1985)

4.1 Target selection and X-ray data

The targets for our first sample of objects (listed in table 4.1) were selected from the
sample by Lutz et al. (2004). Our criteria were (1) observability at low airmass from
Paranal observatory during ESO period P75, (2) redshifts below 0.1 and (3) coverage of
a wide span of hard X-ray luminosities in both type I and type II objects.

For our second sample of objects (listed in table 4.2), we also selected targets not
included in the Lutz et al. sample. We browsed the literature for relatively nearby AGN
(z ≤ 0.1) with inferred absorption-corrected hard X-ray luminosities that are observable
at low airmass from Paranal observatory during ESO period P77. An additional criterion
was the inclination of the host galaxy toward the plane of the sky. We set the limit at an
inclination angle of i = 65◦ in order to avoid viewing the AGN through large amounts
of gas in the host galaxy. Note that two objects from our first sample – NGC 526a and
NGC 7314 – do not meet this requirement. The classification of all AGN in our sample
has been done according to Véron-Cetty & Véron (2006) with the exception of NGC
4303 (see section 4.1.3) and Cen A which is listed as a possible BL Lac object but is
commonly referred to as an optical type 2 AGN. For the subsequent statistical analysis,
we summarise Sy types 1.0, 1.2 and 1.5 as “type I” and Sy types 1.8, 1.9, 2.0 and 1h
as “type II”. Note that Véron-Cetty & Véron (2006) use the designation “Sy 3.0” for
galaxies harbouring low ionisation nuclear emission regions (LINER).

For our target selection, we had to search the literature for AGN with inferred 2-10 keV
luminosities. Observations at different epochs were taken as an indicator for the intrinsic
variability of the object. This task requires a lot of care as X-ray observations can be
of very varying quality, especially if other telescopes than Chandra and XMM-Newton
are involved. Furthermore, different authors sometimes pursue different strategies for
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fitting the observed data. In general, we give higher priority to recent data obtained
with state-of-the-art telescopes.

In the following, I will discuss the hard X-ray properties of our targets from both
samples. We have converted all luminosities to the cosmology employed in this work:
H0 = 73 km s−1 Mpc−1, ΩΛ = 0.72 and Ωm = 0.24 (Spergel et al., 2006). For some very
nearby AGN, the redshift is a poor indicator for the distance. In these cases, we use
other distance estimates (e.g. form variable stars, the red giant branch, the Tully-Fisher
relation). Whenever this is the case, it is stated in the text. Furthermore, we account
for a distance uncertainty of 10% in all luminosities.

Where multi-epoch observations are not available, we assume a variability / uncer-
tainty of a factor of 2 (0.3 dex). Formal errors to the X-ray luminosities are not stated
here as these are only used in logarithmic units. See tables 4.1 and 4.2 for logarithmic
luminosities and uncertainties. Please note that all 2-10 keV fluxes discussed here have
been corrected for absorption.

4.1.1 X-ray data for the P75 sample

Fairall 9: With XMM-Newton, Gondoin et al. (2001) measured a hard X-ray flux of
F2−10 keV = (1.56± 0.33) · 10−11 erg s−1 cm−2. From the compilation of earlier measure-
ments shown in their paper, we can estimate the peak-to-peak variability / uncertainty
to be of the order of 2. Most earlier observations yield a higher X-ray flux which may
be due to the poor angular resolution of the first X-ray satellites. One observation
from October 1984 yields a lower flux than the one obtained with XMM-Newton, but
still within the assumed uncertainty. Yaqoob & Padmanabhan (2004) report a flux of
F2−10 keV = 2.2 · 10−11 erg s−1 cm−2, obtained with Chandra. Within errors, this is
still consistent with Gondoin et al.’s measurement. From these fluxes we calculate a
luminosity of L2−10 keV = 7.43 · 1043 erg s−1. The reported hydrogen column density is
NH = (3.0± 0.2) · 1020 cm−2.

NGC 526a: Unfortunately, for this object no observations with Chandra or XMM-
Newton have been published. Using BeppoSAX, Landi et al. (2001) measured F2−10 keV =
1.8·10−11 erg s−1 cm−2, absorbed by NH = (1.33±0.15)·1022 cm−2. Due to the observing
capabilities at very high X-ray energies (2-100 keV) of BeppoSAX, the obtained fit is
more reliable than the ones derived from ASCA and Ginga data (see Landi et al. 2001
for references).

Another observation of NGC 526a with the RXTE satellite has been performed by
Revnivtsev et al. (2004). Extrapolating their 2-9 keV countrate yields F2−10 keV =
2.7 · 10−11 erg s−1 cm−2. Both observations are consistent with each other if we as-
sume an uncertainty of 0.2 dex. The resulting luminosity is L2−10 keV = 1.37 · 1043 erg
s−1.

NGC 3783: This object was observed with XMM-Newton by Blustin et al. (2002)
who report an intrinsic flux of F2−10 kev = 8.5 · 10−11 erg s−1 cm−2 which corresponds
to L2−10 kev = 1.61 · 1043 erg s−1. The Galactic absorption toward NGC 3783 is NH =
8.7·1020 cm−2. The intrinsic warm absorption can be ignored for our purpose as it hardly
affects the 2-10 keV band. Using the same measurements from Blustin et al., Shinozaki
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et al. (2006) derive a luminosity of L2−10 keV = 8.7 · 1042 erg s−1 – a result I am unable
to reproduce.

Variability of this source is indicated by comparing the flux given above to the one
reported by Malizia et al. (1997) (F obs

2−10 keV = 4.09 · 10−10 erg s−1) which is about five
times higher. Please note that the luminosity these authors report is not reliable. Not
only do they use outdated cosmological parameters but also an incorrect redshift for
NGC 3783. As their data is of high quality, we will use the results from Blustin et al.
(2002) and allow for a variability / uncertainty of 0.3 dex.

NGC 4579: This object has been observed multiple times (Terashima et al., 1998;
Ho et al., 2001; Dewangan et al., 2004; Cappi et al., 2006) with most of the results be-
ing in good agreement with each other. We here adopt the results of Cappi et al. –
L2−10 keV = 1.26 · 1041 erg s−1, NH ≤ 2 · 1020 cm−2 – which were obtained with XMM-
Newton. The luminosity stated by Dewangan et al. (2004) is lower by factor of 10. This,
however, seems to be a typographical error as all measured fluxes are consistent. A sta-
tistical uncertainty of 0.3 dex is assumed to account for the different results on L2−10 keV

among the other authors.

NGC 4593: The two most reliable datasets for this object are from Reynolds et al.
(2004) and Shinozaki et al. (2006), both obtained with XMM-Newton. They agree within
errors. We adopt the values provided by Shinozaki et al.: NH = 1.69 · 1020 cm−2 and
L2−10 keV = 8.60 · 1042 erg s−1. Steenbrugge et al. (2003) observed NGC 4593 with both
XMM-Newton and Chandra. While the Chandra result (L2−10 keV = 8.91 · 1042 erg s−1)
is in good agreement with the one cited above, the luminosity measured with XMM-
Newton is higher (L2−10 keV = 1.2 ·1043 erg s−1). This may be due to intrinsic variability

Table 4.1: Characterisation of our galaxy sample for P75. Heliocentric redshifts z were taken
from the NED, Seyfert types are according to Véron-Cetty & Véron (2006) and the inclination
angles i of the host galaxies on the sky were taken from the Hyperleda database (Paturel et al.,
2003). The absorption-corrected hard X-ray luminosities and intrinsic column densities have been
compiled from the literature (see section 4.1.1 for details). The last column contains the physical
scales resolved by VISIR, computed for an angular resolution of 0.35′′, which is a typical value
for our observations (see section 4.2).

Object z Sy i log L2−10 keV NH Scale
[erg/s] [1021 cm−2] [pc]

Fairall 9 0.047 1.2 55.7◦ 43.87± 0.15 0.3± 0.02 320
NGC 526a 0.019 1.9 74.0◦ 43.14± 0.10 1.33± 0.15 135
NGC 3783 0.010 1.5 29.9◦ 43.21± 0.15 n/a 70
NGC 4579 0.005 3.0 39.0◦ 41.10± 0.15 ≤ 0.2 35
NGC 4593 0.009 1.0 36.0◦ 42.93± 0.20 0.169 65
PKS 2048-57 0.011 1h 48.4◦ 42.84± 0.20 237± 20 80
PG 2130+099 0.062 1.5 63.0◦ 43.65± 0.20 n/a 415
NGC 7314 0.005 1h 70.3◦ 42.20± 0.15 7.2± 1.0 35
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of the source. We can account for this with an uncertainty of 0.4 dex.

PKS 2048-57: Risaliti et al. (2002), observing with ASCA, inferred NH = (2.37 ±
0.20)·1023 cm−2 and F2−10 keV = 2.65·10−11 erg s−1 cm−2, the latter yielding L2−10 keV =
6.88 · 1042 erg s−1. An independent analysis of archival ASCA data by Heckman et al.
(2005) yields L2−10 keV = 2.88 ·1042 erg s−1, after conversion to our cosmology. These re-
sults are consistent if we consider variability of the source: Georgantopoulos & Papadakis
(2001) report a flux variation by a factor of almost two within one week of observation.
For our study we use the results by Risaliti et al., allowing for a luminosity uncertainty
of 0.4 dex.

PG 2130+099: Lawson & Turner (1997) find this object to be unabsorbed and
emit F2−10 keV = 5.3 · 10−12 erg s−1 cm−2 and, thus, L2−10 keV = 4.50 · 1043 erg s−1.
More recently, Gallo (2006) observed PG 2130+099 with XMM-Newton and obtained
F2.5−10 keV = 3.1 · 10−12 erg s−1 cm−2. If we use the luminosity value from Lawson &
Turner and assume an uncertainty of 0.4 dex, this will be in good agreement with Gallo’s
result.

NGC 7314: This object was observed with XMM-Newton by Shinozaki et al. (2006).
After converting their result to our cosmology, we get L2−10 keV = 1.5 · 1042 erg s−1 and
a column density of NH = (7.2 ± 1.0) · 1021 cm−2. Older observations by Malizia et al.
(1997); Turner et al. (1997); Risaliti (2002); Risaliti et al. (2002); Kraemer et al. (2004)
are in good agreement with these numbers if one accounts for the different cosmological
parameters used.

4.1.2 X-ray data for the P77 sample

MCG-01-01-043: This object was observed with ASCA by Turner et al. (1997). They
report NH = 3.27+2.74

−0.0 · 1020 cm−2 and a luminosity that – corrected for the different
cosmologies – translates to L2−10 keV = 3.5 · 1042 erg s−1. Please note that Turner et
al. state that there is a slight ambiguity in the source identification. Fortunately, this
measurement is backed up by INTEGRAL observations (Ebisawa et al., 2003). JEM-X
measures F3−10 keV = 1.55 ·1012 erg s−1 cm−2. This yields L3−10 keV = 2.84 ·1042 erg s−1.
Thus, we can safely assume the results of Turner et al. to be valid.

Mrk 590: With XMM-Newton, Gallo et al. (2006) estimated a 2-10 keV luminosity
which, in our cosmology, yields L2−10 keV = 6.6 · 1042 erg s−1. This is in good agreement
with the results of a combined Chandra and XMM-Newton programme by Longinotti
et al. (2007) (L2−10 keV = 8.9 · 1042 erg s−1). Shinozaki et al. (2006), on the other hand,
having observed Mrk 590 with XMM-Newton as well, report a luminosity of L2−10 keV =
4.1 · 1043 erg s−1 (after conversion to our cosmology).

For this work we will use Longinnotti et al.’s result and allow for an uncertainty of 0.5
dex.

NGC 1097: Iyomoto et al. (1996) observed this object with ASCA and obtained
NH = 1.3+0.4

−0.3·1021 cm−2 and F2−10 keV = 1.7·10−12 erg s−1 cm−2, the latter corresponding
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to L2−10 keV = 6.18 · 1040 erg s−1.
In the compilation by Strateva et al. (2006), a luminosity of L2−10 keV = 0.00668 · 1042

erg s−1 is stated, the source of the data being a Chandra observation by M. Eracleous
that has not been published yet. The discrepancy to the result of Iyomoto et al. is one
order of magnitude. It seems likely, however, that the number given in Strateva et al.’s
paper is simply a typo: M. Eracleous is not only a co-author of their paper, but also of
another one by Nemmen et al. (2006) who also observed NGC 1097 with Chandra and
report NH = 2.3+2.8

−1.7 · 1020 cm−2 and F2−10 keV = 1.73 · 10−12 erg s−1 cm−2 and, thus, the
exact same flux as Iyomoto et al.

As results from Chandra are generally more reliable than those from ASCA, we will
adopt the values from Nemmen et al. for our analysis.

NGC 4303: This low-luminosity AGN was observed by Jiménez-Bailón et al. (2003),
using the Chandra telescope. The nuclear source does not show intrinsic absorption.
Thus, the the Galactic value of NH = 1.67 · 1020 cm−2 is adopted. The unabsorbed
flux is F2−10 keV = 2.6+1.0

−0.8 · 10−14 erg s−1 cm−2. This corresponds to a luminosity of
L2−10 keV = 1.44 · 1039 erg s−1. Please note that Jiménez-Bailón et al. (2003) cannot
exclude the possibility that the nuclear X-ray source of NGC 4303 is an X-ray binary
system instead of an AGN. They come, however, to the conclusion that this is unlikely.

NGC 4472: This object, unfortunately, has not been detected in the hard X-ray band
so far and was erroneously included in our sample. The most stringent upper limit to its
flux is from Panessa et al. (2006): F2−10 keV ≤ 6.6·10−14 erg s−1 cm−2. The corresponding
luminosity limit is L2−10 keV ≤ 1.48 ·1039 erg s−1. This is in agreement with the 3σ detec-
tion in the soft band by Soldatenkov et al. (2003) who measured L0.5−2.5 keV = 1.7 · 1038

erg s−1. Whether this source is dominated by a star-burst or suffers from Compton-thick
absorption is still under investigation.

NGC 4507: For this object the estimates for the hydrogen column density vary a lot.
The highest value (NH = 4.9 · 1023) is given by Malizia et al. (1997). Some of the same
authors (Bassani et al., 1999) later estimated NH = (2.92± 0.23) · 1023. Here, we adopt
the latter value as it is also a good average of the different published column densities.
The resulting absorption-corrected flux is F2−10 keV = 7.03 · 10−11 erg s−1 cm−2. This
yields L2−10 keV = 2.00·1043 erg s−1. We assume an uncertainty of 0.3 dex which matches
the variability observed by Georgantopoulos & Papadakis (2001).

NGC 4698: Three Chandra observations of this object have been published, by Cappi
et al. (2006), González-Mart́ın et al. (2006) and Panessa et al. (2006). Cappi et al. re-
port NH ≤ 4 · 1021 cm−2 and L2−10 keV = 1.59 · 1039 erg s−1. If we use the distance to
NGC 4698 from Tully (1988) which was also used by Cappi et al., the flux measurements
by Panessa et al. and González-Mart́ın et al. yield L2−10 keV = 1.54 · 1039 erg s−1 and
L2−10 keV = 4.90 · 1038 erg s−1, respectively. As all three observations seem to be of
comparable quality we adopt a mean luminosity of L2−10 keV = 1.21 · 1039 erg s−1 and an
uncertainty of 0.6 dex.

NGC 4941: Maiolino et al. (1998) present BeppoSAX observations of this object.
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Their best fit results are NH = 4.5+2.5
−1.4 · 1023 cm−2 and L2−10 keV ≈ 2 · 1041 erg s−1.

Risaliti (2002) complements the BeppoSAX data with ASCA observations. He draws the
conclusion that the absorbing column is actually Compton-thick. Terashima et al. (2002)
also find NH ∼ 1024 cm−2 and attribute the difference between their and Maolino et al.’s
result to variability of the absorbing column. Since NGC 4941 has not been observed by
X-ray telescopes recently, we have to use the estimate by Maiolino et al. We consider
the uncertainty of this luminosity estimate to be large and set it to 0.6 dex.

IRAS 13197-1627: The most recent X-ray observation using XMM-Newton is by
Miniutti et al. (2007). They report a hydrogen column density of NH = (3.9± 0.4) · 1023

cm−2. If we convert the absorption-corrected luminosity they infer to our cosmology, we
get Lobs

2−10 keV = (0.6± 0.2) · 1043 erg s−1. Miniutti et al. also estimate the true intrinsic
luminosity of the AGN by multiplying the reflection fraction. After correcting for the
different cosmologies, it is Lint

2−10 keV = (3.9 ± 2.6) · 1043 erg s−1. The first value is also
consistent with L2−10 keV = 0.37 ·1043 erg s−1 as resulting from the flux reported by Bas-
sani et al. (1999) – even though these authors assumed a much higher column density of
NH = (7.6 ± 1.3) · 1023 cm−2. For our further analysis. we will adopt Miniutti et al.’s
estimate for Lobs

2−10 keV and take the conservative assumption of an uncertainty of 0.4 dex.

Cen A: Observations with Chandra and XMM-Newton by Evans et al. (2004) yield an
absorbing column density of NH ≈ 1023 cm−2 and an intrinsic luminosity of L2−10 keV =
4.80 · 1041 erg s−1 with a peak-to-peak variability by a factor of . 2. This is consistent
with older estimates by Grandi et al. (2003) (F2−10 kev = 3.8 · 10−10 erg s−1 cm−2, yield-
ing L2−10 keV = 6.71 · 1041 erg s−1) and Risaliti (2002) (NH ≈ 9 · 1022 cm−2). Malizia
et al. (1997) estimated a very different luminosity of 1.6 · 1043 erg s−1. This discrepancy
is mainly due to the incorrect distance of 12 Mpc used by these authors (this issue is
discussed in subsection 4.1.3). Therefore, we adopt the luminosity from Evans et al. and
the absorbing column density from Risaliti.

NGC 5135: Bassani et al. (1999) reanalysed ASCA data recorded by Turner et al.
(1997) who reported NH = 4.7+7.6

−0.0 · 1020 cm−2 and F2−10 keV = 2.0 · 10−13 erg s−1 cm−2,
and come to the conclusion that the object is likely to be Compton-thick. This is in
disagreement to the analysis made by Turner et al. More recently, Levenson et al. (2004)
observed NGC 5135 with Chandra. They find NH > 1024 cm−2. From the flux of the
Iron Kα line they estimate the intrinsic hard X-ray luminosity to be L2−10 keV ≈ 1 · 1043

erg s−1.
Since Bassani et al. and Levenson et al., as well as Guainazzi et al. (2005) agree that

NGC 5135 is obscured by Compton-thick material, we will use the numbers from Lev-
enson et al. (2004). To account for the high uncertainty of the luminosity estimate, we
will set it to 1.0 dex.

MCG-06-30-015: This source has been extensively studied due to its prominent,
relativistically-broadened Iron Kα line (e.g. Tanaka et al., 1989; Fabian et al., 2003). A
dusty warm absorber with an equivalent neutral column density of a few 1021 cm−2 is
known to be present (Reynolds et al., 1997; Lee et al., 2001). Extrapolating the latest
3–45 keV Suzaku X-ray data (Miniutti et al., 2007) to 2–10 keV results in an intrinsic
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power-law luminosity of L2−10 keV = 3.7 · 1042 erg s−1. The source is known to vary
significantly. Therefore, we have used time-averaged measurements for the above calcu-
lation and also assign a variability / uncertainty of 0.4 dex. This is consistent with an
INTEGRAL/JEM-X measurement by Beckmann et al. (2006). For the column density,
we adopt the equivalent value from Reynolds et al. (1997), NH = (3.5± 1.1) · 1021 cm−2

which was calculated from optical reddening.

NGC 5995: This object was observed by Panessa & Bassani (2002), using the ASCA
satellite. They find NH = 9.0+0.5

−0.3 · 1021 cm−2 and (after conversion to our cosmology)
L2−10 keV = 3.48 · 1043 erg s−1.

ESO 141-G55: This object was observed with XMM-Newton by Gondoin et al.
(2003). They find the absorption to be Galactic with NH = 5.5 · 1020 cm−2. After we
correct the luminosity they determined for the slightly different redshift and cosmological
parameters we use, we end up with L2−10 keV = 8.01 · 1043 erg s−1.

Mrk 509: Shinozaki et al. (2006) observed this AGN with XMM-Newton and find an
intrinsic absorption of NH ≤ 4.8 · 1020 cm−2 and (after correcting for slightly different
cosmology and redshift) L2−10 keV = 1.3 · 1044 erg s−1. Using Chandra, Yaqoob & Pad-
manabhan (2004) observed Mrk 509 and find (again, after converting to our cosmology)
L2−10 keV = 1.3 · 1044 erg s−1, as well. Since the flux measured by these authors is larger
than the one observed by Shinozaki et al. by a factor of 1.5, it seems as if they fitted a
somewhat different absorbing column density. Nevertheless the agreement between these
two analyses is very good; we will thus use the numbers given by Shinonzaki et al.

NGC 7172: Intrinsic luminosity and column density estimates for this source show
a surprising range of variation. From BeppoSAX observations, Dadina (2007) infers
NH = 1.1 · 1021 cm−2 (although this seems to be underestimated by a factor of 100 due
to a typographical error) and F2−10 keV = 8.9 · 10−12 erg s−1 cm−2, yielding L2−10 keV =
1.33 · 1042 erg s−1. Awaki et al. (2006), on the other hand, report NH = (8.3± 0.2) · 1022

cm−2 and L2−10 keV = 5.8 · 1042 erg s−1.
Risaliti et al. (2002) compiled observations of NGC 7172 that had been executed

between 1985 and 1997. Column densities range between (7 − 11) · 1022 cm−2 and
absorption corrected fluxes between (0.9 − 7.7) · 10−11 erg s−1 cm−2 with a weak trend
toward lower fluxes with time. For our study we adopt the results of Awaki et al. as
they are intermediate ones.

A high variability of NGC 7172 in the hard X-ray band has been observed by Geor-
gantopoulos & Papadakis (2001) who report a flux variation by a factor of ∼ 6 within
one week of observation. To account for this we set the uncertainty to 0.8 dex.

NGC 7213: This object has been observed repeatedly by X-ray satellites. The most
recent results are by Starling et al. (2005) from XMM-Newton observations (Galactic
NH = 2.04 · 1020 cm−2, L2−10 keV = 1.7 · 1042 erg s−1), Zhou & Wang (2005), re-
analysing archival XMM -Newton data (L2−10 keV = 1.68 ·1042 erg s−1) and Bianchi et al.
(2004) who performed simultaneous observations with XMM-Newton and BeppoSAX
(NH = 2.04 · 1020 cm−2, L2−10 keV = 1.72 · 1042 erg s−1). The agreement of these studies
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is very good. We will use the arithmetic mean of these three luminosity estimates.

3C 445: The three most recent observations of 3C 445 were all carried out with
XMM-Newton; Shinozaki et al. (2006) measured NH = 1.32+0.1

−0.2 · 1023 cm−2 and – in our
cosmology – L2−10 keV = 2.6 · 1044 erg s−1. Grandi et al. (2007) find NH = 4+3

−2 · 1023

cm−2 and an unabsorbed flux of F2−10 keV = 1.7 · 10−11 erg s−1 cm−2 which translates
to L2−10 keV = 1.2 · 1044 erg s−1. The observations by Sambruna et al. (2007) yield
NH = 2.25+0.62

−0.43 · 1023 cm−2 and, after conversion to our cosmology, L2−10 keV = 8.1 · 1043

erg s−1. Given the complexity of the source (see section 4.1.3 for details), these numbers
agree very well. We therefore use the mean values.

NGC 7469: From XMM-Newton observations Zhou & Wang (2005) derive a lumi-
nosity of L2−10 keV = 1.29 · 1043 erg s−1. NGC 7469 was also observed with Chandra by
Jiang et al. (2006) who find a purely Galactic absorption of NH = 4.9 · 1020 cm−1. After
correcting for the different cosmology we use as well as for a slightly different redshift,
the luminosity they estimate translates to L2−10 kev = 1.46 · 1043 erg s−1. This is in good
agreement with the result of Zhou & Wang.

Scott et al. (2005) observed this object simultaneously in the X-rays and UV domains
with Chandra, FUSE and STIS. They do not state a 2-10 keV flux in their paper. Using
the power law model shown in their figure 1, however, we derive F2−10 keV = 2.46 · 10−11

erg s−1 cm−2. This, in turn, yields L2−10 keV = 1.45 · 1043 erg s−1.
As these three observations agree very well with each other, we will use the mean

luminosity and set the uncertainty to 0.2 dex.

NGC 7674: This object appears to be Compton-thick. Malaguti et al. (1998) suggest
an intrinsic luminosity of L2−10 keV ≈ 1045 erg s−1. For their estimate they assume the
electron scattering material to have the same geometry as in the prototypical Seyfert 2
galaxy NGC 1068. Correcting for the different cosmology they use, decreases this number
to ∼ 4.4 · 1044 erg s−1.

Another way to estimate the intrinsic 2-10 keV luminosity is via the correlation between
the λ5007 [OIII] and 2-10 keV fluxes. This correlation was recently refined by Panessa
et al. (2006) who reported log F2−10 keV− log F[OIII] ≈ 1.74. Dahari & De Robertis (1988)
measured a flux of F[OIII] = 4.3 · 10−13 erg s−1 cm−2. Bassani et al. (1999) corrected this
result for intrinsic absorption and obtained F int

[OIII] = (1.85 ± 0.1) · 10−12 erg s−1 cm−2

from which, in turn, we obtain L2−10 keV = 1.8 · 1044 erg s−1.
The result obtained from the [OIII] flux is in good agreement with the estimate by

Malaguti et al., especially regarding the somewhat speculative nature of both methods.
However, Bassani et al.’s absorption correction of the λ5007 [OIII] flux may suffer from
the large slit (2.7′′×4.0′′) used by Dahari & De Robertis (1988). If the Balmer decrement
was affected by off-nuclear emission, the reddening could easily be underestimated.

In a private communication to Malaguti et al. (1998), R. Maiolino reports Lint
[OIII] ≈

6 · 1044 erg s−1. In the cosmology used by Malaguti et al., this corresponds to a λ5007
[OIII] line flux of 1.5 · 10−10 erg s−1 cm−2. This, in turn, yields L2−10 keV ≈ 1.5 · 1046 erg
s−1, i.e. a source that is two orders of magnitude brighter than estimated by Malaguti
et al.
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For our analysis we will use the more conservative luminosity estimate of Malaguti
et al. and Bassani et al. by using the average of their estimates and allowing for an
uncertainty of 1 order of magnitude. An even higher luminosity, however, can clearly
not be ruled out.

NGC 7679: The only available recent hard X-ray data of this object seem to be from
Della Ceca et al. (2001) who use archival ASCA data and performed observations with
BeppoSAX. Their analysis yields NH = 2.2+1.8

−1.4 · 1020 cm−2 and F2−10 keV = 5.6 · 10−12

erg s−1 cm−2, the latter corresponding to L2−10 kev = 3.3 · 1042 erg s−1.

4.1.3 Further notes on individual objects

In this subsection, I will present additional important information on some targets from
our two VISIR samples. While for most objects AGN type, distance, etc. are unambigu-
ous, this is not always the case. Therefore, peculiarities of individual objects have to be
discussed here.

NGC 4303: The nucleus of this object is at the borderline between being a Seyfert
2.0 AGN and a low ionisation nuclear emission region (LINER) (Filippenko & Sargent,
1985). Since it is not evident – although very likely – that the nuclear X-ray source is an
AGN, we adopt the classification as a LINER, in contrast to Véron-Cetty & Véron (2006).

Cen A: The redshift of Centaurus A is z = 0.001825. In our cosmology, this corre-
sponds to a luminosity distance of 7.49 Mpc. However, the recessional movement of the
galaxy is mostly peculiar and not due to the Hubble flow. The best available distance
estimate toward Cen A is d = 3.84 Mpc. It was derived by Rejkuba (2004) using two
independent methods: The period-luminosity relation for Mira variables and the lumi-
nosity of the tip of the red giant branch. The uncertainty in Cen A’s distance together
with – by now outdated – different cosmological parameters have led some authors to
overestimate the luminosity of this object by more than one order of magnitude.

3C 445: This BLRG is an interesting case: Sambruna et al. (1998) and Shinozaki
et al. (2006) both invoke two different absorbing components to fit their respective X-ray
spectra. Moreover, the column densities derived from optical reddening and X-ray spec-
tral analysis do not match. This indicates an anomalous gas:dust ratio (Maiolino et al.,
2001). Recently, Grandi et al. (2007) observed 3C 445 with XMM-Newton and found a
complex absorption pattern with 70 % of the nucleus observed through a layer of dense
cold gas with NH ' 4 ·1023 cm−2 and the other 30 % observed through a less dense layer
with NH ' 8 · 1022 cm−2. Such partial covering of the nucleus may be an alternative to
the anomalous gas:dust ratio in explaining the behaviour of the source. Another recent
analysis of the same object was performed by Sambruna et al. (2007) who also invoke
multiple layers of absorption as well as a reflection component to fit its X-ray spectrum.

NGC 7674: As discussed in subsection 4.1.2, NGC 7674 appears to be a Compton-
thick AGN of high luminosity. Strictly speaking, it does not match our target selection
criteria as its intrinsic hard X-ray luminosity cannot be inferred with any precision. It
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Table 4.2: Characterisation of our galaxy sample for P77. Heliocentric redshifts z were taken
from the NED, Seyfert types are according to Véron-Cetty & Véron (2006) and the inclination
angles i of the host galaxies on the sky were taken from the Hyperleda database (Paturel et al.,
2003). The absorption corrected hard X-ray luminosities and intrinsic column densities have been
compiled from the literature (see section 4.1.2 for details). The last column contains the physical
scales resolved by VISIR, computed for an angular resolution of 0.35′′, which is a typical value
for our observations (see section 4.2).

Object z Sy i log L2−10 keV NH Scale
[erg/s] [1021 cm−2] [pc]

MCG-01-01-043 0.030 1.0 29.9◦ 42.50± 0.15 0.327+0.274
−0.0 200

Mrk 590 0.026 1.0 25.9◦ 43.61± 0.25 n/a 175
NGC 1097 0.004 3.0 51.2◦ 40.80± 0.15 1.3+0.4

−0.3 30
NGC 4303 0.005 3.0∗ 19.1◦ 39.16± 0.15 n/a 35
NGC 4472 0.003 2.0 50.1◦ ≤ 39.17 n/a 20
NGC 4507 0.012 1h 34.1◦ 43.30± 0.15 292± 23 80
NGC 4698 0.003 2.0 58.7◦ 39.08± 0.30 ≤ 4.0 20
NGC 4941 0.004 2.0 53.5◦ 41.30± 0.30 450+250

−140 30
IRAS 13197-1627 0.017 1h 55.0◦ 42.78± 0.20 390± 40 115
Cen A 0.002 2.0∗ 49.1◦ 41.68± 0.15 100± 30 7∗

NGC 5135 0.014 2.0 44.8◦ 43.00± 0.50 > 1000 95
MCG-06-30-015 0.008 1.5 60.6◦ 42.57± 0.20 3.5± 1.1 55
NGC 5995 0.025 1.9 41.3◦ 43.54± 0.15 9.0+0.5

−0.3 170
ESO 141-G55 0.036 1.0 40.0◦ 43.90± 0.15 n/a 240
Mrk 509 0.034 1.5 36.3◦ 44.10± 0.15 n/a 225
NGC 7172 0.009 2.0 57.8◦ 42.76± 0.40 83± 2 60
NGC 7213 0.006 3.0 28.6◦ 42.23± 0.15 n/a 40
3C 445 0.056 1.5 36.3◦ 44.19± 0.15 250± 136 365
NGC 7469 0.016 1.5 43.0◦ 43.15± 0.10 n/a 110
NGC 7674 0.029 1h 24.0◦ 44.56± 0.50 > 1000 195
NGC 7679 0.017 1.9 58.5◦ 42.52± 0.15 0.22+0.18

−0.14 115

∗Refer to subsection 4.1.3 for details.
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is, however, an interesting test case in order to check whether the MIR – hard X-ray
correlation holds for Compton-thick objects.

NGC 7679: As NGC 7679 is of Seyfert type 1.9 (broad Hα line but no broad Hβ),
one would expect the X-ray spectrum to show a low-energy cutoff typical for absorbed
systems. In their analysis, however, Della Ceca et al. (2001) found NGC 7679 to appear
as a Seyfert 1 in X-rays. Moreover, they found evidence for a starburst in the nucleus of
this object.

4.2 Observations and Data reduction

4.2.1 Observations

The data for this project were taken during ESO periods 75 (Spring 2004) and 77 (Spring
2005) in service mode at the Very Large Telescope (VLT). The instrument used was
VISIR, the mid-infrared imager and spectrograph at the VLT (see section 3.2 for details
on the instrument). Tables 4.3 and 4.4 show the observing log and resulting measure-
ments for both observing programmes.

We used the standard imaging template of VISIR, with parallel chopping and nodding
and a chop throw of 8′′. The parallel chop/nod mode was chosen for two reasons: First
of all, having three instead of four beams on the detector facilitates avoiding bad pixels
and the region affected by the electronic ghost. Secondly, by adding two beams (see fig.
3.1), we gain a factor

√
2 sensitivity in this double positive beam. For faint targets, this

facilitates detection; for bright targets, the signal-to-noise ratio (S/N) achievable with
perpendicular and parallel chopping and nodding is the same.

In order to get the best possible angular resolution, the small field camera (0.075′′ /
pixel) was used. Bright AGN were observed in three filters in order to allow a reconstruc-
tion of their spectral energy distribution (SED) in the MIR. Due to time constraints, faint
objects could only be observed in one filter. All observations were executed in service
mode with required observing conditions of clear sky and 0.8′′ seeing or less. The average
seeing in the MIR (FWHM of standard stars) was 0.36′′ in P75 and 0.33′′ in P77; the
average airmass was 1.15. No observation were executed at an airmass above 1.3. Science
targets and photometric standards were all observed within 2 h of each other and with
a maximum difference in airmass of 0.25. For most observations, however, differences
in both time and airmass are much smaller than these values. For our P77 campaign,
we selected guide stars by hand, using the guidecam tool provided by ESO, in order to
avoid potential problems with telescope guiding.

Some of the observations had to be repeated due to unstable or unsuitable observational
conditions. In these cases, only the data obtained under good conditions have been
used for our scientific analysis as well as the characterisation of the average observing
conditions. Observations that were later repeated are not listed in tables 4.3 and 4.4.
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46 4 Our VISIR imaging campaign

4.2.2 Data reduction and calibration

When reducing MIR data, first of all, the appropriate subtractions and additions of all
chopping-halfcycles and nodding half-cycles have to be performed. At the same time,
bad pixels and cosmic rays have to be removed. The latter are identified by comparing
consecutive exposures to each other. In case of VISIR, the detector produces a stripe
pattern. Its origin is unknown but the VISIR consortium pipeline (written and kindly
provided to us by Eric Pantin) is able to remove it very reliably.

VISIR imaging data is usually not flat-fielded before co-adding the single exposures,
as this hardly improves the image quality. For spectroscopic data, some tests imply that
flat-fielding actually may have a significant effect on the data quality.

After co-adding all single exposures of one observation, the counts on the detector
are converted to ADUs per second. Thus, we can perform photometric measurements
of all the images of our scientific target. Despite chopping and nodding, however, a
residual background remains on the image. This we removed by fitting a two-dimensional
polynomial to all detector areas not “contaminated” by the scientific target.

Unfortunately, this residual background sometimes varies faster than the nodding po-
sition is changed. This leads to background variations between consecutive nodding
cycles. In order to avert these from compromising our photometry, for sources observed
in somewhat unstable conditions, we reduced each nodding cycle separately. This, of
course, is only possible, if the target is bright enough to be visible after the exposure
time of just one nodding cycle.

Our science targets were all observed with parallel chopping and nodding. With a
chop throw of 8′′, this gives us three images of the object, the central one having twice

Table 4.5: VISIR conversion factors for the filters we used. We have analysed the standard stars
that were used to calibrate our data and state mean value of the conversion factor and absolute
and relative standard deviation.

Filter name mean conversion standard deviation
[Jy / (ADU/s)] absolute relative

P 75
SIVref1 1.174 · 10−5 n/a
SIV 1.046 · 10−5 0.32 · 10−6 0.031
PAH2 0.310 · 10−5 n/a
PAH2ref2 0.525 · 10−6 2.34 · 10−6 0.445
NeIIref1 0.940 · 10−6 4.02 · 10−6 0.427
NeII 1.216 · 10−5 0.64 · 10−6 0.053

P 77
SIV 1.022 · 10−5 0.60 · 10−6 0.055
PAH2 0.298 · 10−5 0.18 · 10−6 0.062
NeIIref1 1.091 · 10−5 0.58 · 10−6 0.053
NeII 1.171 · 10−5 1.10 · 10−6 0.094
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the flux of the other ones (see section 3.1 for details on the chop/nod procedure). We can
use this to estimate the measurement error: Since noise caused by background variations
is much larger than the photon noise, the standard deviation of the three images is a
very good error measure. For those objects, for which we reduced each nodding cycle
separately we measured the deviation among the images from each nodding cycle instead
of using the combined images.

In some cases, unfortunately, we had to drop some of the images. In P75, the reason
for this was the close proximity of some images to the edge of the detector and the loss
of flux caused by this. In P77, we avoided this problem by rotating the chop/nod –
direction by 45◦. In several cases, however, this led to one image being centered exactly
on a bad pixel and thus useless.

For the flux measurements, we used relatively small apertures with radii of ∼ 10 pixels
(= 0.75′′). This was done to avoid contamination by a residual background. We then
corrected the measured fluxes using the radial profiles of bright photometric standard
stars.

Four of our targets – MCG-01-01-043, NGC 4303, NGC 4472 and NGC 4698 – were
not detected by VISIR. Upper limits for the fluxes of these objects were obtained by
measuring the maximum noise-induced signal in those parts of the detector in which we
expect the target to be. We consider each pixel within a radius of 1′′ of the centre of the
detector for the position of the double positive image. The positions of the two negative
images are inferred using the known chop throw and chopping angle. We then determine
the maximum co-added signal of all three images, regardless of the sign of each image.
After multiplying the result by 3, we obtain a conservative 3σ upper limit on the flux of
these sources.

When the photometric data of each image of the object is extracted, we calibrate the
flux using photometric standard stars. Here, we found the ADUs-per-second-to-Jansky
conversion factor to be very stable. Exceptions are the PAH2ref2 filter and – only during
P75 – the NeIIref1 filter. The statistical analysis of the conversion factors that were
used for flux calibration is provided in table 4.2.2. Note that the large deviation for
the NeIIref1 filter during P75 was caused by one outlier; the conversion factors for all
remaining observations agree very well with each other. The important result of this
statistical analysis is that our high precision photometry is reliable.
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Everyone knew that stars were points of light. If
they weren’t, some would be visibly bigger than others.
Some were fainter than others, of course, but that was
probably due to clouds. In any case, their purpose,
according to established Discworld law, was to lend a
little style to the night.

Terry Pratchett, Ian Stewart & Jack Cohen: The Science of
Discworld (1999)

In this chapter, I will present the results of our two observing campaigns. First of
all, the mid-IR properties as seen with VISIR are put forward. Afterwards, I compare
these to Spitzer data of the same sources. Finally, the statistical analysis of the mid-IR –
hard X-ray correlation is presented. Here, we have to consider two possible error sources:
Contamination of IR fluxes and a redshift bias in our data.

5.1 The mid IR properties of individual objects

Out of the 29 AGN observed with VISIR, 25 were detected. The recorded images of
objects observed in at least 2 filters are shown in figs. 5.1 to 5.20, sorted by Right
Ascension. Objects only observed in one filter are shown in fig. 5.21, except for NGC
1097 which is shown in fig. 5.22. The images are linearly scaled. The minimum (black
colour) is set to the mean background value 〈BG〉. The maximum (white colour) is set
to 〈BG〉+ 5 σBG where σBG is the standard deviation of the background.

For the 4 non-detected objects, 3σ upper limits were derived by measuring the flux of
the largest noise-induced signal (see section 4.2.2 for details). In Tables 4.3 and 4.4, the
flux or flux limit and size of the PSF is listed for each object.

Most objects appear point-like and the torus remains unresolved in all cases. In some
cases the observing conditions were good enough to provide us with diffraction limited
imaging. In the images of NGC 3783 (5.4), NGC 4507 (5.5) and NGC 4593 (5.7), we
clearly see the first Airy ring. It is also barely visible in a number of other images.
Slight extension of the central source is visible in IRAS 13197-1627 (fig. 5.8) and NGC
5995 (fig. 5.11). Extranuclear emission is observed in NGC 1097 (fig. 5.22), NGC 5135
(fig. 5.21) and NGC 7469 (fig. 5.19). These objects will be discussed in more detail in
subsection 5.1.1.

1Some of the results presented in this chapter have been published in Horst, Smette, Gandhi, & Duschl
(2006) and Horst, Gandhi, Smette, & Duschl (2007).

49
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Figure 5.1: VISIR images of Fairall 9, showing the central 3.0′′ × 3.0′′ in three different filters
(SIV, NeIIref1, NeII). North is up and East is left. The object is unresolved.

Figure 5.2: VISIR images
of NGC 526a, showing
the central 3.0′′ × 3.0′′ in
two different filters (SIV,
NeIIref1). North is up
and East is left. The ob-
ject is unresolved.

Figure 5.3: VISIR images of Mrk 590, showing the central 3.0′′ × 3.0′′ in three different filters
(SIV, PAH2, NeII). North is up and East is left. The object is unresolved.
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Figure 5.4: VISIR images of NGC 3783, showing the central 3.0′′ × 3.0′′ in three different filters
(SIV, PAH2ref2, NeIIref1). North is up and East is left. The object is unresolved and we even
see the first Airy ring in the SIV and NeIIref1 filters.

Figure 5.5: VISIR images of NGC 4507, showing the central 3.0′′ × 3.0′′ in three different filters
(SIV, PAH2, NeIIref1). North is up and East is left. The object in unresolved. The small dent
to the Northwest is the brightest part of the Airy ring.

Figure 5.6: VISIR images of NGC 4579, showing the central 3.0′′ × 3.0′′ in three different filters
(SIV, PAH2ref2, NeIIref1). North is up and East is left. The object is unresolved.
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Figure 5.7: VISIR images of NGC 4593, showing the central 3.0′′ × 3.0′′ in three different filters
(SIV, PAH2ref2, NeIIref1). North is up and East is left. The object is unresolved and we see the
first Airy ring in all three images.

Figure 5.8: VISIR images of IRAS 13197-1627, showing the central 3.0′′ × 3.0′′ in three different
filters (SIV, PAH2, NeIIref1). North is up and East is left. The object shows a slight elongation
perpendicular to the chop/nod direction, with a PSF that is slightly larger than that of the
according standard star (see table 4.4).

Figure 5.9: VISIR images of Cen A, showing the central 3.0′′×3.0′′ in three different filters (SIV,
PAH2, NeIIref1). North is up and East is left. The object is unresolved.
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Figure 5.10: VISIR images of MCG-06-30-015, showing the central 3.0′′ × 3.0′′ in three different
filters (SIV, PAH2, NeIIref1). North is up and East is left. The object is unresolved.

Figure 5.11: VISIR images of NGC 5995, showing the central 3.0′′× 3.0′′ in three different filters
(SIV, PAH2, NeII); North is up and East is left. Morphology in the PAH2 filter and the the size
of the PSF (see table 4.4) hint toward a slight extension of the object.

Figure 5.12: VISIR images of ESO 141-G55, showing the central 3.0′′ × 3.0′′ in three different
filters (SIV, PAH2, NeIIref1). North is up and East is left. The object is unresolved.
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Figure 5.13: VISIR images of Mrk 509, showing the central 3.0′′ × 3.0′′ in three different filters
(SIV, PAH2, NeII). North is up and East is left. The object is unresolved.

Figure 5.14: VISIR images of PKS 2048-57, showing the central 3.0′′ × 3.0′′ in four different
filters (SIV, PAH2, PAH2ref2, NeIIref1). North is up and East is left. The object is unresolved.

Figure 5.15: VISIR images of PG 2130+099, showing the central 3.0′′ × 3.0′′ in three different
filters (SIVref1, PAH2, NeII). North is up and East is left. The object is unresolved.
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Figure 5.16: VISIR images of NGC 7213, showing the central 3.0′′× 3.0′′ in three different filters
(SIV, PAH2, NeIIref1). North is up and East is left. The object is unresolved.

Figure 5.17: VISIR images of 3C 445, showing the central 3.0′′ × 3.0′′ in three different filters
(SIV, PAH2, NeII). North is up and East is left. The object is unresolved

Figure 5.18: VISIR im-
ages of NGC 7314, show-
ing the central 3.0′′ ×
3.0′′ in two different fil-
ters (SIV, PAH2). North
is up and East is left. The
object is unresolved.
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Figure 5.19: VISIR images of NGC 7469. showing the central 6.0′′×6.0′′ in three different filters
(SIV, PAH2, NeIIref1). North is up and East is left. A diffuse emission component is visible
around the nuclear point source; in the PAH2 filter (central panel), a ring of emission knots is
discernible.

Figure 5.20: VISIR images of NGC 7679, showing the central 3.0′′× 3.0′′ in three different filters
(SIV, PAH2, NeIIref1). North is up and East is left. The object is unresolved.

In figs. 5.23 to 5.25, I have plotted the MIR SEDs of those objects which were observed
in two or more different filters. These SEDs are usually inclining longward of 11 µm, but
show a large variety of shapes.

Among the type I (Sy types 1.0, 1.2 and 1.5) sources (fig. 5.23), we find several
objects (i.e. Mrk 590, NGC 3783, NGC 4593, NGC 7469) with a flat SED between
10 µm and 11 µm and a steep incline toward longer wavelengths. Two objects – Fairall9
and MCG-06-30-015 – exhibit a peak between 10.5 µm and 12µm, indicative of a shifted
9.7 µm silicate emission feature. A shift of the silicate emission feature toward longer
wavelengths with respect to the more commonly observed absorption feature is observed
for virtually all objects for which the feature has been detected with Spitzer (see Hao
et al., 2005; Siebenmorgen et al., 2005; Sturm et al., 2005, or fig. 2.4). Finally, the
SEDs of ESO 141-G55, Mrk 509 and PG 2130+099 are remarkably flat. A weak silicate
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Figure 5.21: VISIR images of all sources that were only observed in one filter, excluding NGC
1097 (see fig. 5.22): NGC 4941, NGC 5135, NGC 7172, NGC 7674. In all images North is up and
East is left. Except for NGC 5135, all objects are unresolved. NGC 5135, as well, has a point-like
central source, but exhibits several additional sources, arranged in an arc to the Southeast of the
nucleus. Please also note that the spatial scaling is different for NGC 5135 than for the other
objects.
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Figure 5.22: VISIR im-
age of NGC 1097 taken in
the NeIIref1 filter, show-
ing the central 16.5′′ ×
16.5′′. North is up and
East is left. In the North-
western and Southeast-
ern corner, extra-nuclear
emission is visible; these
sources belong to the fa-
mous starburst ring of
NGC 1097.

emission feature may be hidden in these SEDs, especially in the case of PG 2130+099
where the energy output inclines between 9.0 µm and 10.5 µm.

The type II (Sy types 1.8, 1.9, 2.0 and 1h) objects can also be separated into different
groups. First of all, three objects, namely IRAS 13197-1627, Cen A and PKS 2048-57
show a steep rise toward longer wavelengths. This could either be due to a steep rise
in the dust continuum emission or because of a deep 9.7 µm silicate absorption feature.
NGC 526a shows the same trend but much less steep. NGC 4507 and NGC 5995 also
exhibit SEDs that are indicative of the silicate absorption feature. In both objects, the
continuum slope appears to be flat and the silicate feature is rather weak, its red wing
not extending beyond 11 µm. Two objects have SEDs with unexpected shapes: The one
of NGC 7679 is completely flat, and the one of NGC 7314 is even declining from 10.5 µm
to 11.2 µm. NGC 7314 is on of the two objects which do not meet the constraint on host
galaxy inclination that we later imposed on our second AGN sample. With an inclination
of 70.3◦ the host galaxy might block the line of sight toward the nucleus. Absorption
by cold dust would explain the observed spectral shape very well. On the other hand,
in NGC 7314 broad lines were detected in the polarised light. This makes obscuration
by the host galaxy unlikely. An alternative explanation would be the presence of a weak
silicate emission feature. While this would be surprising for a type II AGN, it would
support recent models of clumpy tori (see section 2.3.1).

There are two LINER type AGN for which we can compile MIR SEDs from our VISIR
data: NGC 4579 and NGC 7213. Both have a declining energy output toward longer
wavelengths, with NGC 7213 showing a steeper decline than NGC 4579. Among our
sample, only two other objects show similar SEDs: The Sy 1 object ESO 141-G55 and
the Sy 1h AGN NGC 7314.
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Figure 5.23: VISIR SEDs of the 10 type I AGN with photometric data in 2 or more filters. Three
objects have been offset for clarity: NGC 4593 by 1.0 · 10−10 erg s−1 cm−2 and Mrk 509 and PG
2130+099 by 2.0 · 10−10 erg s−1 cm−2.
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Figure 5.24: VISIR SEDs of the 8 type II AGN with photometric data in 2 or more filters. For
clarity, NGC 7679 was offset by 3.0 · 10−10 erg s−1 cm−2.
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Figure 5.25:
VISIR SEDs of
the 2 LINER
AGN with
photometric
data in 2 or
more filters.

5.1.1 Morphology of extra-nuclear emission

Three of the sources in our sample show extended extra-nuclear emission: NGC 1097,
NGC 5135 and NGC 7469. In all three cases, we see distinct knots of star formation
(SF) around the nucleus. Typical distances between SF knots and the AGN are 8.2′′

(∼ 700 pc) in NGC 1097, 1.5′′ (∼ 400 pc) in NGC 5135 and 1.3′′ (∼ 400 pc) in NGC
7469. In the latter two objects the proximity of the SF components to the AGN as well
as the presence of a weak diffuse component does not allow us to rule out a significant
contribution of SF to the measured flux of the central point source. We have estimated
this contribution by assuming that the flux of the SF component on top of the AGN does
not exceed the flux of the brightest distinct SF knot. In the NeIIref1 filter, this yields a
maximum contamination of 15 % for NGC 5135 and 10 % for NGC 7469, respectively.
These uncertainties have been added to the photometric error and are accounted for in
our subsequent statistical analysis.

The SF we observe in NGC 1097 (fig. 5.22) is part of the well-known starburst ring
of this galaxy. Unfortunately, the field of view VISIR has in the high resolution mode
does not allow for imaging of the whole ring. Moreover, as the chop throw is of the same
order of magnitude as the separation between the AGN and the SF regions, positive and
negative images of different structures become intermingled. Therefore, we are not able
to study the MIR properties of the starburst in NGC 1097.

In NGC 5135, we see an arc of star formation at a distance of ∼ 400 pc from the
AGN. In fig. 5.26, I show an overlay of optical and our MIR data. The optical image
was taken with the WFPC2 instrument aboard the Hubble Space Telescope (HST), using
the F606W filter. The MIR contours correspond to the NeIIref1 image, smoothed over
5 pixels. Alternating solid and dashed-dotted lines have been used for the contours in
order to avoid confusion between different morphological features. The HST image shows
the spiral structure of the host galaxy, with the AGN residing in the central bar. To the
South, we find a very active SF region. Here, optical and mid-infrared morphologies are
very similar. Two other MIR sources – one to the East and one to the Southwest of the
nucleus, however, have only weak or no optical counterparts. In both cases, we likely
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see SF that is embedded in thick layers of dust. The dust absorbs the emission of the
hidden young stars and thermally re-emits in the MIR regime. It is interesting to note
that the region of SF is neither aligned to the spiral arms of the galaxy, nor does it show
the characteristic ring-like structure often found around AGN.

Such a ring of SF is found in NGC 7469 as can be seen in fig. 5.27, where I show
an overlay of an optical HST image and a VISIR NeIIref1 image. This overlay has been
made in the same way as the one for NGC 5135. Again, we only find a partial coincidence
of optical and MIR morphologies. Some of the less bright optical knots are strong MIR
emitters, indicating SF covered by dust. It should be noted, however, that the S/N in
the starburst ring is rather low, not allowing for a detailed matching of morphological
features.

5.2 Comparison to Spitzer data

We have browsed the Spitzer science archive for low (spectral) resolution spectra of
our sources, taken with the Infrared Spectrograph (IRS) (Houck et al., 2004) aboard the
Spitzer Space Telescope. With its 85 cm mirror, the angular resolution of Spitzer is about
10 times less than the one of the VLT. On the other hand, space-born IR observatories
are superior in terms of sensitivity and spectral coverage.

AGN have been among the primary targets for Spitzer. Therefore, many local AGN
have been observed and IRS spectra are available in the archive. Such spectra allow
us to look for mid-infrared emission lines and compare the spectral shapes and flux
levels of our data to the spatially less resolved Spitzer observations. To this end, we
downloaded reduced data and extracted the spectra with SPICE 2.0.4, using the “point
source with regular extract” generic template. The absolute flux calibration was done by
matching fluxes measured in different spectral settings for the same wavelengths. With
this method, we achieved an absolute flux uncertainty of ∼ 50 mJy. Especially large
discrepancies between different spectral settings were found for Cen A, MCG-06-30-15
and NGC 3783. For NGC 4579 and NGC 5995, observations in only one spectral setting
could be obtained.

In figs. 5.28, 5.29 and 5.30, we show IRS spectra and our VISIR photometry for all
objects which we had observed in two or more different filters and for which IRS spectra
were publicly available. We compare Spitzer and VISIR data of 9 type I AGN (fig. 5.28),
8 type II AGN (fig. 5.29) and 2 LINERs (fig. 5.30). The wavelength scale in all panels is
in rest-frame, dotted vertical lines depict the positions of common mid-infrared emission
lines: 7.7 µm PAH, 8.99 µm [ArIII], 9.67 µm H2 (0-0)S3, 10.5 µm [SIV], 11.3 µm PAH and
12.81 µm [NeII].

Among the type I AGN, we find a good agreement between Spitzer and VISIR data,
despite the difference in resolution by a factor of 10. The flux level is in significant
disagreement only for Mrk 590, Mrk 509 and NGC 7469. Presumably, in these cases the
IRS spectra contain contribution from SF around the nucleus. In NGC 7469, Spitzer is
not able to resolve the SF ring we see with VISIR. The strong PAH and [NeII] emission
lines in this object indicate the strong contribution of SF to the measured flux. In a
number of other objects, Spitzer reveals the presence of H2, PAH and [NeII] emission
lines. In addition, Fairall 9, Mrk 590 and, especially, 3C 445 show pronounced silicate
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Figure 5.26: Overlay
graphics, showing an
HST image at 606 nm
of NGC 5135 with over-
plotted VISIR contours
(NeIIref1 filter). The
contour levels are dis-
played as alternating
solid and dashed-dotted
lines. The image shows
the central 10′′ × 10′′,
North is up and East is
left. The VISIR contours
only cover the central
6′′ × 6′′ of the displayed
region.

Figure 5.27: Overlay
graphics, showing an
HST image at 606 nm
of NGC 7469 with over-
plotted VISIR contours
(NeIIref1 filter). The
contour levels are dis-
played as alternating
solid and dashed-dotted
lines. The image shows
the central 10′′ × 10′′,
North is up and East is
left. The VISIR contours
only cover the central
6′′ × 6′′ of the displayed
region.
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Figure 5.28: Comparison of low resolution Spitzer IRS spectra (solid lines) and our VISIR pho-
tometry (filled circles) for the Sy 1 AGN among our sample for which both datasets are available.
Horizontal error bars correspond to the filter pass band. The absolute flux uncertainty of the
IRS spectra is about 50 mJy. Dotted lines denote the position of common emission lines: 7.7 µm
PAH, 8.99 µm [ArIII], 9.67 µm H2 (0-0)S3, 10.5 µm [SIV], 11.3 µm PAH and 12.81 µm [NeII].

emission features. For the latter two objects, these are not present in the VISIR data
and are, therefore, probably an extra-nuclear phenomenon. For MCG-06-30-015, the
situation is reversed: The VISIR SED is indicative of a silicate emission feature while it
is hardly present in the IRS spectrum.

For our type II sources, the IRS spectra show emission lines in every object. Especially
remarkable is the spectrum of NGC 7679 which resembles the one a of starburst galaxy
rather than an AGN. The VISIR photometry, however, does not appear to be significantly
affected by SF as we do not find any indication for the presence of the 11.3 µm PAH line
which is very strong in the IRS spectrum. For NGC 526a, IRAS 13197-1627, Cen A
and PKS 2048-57, the shape of the VISIR SED had led us to assume that a pronounced
silicate absorption feature is observed toward these objects. This seems to be true only
for Cen A where the unusual spectral shape between 10µm and 12µm is caused by a
superposition of a rising continuum and rather strong silicate absorption feature. In
IRAS 13197-1627, PKS 2048-57, NGC 5995 and NGC 7314, the feature is only weakly
pronounced. All other objects do not show it at all. Please note that in case of NGC
4507, a re-examination of the Spitzer dataset has shown that this observation was slightly
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Figure 5.29: Comparison of low resolution Spitzer IRS spectra (solid lines) and our VISIR pho-
tometry (filled circles) for the Sy 2 AGN among our sample for which both datasets are available.
Horizontal error bars correspond to the filter pass band. The absolute flux uncertainty of the
IRS spectra is about 50 mJy. Dotted lines denote the same emission lines as in fig. 5.28.

Figure 5.30: Comparison of low resolution Spitzer IRS spectra (solid lines) and our VISIR pho-
tometry (filled circles) for the LINER AGN among our sample for which both datasets are
available. Horizontal error bars correspond to the filter pass band. The absolute flux uncertainty
of the IRS spectra is about 50 mJy. Dotted lines denote the same emission lines as in fig. 5.28.
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mis-pointed (M. Haas, private communication). Thus, the actual nuclear spectral shape
might be different than shown in fig. 5.29. This would also explain why the VISIR fluxes
are slightly larger than the IRS ones. It seems possible that the same has happened for
PKS 2048-57 for which the fluxes measured with VISIR are slightly larger than the ones
observed with IRS, as well.

The two LINERs in our sample appear quite differently in VISIR and Spitzer obser-
vations. The IRS spectrum of NGC 4579 shows a continuum that is rising toward the
red while the VISIR measurements show a flat continuum. The strong [ArIII], PAH and
[NeII] lines indicate the presence of active SF. Cold dust in the outer parts of a deeply
embedded SF region could also explain the red continuum colour. In the case of NGC
7213, the continuum levels measured with VISIR and Spitzer are in agreement with
each other. In the IRS spectrum, a silicate emission feature is superimposed onto the
strong rise toward longer wavelengths. This feature appears to be absent in the VISIR
photometry.

While a quantitative analysis of the difference in flux between IRS spectra and VISIR
photometry is difficult due to the above mentioned problems with the flux calibration
of the IRS data, we do find that in some cases the disagreement is significant. In some
objects from our sample, e.g. in Mrk 590, NGC 7469, NGC 7679 and NGC 4579, roughly
50 % of the IRS continuum flux cannot be accounted for with VISIR and, thus, very likely
originates in circumnuclear SF or other extra-nuclear phenomena. The case of Mrk 590 is
of particular interest in this respect as the IRS spectrum does not exhibit strong emission
lines indicative of star formation (i.e. PAH, [NeII]). The difference in flux is marginally
compatible with the flux calibration uncertainty of the IRS and probably real. This
would mean that the absence of such lines does not necessarily imply a spectrum to be
free of contaminating, extra-nuclear emission.

5.3 Sample properties

After having presented the MIR properties of the individual targets in our sample, I will
now present the properties of the whole sample. Before the statistical analysis of our
results is put forward, I will discuss contamination of our MIR photometry. Finally, we
have to explore the possibility of a redshift bias affecting our statistical results.

5.3.1 Possible contamination of our VISIR fluxes

A potential problem for our study is contamination by extra-nuclear emission. This is
primarily important in the mid-infrared. AGN of moderate to high luminosities should
always dominate their hosts in the 2-10 keV band. In the mid-infrared, on the other hand,
star formation and also Narrow Line Region (NLR) clouds can significantly contribute
to the total flux. The comparison between VISIR and Spitzer measurements shows that
the contamination of IR fluxes can be of the same order as the AGN flux.

First of all, the high angular resolution (see Tables 4.1 and 4.2 for the physical scales
we resolve) cuts away most of the star formation. As discussed in section 5.1, in three
objects we find resolved star formation around the nucleus. In all cases, the separation
between the nucleus and the SF regions is such that it would be resolved even in our
most distant targets. Therefore, we are confident that emission from SF regions does
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Figure 5.31: Luminosity ratio LMIR/LX vs resolved scale in units of rsub. Blue squares are type I
Seyferts, red diamonds are type II Seyferts; green triangles are LINERs. Compton-thick objects
are displayed as red arrows, non-detections in the infrared have been omitted. They would be
positioned outside of the displayed region, toward higher luminosity ratios. The vertical dashed
line indicates a resolution of 560 · rsub above which the luminosity ratio rises.

not heavily affect our measurements. For NGC 5135 and NGC 7469, we inferred upper
limits for such contamination of 15 % and 10 % of the measured flux, respectively. This
is of the same order of magnitude as the photometric error.

Another potential source of contamination is the NLR which, in most of our sources,
cannot be separated from the nucleus. The case of NGC 1068 shows that this may be
a problem, as very accurate MIR photometry of this object (Galliano et al., 2005) show
the NLR clouds to contribute almost 50 % of the nuclear MIR emission. Fortunately,
three of our detected sources, namely NGC 4579, NGC 1097 and, most importantly, Cen
A, are at comparable or even smaller distances than NGC 1068 and do not show any
additional nuclear components. In addition, the high flux contribution of 50 % of the
NLR in the NeII filter, measured by Galliano et al. (2005) seems to be mainly due to
[NeII] line emission. In other filters, the level of contamination appears to be lower.

In order to test whether less resolved sources are affected by extra-nuclear emission, in
fig. 5.31 we have plotted the MIR / X-ray luminosity ratio versus the resolved physical
scale, expressed in units of the dust sublimation radius rsub ∝ L

1/2
bol (see eq. 2.3). Here, we

assume the accretion disc’s bolometric luminosity to be Lbol = 10 ·LX which is a typical
value for Seyfert galaxies (Vasudevan & Fabian, 2007). Interestingly, for observations
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for which the size of the PSF at FWHM (in pc) is less than 560 · rsub, there is no case
with LMIR/LX > 0.4, while this is the case for all but two objects with FWHM (pc)
> 560 rsub. We therefore use this resolution to separate our sample into well resolved
and less resolved sources1. The mean luminosity ratios for the well resolved and the
less resolved sources are (0.11± 0.19) and (0.65± 0.27), respectively. This difference
indicates that some of our less resolved sources are, indeed, affected by contamination
despite our high angular resolution.

Unsurprisingly, both IRAS 13197-1627 and NGC 5995 – the two objects which appear
slightly extended in our VISIR images (see section 5.1 for details) – belong to the less
resolved sources. Interestingly, this is also the case for all three LINERs in our sample.

5.3.2 Statistical analysis

In order to analyse the correlation between intrinsic hard X-ray and mid-infrared lu-
minosity, for each object we have taken the photometry done closest to our reference
wavelength of 12.3 µm in rest-frame and then converted to said wavelength by assuming
the SED to be flat in this part of the spectrum. This wavelength was chosen as it is
close to the peak of the MIR SED in AGN. In addition, is only affected by emission or
absorption in one of the silicate features at 9.7 µm and 18µm if these are particularly
strong. Fortunately, we find indications for particularly strong silicate absorption only in
Cen A. For this object, we cannot rule out that the measured continuum flux is slightly
too low. All other objects exhibit only weak silicate features or none at all (see sections
5.1 and 5.2 for details).

The resulting monochromatic MIR luminosities, as well as the intrinsic 2-10 keV lu-
minosities and hydrogen column densities are shown in table 5.1. Both luminosities are
then plotted against each other in fig. 5.32. Please note that the X-ray error bars in
this figure depict the uncertainty / variability of the respective sources as discussed in
section 4.1 and are not measurement errors. The correlation between the two luminosi-
ties is of high statistical significance. After excluding non-detections and Compton-thick
objects, the Spearman rank coefficient (Spearman, 1904) is ρ = 0.90 at a significance
level of 7.3 · 10−9. We can, therefore, safely reject the null hypothesis of no intrinsic
correlation. We fitted a power-law to the data and excluded NGC 526a and NGC 7314
because of the large inclination angles of their host galaxies. Thus, the fit includes 10
type 1s, 10 type 2s and 3 LINERs. The best power-law fit obtained for this sample is
log LMIR = (−1.61∓1.85)+(1.04±0.04) log LX. For all objects not detected with VISIR,
the 3σ flux limits are compatible with this correlation, including the two low luminosity
objects NGC 4303 and NGC 4698.

In order to ensure that this result is not affected by contamination of our VISIR fluxes,
as discussed in section 5.3.1, we have recalculated the mid IR – hard X-ray correlation,
only using well resolved objects with FWHM (pc) / rsub ≤ 560 (encircled objects in fig.
5.32). The resulting log LMIR = (−3.89 ∓ 3.68) + (1.09 ± 0.09) log LX is in very good
agreement with the correlation found for the whole sample. This method allows us to
say with some confidence that objects situated close to this fit (dashed line in fig. 5.32)
are not affected by contamination.

1It is important to note that in all cases, the torus itself remains unresolved. The term “well resolved”
has to be understood in terms of the nuclear region of the host galaxy, not the AGN itself.
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Table 5.1: Mid-IR, hard X-ray luminosities, intrinsic hydrogen column densities and resolved
scale for our combined AGN sample. The 12.3 µm luminosities have been computed from the
fluxes given in tables 4.3 and 4.4; the hard X-ray luminosities and hydrogen column densities have
been compiled from the literature (see section 4.1 for details). The resolved scale was computed
using the values given in tables 4.3 and 4.4 together with eq. 2.3.

Object Name log L2−10keV log λLλ at λ = 12.3 µm NH Scale
[erg/s] [erg/s] [1021 cm−2] [rsub]

MCG-01-01-043 42.50± 0.15 ≤ 44.52 0.327+0.274
−0.0 2249

Fairall 9 43.87± 0.15 44.51± 0.01 0.3± 0.02 743
NGC 526a 43.14± 0.10 43.70± 0.08 1.33± 0.14 726
Mrk 590 43.61± 0.25 43.55± 0.05 n/a 558
NGC 1097 40.80± 0.15 41.40± 0.10 1.3+0.4

−0.3 2389
NGC 3783 43.21± 0.15 43.52± 0.04 n/a 348
NGC 4303 39.16± 0.15 ≤ 42.40 n/a 18412
NGC 4472 ≤ 19.17 ≤ 41.62 n/a n/a
NGC 4507 43.30± 0.15 43.67± 0.03 292± 23 358
NGC 4579 41.10± 0.15 41.88± 0.13 ≤ 0.2 1973
NGC 4593 42.93± 0.20 43.18± 0.08 0.169 446
NGC 4698 39.08± 0.30 ≤ 42.54 ≤ 4.0 11536
NGC 4941 41.30± 0.50 41.74± 0.05 450+250

−140 1343
IRAS 13197-1627 42.78± 02.0 44.07± 0.02 390± 40 937
Cen A 41.68± 0.15 41.80± 0.03 100± 30 202
NGC 5135 43.00± 0.50 43.06± 0.04 > 1000 601
MCG-06-30-015 42.57± 02.0 43.07± 0.05 3.5± 1.1 469
NGC 5995 43.54± 0.15 44.11± 0.06 9.0+0.5

−0.3 577
ESO 141-G55 43.90± 0.15 44.04± 0.11 n/a 539
Mrk 509 44.10± 0.15 44.18± 0.06 n/a 401
PKS 2048-57 42.84± 0.20 43.82± 0.04 237± 20 608
PG 2130+099 43.65± 0.20 44.53± 0.07 n/a 1242
NGC 7172 42.76± 0.40 42.79± 0.07 83± 2 500
NGC 7213 42.23± 0.15 42.67± 0.05 n/a 614
3C 445 44.19± 0.15 44.50± 0.06 250± 136 541
NGC 7314 42.20± 0.15 41.96± 0.12 7.2± 1.0 556
NGC 7469 43.15± 0.10 43.92± 0.02 n/a 585
NGC 7674 44.56± 0.50 44.31± 0.02 > 10000 205
NGC 7679 42.52± 0.15 42.82± 0.15 0.22+0.18

−014 1264
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Figure 5.32: Correlation of MIR and absorption-corrected hard X-ray luminosities for our VISIR
sample. Blue squares are type I Seyferts (type 1.5 or smaller), red diamonds are type II Seyferts;
green triangles are LINERs. The two galaxies with large inclination angles (see section 4.1) are
marked by a red square. Well resolved objects (see section 5.3.1 for details) are marked by a
black circle. These have been used for the displayed power-law fit (dashed line); the dotted line
is the best fit to our first sample, as discussed in Horst et al. (2006). Arrows indicate either
upper limits to the MIR luminosity or lower limits to the X-ray luminosity; the arrows’ colour
code corresponds to the one of the other symbols. Note that NGC 4472 is not shown here since
neither its X-ray nor MIR luminosities could be determined.
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Figure 5.33: Luminosity ratio LMIR/LX vs intrinsic column density NH. Symbols and colours
are as in fig. 5.31. Compton-thick objects are displayed as red arrows, non-detections in the
infrared have been omitted. They would be positioned outside of the displayed region, toward
higher luminosity ratios. Objects with no measured intrinsic absorption have been placed at
NH = 1019.5 cm−2 for clarity.

We also plotted the best fit correlation to our first sample of 8 objects, as published in
Horst et al. (2006), into fig. 5.32. It is important to note that the slope of the correlation
has changed considerably. After excluding NGC 4579 due to its peculiar nature, our first
sample yielded LMIR ∝ L1.60±0.22

X which is consistent with our new slope at the 3σ level.
The discrepancy in slope is caused by our first sample being small and containing some
objects (i.e. PKS 2048-57) which are off the correlation for the enlarged sample. The
latter agrees well with the results of the earlier studies by Krabbe et al. (2001) and Lutz
et al. (2004).

In fig. 5.33 we show the luminosity ratio LMIR/LX vs the intrinsic column density NH

toward the AGN. There is no correlation discernible between the two displayed quantities.
Neither do we find a significant dependence of the luminosity ratio on Seyfert type:
〈log LMIR − log LX〉 is (0.38± 0.31) for type Is, (0.44± 0.45) for type IIs and (0.61± 0.17)
for the three detected LINERs in our sample. We tested for a possible dependence of
luminosity ratio on column density by computing the Spearman rank coefficient for
it. With a result of ρ = 0.13 at a significance level of 0.54, we find no evidence for
a correlation between the two quantities. Furthermore, we performed a Kolmogorov-
Smirnov test for the luminosity ratios of type I and type II Seyferts. The maximum
difference in the cumulative distribution function is 0.2 and the significance level 0.97
which means both samples very likely originate from the same parent distribution. These
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Figure 5.34: Correlation
of MIR and hard X-
ray fluxes. Symbols
and colours are as in
fig. 5.32. Compton-thick
objects and MIR non-
detections are indicated
by arrows; these have the
same colour code as the
symbols.

numbers imply that type Is and type IIs follow the same LMIR−LX correlation and have
the same average luminosity ratio.

5.3.3 Physical Significance of the LMIR – LX correlation

One concern with correlations between luminosities is that they may be caused by a
redshift bias in the data. In most AGN samples, more luminous objects are more distant,
too. This is due to selection effects on one hand (low luminosity sources can only be
detected if they are relatively nearby) and cosmic evolution on the other hand. In
observational studies we have to infer the luminosity of each object from its flux and
its distance. If the more distant objects are also more luminous, the multiplication of
uncorrelated fluxes with the same luminosity-dependent distances can mimic a correlation
between the luminosities. We tested for this possibility in two ways. First of all, we
analysed the formal correlation between MIR and hard X-ray fluxes, shown in fig. 5.34.
The resulting Spearman rank coefficient is ρ = 0.52 at a significance level of 0.01. This
means that the correlation is rather weak but, nevertheless, highly significant.

Interestingly, for the well resolved sources (encircled objects in fig. 5.34), we find
the correlation between the measured fluxes to be much stronger than for the complete
sample. Its Spearman rank is ρ = 0.92 and the significance level = 5 · 10−4. This is
another indication that these fluxes are mostly free of contamination.

Secondly, we tried to reproduce the observed correlation between luminosities with
randomly generated mock data. For this, we assumed X-ray and MIR flux values to
be uniformly distributed over the range of observed ones, for the distances we tried
both a uniform and a normal distribution with no significant change in the result: After
generating 104 mock datasets of 25 objects each, a rank coefficient of ρ > 0.89 for the
MIR – hard X-ray correlation was found with a frequency of less than 0.1 %, a significance
level of less than 7.4·10−9 with a frequency of less than 0.15 %. A histogram of Spearman
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Figure 5.35: Spearman
rank coefficients resulting
from random data. 10
000 datasets with 25 pairs
of X-ray and MIR fluxes
each, were analysed. The
Spearman coefficient of
the observed data is 0.90.

coefficients resulting from random data is shown in fig. 5.35.
The combination of both results – the high significance of the flux – flux correlation

and the low probability of reproducing the observed luminosity – luminosity correlation
with non-correlated data – implies that we can safely assume the correlation to be real
and not caused by a redshift bias in our data.
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When a scientist doesn’t know the answer to a prob-
lem, he is ignorant. When he has a hunch as to what
the result is, he is uncertain. And when he is pretty
damn sure of what the result is going to be, he is still
in some doubt. We have found it of paramount impor-
tance that in order to progress, we must recognize our
ignorance and leave room for doubt. Scientific knowl-
edge is a body of statements of varying degrees of cer-
tainty – some most unsure, some nearly sure, but none
absolutely certain.

Richard P. Feynman: What Do You Care What Other People
Think? (1988)

In the previous chapter, I have presented the results of our observational campaign,
both on individual objects and on the properties of the whole sample. In this chapter, I
will now discuss these results, first with respect to similar studies by other groups and
then in terms of the physical and geometrical properties of the obscuring tori in AGN.

In section 6.1, I will discuss the impact of angular resolution on IR studies and then
compare our results to those of other authors. Then, in section 6.2, I will present the
implications of our findings, first of the similarity in the appearance of type I and type
II AGN (section 6.2.1), then of the slope we find in the mid-IR – hard X-ray correlation
(6.2.2). In section 6.2.3, I will present some other aspects of our results with respect to
AGN unification.

6.1 Comparison of our work with related studies

6.1.1 The impact of angular resolution on AGN studies in the MIR

One of the main improvements of our project compared to earlier studies of the MIR –
hard X-ray correlation is the increase in angular resolution. The resolution of our VISIR
images are ∼ 5 times better than the data of Krabbe et al. (2001) and ∼ 80 times better
than the ISOPHOT spectra of Lutz et al. (2004). Thus, for the first time, we can perform
such a study with sub-arcsecond resolution in MIR.

The tradeoff for the high resolution is a reduced sensitivity and spectral coverage when
compared with the capabilities of IR space missions, in particular the Spitzer Space
Telescope. Spitzer IRS spectra are available for many AGN and some authors have used

75
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these to perform similar studies as our own (Buchanan et al., 2006). Others (Lutz et al.,
2004; Ramos Almeida et al., 2007) even used archival ISO data for similar purposes.
Therefore, we have to test whether our approach is justified and can generate results one
could not have obtained with data from IR space observatories.

A major motivation for our work was a statement by Lutz et al. (2004) that the large
scatter they observed for the MIR – hard X-ray correlation may be due to contamination
in their large 24′′ × 24′′ aperture. Such contamination, in turn, could mask a difference
in the nuclear LMIR/LX ratio for different Seyfert types. The SF regions we find in three
of our objects, as well as the implications of fig. 5.31 illustrate the need for high angular
resolution MIR studies for testing AGN models. Even using 8m-class telescopes, a good
sample selection is crucial to avoid contamination by non-AGN emission. This indicates
that the large scatter found by Lutz et al. may, indeed, be caused by the poor angular
resolution of their ISOPHOT data.

To less extent, the same problem applies to studies with ISOCAM or Spitzer. As we
have seen in section 5.2, the MIR appearance of AGN can, indeed, be quite different for
angular resolutions of 3.0′′ (Spitzer) and 0.35′′ (VISIR). For the two cases of NGC 5135
and NGC 7469, we find that within 3′′ from the nucleus, SF contributes at least 43 % and
45 % of the total continuum flux at 12.3 µm, respectively. For NGC 7469, this number is
also in good agreement with the difference in flux level between IRS and VISIR data as
shown in fig. 5.28. Figures 5.28 to 5.30 also show that not only may the AGN continuum
flux be overestimated in poorly resolved IR observations, even spectral features can be
misinterpreted. By now, it has been widely accepted that strong emission lines as PAH
and [NeII] usually originate in the circumnuclear region rather than the AGN itself. A
more serious problem is the change in appearance of the silicate feature, for instance
in 3C 445 or NGC 7213. These cases raise the question whether detailed comparison
between IR spectra recorded with Spitzer and radiative transfer calculations for dust
tori (as has been done e.g. by Fritz et al., 2006; Levenson et al., 2007) can lead to
anything more than very general insights into the geometry of the obscuring medium. It
does not appear reasonable to use potentially heavily contaminated data to constrain the
properties of the torus itself. Therefore, while the benefits of Spitzer data for exploring
the properties of nuclear regions in active galaxies cannot be overestimated, I do believe
that a high angular resolution approach is necessary for assessing the properties of the
AGN itself.

6.1.2 Results from other studies

A couple of groups have done work along similar lines as the present one and it is, of
course, important to compare the results of these authors with our own. As has been
mentioned, the mid-infrared – hard X-ray correlation we find is in good agreement with
the results of Krabbe et al. (2001) and Lutz et al. (2004). Actually, both groups do not
perform a least-square fit to their data but simply assume the slope of the correlation
to be 1. In any case, this is very close to our result log LMIR ∝ (1.04 ± 0.04) log LX.
Furthermore, in both studies, no difference in the LMIR/LX ratio was found for different
Seyfert types. This, again, is in very good agreement with our results. The main differ-
ence between our results and those obtained by Lutz et al. is the reduced scatter in the
correlation of our data. As discussed in the previous section, this is likely to be an effect
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Figure 6.1: Comparison of VISIR and ISOPHOT data on the mid IR – hard X-ray correlation.
Open symbols denote data taken from Lutz et al. (2004), filled symbols are the results of the
present work. Blue squares are type I AGN, red diamonds are type II AGN and green triangles
are LINERs. Arrows indicate either Compton-thick objects or non-detections in the MIR; they
have the same colour coding as the symbols. The dashed line is the best-fit to our whole dataset
(see section 5.3.2 for details), the dotted line is the best fit to our first sample, as discussed in
Horst et al. (2006).

of the improved angular resolution in our study. In addition, we applied much stricter
target selection criteria than Lutz et al did. In fig. 6.1, we show our own data together
with the one obtained by Lutz et al. Both datasets seem to follow the same trend with
a tendency of the ISOPHOT data to exhibit larger MIR luminosities and to have more
outliers. These differences can be well explained by the difference in angular resolution
(e.g. see fig. 5.31).

Very recently, Ramos Almeida et al. (2007) published a work on ISOCAM data first
published by Clavel et al. (2000) and the X-ray data that was compiled by Lutz et al.
(2004). For MIR observations taken at 6.75 µm, they find log LMIR ∝ 1.25 log LX (no
error stated) and, furthermore, report to have found a difference in LMIR/LX for Seyfert
1 and Seyfert 2 galaxies. They find 〈log LMIR − log LX〉 = 1.62 ± 0.35 for type Is and
〈log LMIR − log LX〉 = 1.19± 0.67 for type IIs and state that “both distributions appear
significantly different according to the Kolmogorov-Smirnov test”. With the 1σ (?) errors
of both ratios overlapping, however, the difference can be marginal at best.

Ramos-Almeida et al. perform a brightness profile decomposition of their data to
extract the nuclear fluxes. However, as discussed above, with a resolution of ∼ 4.3′′ they
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Figure 6.2: Difference in R = log FMIR/ log F8.4GHz between type I and type II AGN, plotted
over MIR wavelength. This figure has been reproduced from Buchanan et al. (2006).

are simply not able to distinguish between emission from the AGN and a circumnuclear
star forming region. Furthermore, the fact that the luminosity ratios Ramos Almeida
et al. (2007) derive are ∼ 8 times larger than what we find for our well resolved objects
– and despite their shorter observing wavelength in the IR and MIR SEDs of AGN
generally rising toward longer wavelengths – indicates that they are probably affected
by contamination and the MIR fluxes they report are likely not dominated by torus
emission.

A similar claim as the one by Ramos-Almeida et al. was made by Buchanan et al.
(2006). As a measure for the intrinsic luminosity of the AGN, these authors use 8.4 Ghz
radio continuum instead of absorption corrected hard X-rays. They find a difference in
the FMIR/F8.4GHz flux ratio between Sy 1 and Sy 2 galaxies for all MIR wavelengths. As
they note themselves, however, the statistical significance of this difference is small (no
number stated) at wavelengths longer than ∼ 12 µm. In fig. 6.2, I reproduce panel b) of
their fig. 16. Here, it is apparent that the luminosity ratios mainly differ at short MIR
wavelengths and around the 9.7 µm silicate feature. At 12.3 µm, their results are roughly
consistent with ours. They are, however, in disagreement with the ones by Lutz et al.
(2004). Buchanan et al. (2006) argue that this is probably due to the larger aperture
of ISOPHOT compared to their Spitzer spectra (an argument that I repeat here with
respect to their own data when compared to ours) as well as different systematic effects
in both studies.

We can conclude that the results of other studies do either agree or marginally disagree
with the ones presented here. In the latter cases, a lack of angular resolution in the ISO
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or Spitzer data makes it seem likely that their nuclear IR fluxes are contaminated by
non-AGN emission and, thus, the obtained flux ratios are not representing the intrinsic
properties of the dusty torus.

6.2 Implications for the state of the torus

In the previous section, I have established the validity of our results. Thus, having set
the stage, we can now interpret our findings in terms of the physical and geometrical
properties of the torus. First of all, the fact that we find a close correlation between LMIR

and LX with little intrinsic scatter is in agreement with the prediction that every AGN
contains a molecular and dusty torus and, thus, is an affirmation of the orientation-based
unification scheme for AGN. In the following, I discuss the meaning of the properties of
the correlation.

6.2.1 LMIR – LX for Sy 1s and Sy 2s

In section 5.3.2, I have shown that the average luminosity ratios LMIR/LX for Sy 1 and
Sy 2 galaxies do not significantly differ from each other. Furthermore, LMIR/LX shows
no dependence on NH – and so over 4 orders of magnitude in NH (see fig. 5.33). Even
the two Compton-thick objects in our sample, NGC 5135 and NGC 7674, seem to have
roughly the same value of LMIR/LX as the rest of our sample. For these objects, however,
strong conclusions cannot be drawn, as their X-ray luminosities can only be estimated
to an uncertainty of one order or magnitude.

This result is in clear disagreement with theoretical predictions for smooth dust tori.
For an optically thick smooth torus, a much higher LMIR/LX is expected for Sy 1s than
for Sy 2s. Pier & Krolik (1993) expect a difference of one order of magnitude for a change
of NH from ∼ 1020 cm−2 to ∼ 1024 cm−2. The reason for this effect is that in Sy 2s the
observer sees the emission from the cold dust in the outer part of the torus, while in Sy
1s he has a line of sight toward its hot inner part as well.

It is important to note that the similarity between Sy types still holds if we only regard
objects with FWHM (pc) / rsub ≤ 560 (see section 5.3.1 for details). For these, we find
〈log LMIR − log LX〉 to be (0.15± 0.15) for type 1s and (0.07± 0.25) for type 2s.

Models of clumpy tori (Nenkova et al., 2002; Dullemond & van Bemmel, 2005; Hönig
et al., 2006) at 12 µm, do not predict such a difference in LMIR/LX between different Sy
types. In particular, Hönig et al. (2006), using 3D radiative transfer modeling, showed
that clumpy tori can appear as optically thin in the MIR with most of the radiation
originating in the innermost part of the torus. In their model, individual clouds are
optically thick but their volume filling factor is small. Our observational results prefer
this kind of models to smooth ones.

Please note, that clumpy torus models are not contradicted by the results of Buchanan
et al. (2006). In fact, Buchanan et al. themselves state that their findings prefer clumpy
models as well: Outside of the silicate feature the measured difference in FMIR/F8.4GHz

for type I and type II sources is much less than predicted e.g. by Pier & Krolik (1993).
For the silicate feature and wavelengths shorter than ∼ 5 µm, on the other hand, even
clumpy models predict anisotropy.
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Thus, the isotropic appearance of AGN in the mid infrared regime that we find, gives
support to clumpy torus models instead of smooth ones and adds to the evidence pre-
sented in section 2.3. Furthermore, the volume filling factor of clouds in the torus has
to be low to make the torus appear as optically thin in the MIR. This also means that
the height of the torus is likely supported by the dynamics of the individual dust clouds
(Beckert & Duschl, 2004) and not mainly by radiation pressure (Pier & Krolik, 1992;
Krolik, 2007).

6.2.2 Interpreting the slope of the correlation

As discussed in section 2.3.4, MIR and hard X-ray luminosities have a close physical
connection. The hard X-ray luminosity is a good proxy for the bolometric luminosity
of the accretion disc (see Vasudevan & Fabian, 2007, for a recent account on bolometric
corrections). And as the mid-IR radiation is accretion disc emission reproduced by the
dusty torus, LMIR and LX are directly linked to each other. If we can assume the torus
to appear as optically thin in the MIR which is implied by the results discussed above,
the relation between the two quantities is:

LMIR ∝ fCLX, (6.1)

where fC is the covering factor of the torus in terms of solid angle.
Thus, our best-fit result implies fC ∝ L0.04±0.04

X . This means that we do not find
any dependence of fC and hence LMIR/LX on LX which is also illustrated by fig. 6.3.
This result does not match the expectations from the receding torus model (Lawrence,
1991) for which Simpson (2005) found the fraction of type 2 AGN f2 to depend on AGN
luminosity as f2 ∝ L−0.27

X for LX & L0 ≈ 7 · 1043 erg s−1 (see section 2.3.3). The basic
assumption of the unified scenario is that f2 ≈ fC . The dependence derived by Simpson
would, thus, yield a correlation fC ∝ L−0.27

X which disagrees with the slope we find by
more than 7σ. Note, however, that we do not probe the Quasar regime of luminosities,
i.e. for a break luminosity L0 & 1045 erg s−1 the receding torus model would, again,
agree with our results.

For the luminosity range covered by our observations, we find a constant covering
factor fC . With eq. 2.5, we then find that the flaring parameter α ≈ 1 and the scale
height h(r)/r is constant. Thus, qualitatively, the torus has the geometry depicted in
panel c) of fig. 2.3.

One possibility to reconcile our findings with the obvious dependence of the type I frac-
tion on AGN luminosity (Simpson, 2005, and references therein) would be that a signif-
icant number of Compton-thick AGN at moderate luminosities (L2−10keV = 1043 ∼ 1044

erg s−1) have been missed in hitherto existing X-ray surveys. Such a population would
affect the observed type I / type II ratio but not our own results. We would only have to
change our interpretation of the slope of the MIR – hard X-ray correlation if Compton-
thick AGN had a LMIR/LX ratio that significantly differs from the luminosity ratio of
other AGN. So far, we see no indication for that (see fig. 5.33). In an observing pro-
gramme that is currently being executed at the VLT, we aim to put tighter constraints on
the MIR / hard X-ray ratio of Compton-thick AGN; for more details on this programme,
consult section 8.3.
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Figure 6.3: Luminosity ratio log(LMIR/LX) vs hard X-rax luminosity log LX. Colours and sym-
bols are as in Fig. 6.1. Black circles mark well resolved sources with FWHM(pc) / rsub ≤ 560 (see
section 5.3.1 and fig. 5.31). Compton-thick objects and MIR non-detections have been omitted.

The existence of a population of Compton-thick AGN has also been suggested by re-
cent X-ray surveys (e.g. the COSMOS survey, Hasinger et al., 2007), X-ray background
synthesis (e.g. Gilli et al., 2007; Gandhi et al., 2007) and IR surveys (Mart́ınez-Sansigre
et al., 2005). Such a population can be constrained by observations of the X-ray back-
ground and we know that the number of very luminous Compton-thick objects has to
be low (see e.g. Treister et al., 2006). The margin for less luminous objects, however, is
much larger and a significant population could exist without radiating in excess of the
observed background.

Very recently, Ueda et al. (2007) randomly selected two AGN out of those first detected
by Swift to be observed with Suzaku and found both of them to be highly obscured. This
is another indication for the existence of a large population of Compton-thick AGN at
moderate luminosities.

6.2.3 Other aspects of AGN unification

Dust tori at low luminosities In section 2.2.3, I noted that, incidentally, the two very
different torus models by Elitzur & Shlosman (2006) and Hönig & Beckert (2007), both
predict that AGN tori are not stable at bolometric AGN luminosities below Llow ≈ 5·1042

erg s−1. From this prediction we would expect low luminosity AGN to appear differently
in the IR. The naive expectation is for the LMIR/LX ratio to decrease as the IR emitting
torus is missing. In fig. 5.32, we indeed see a weak tendency for objects with LX . 5·1042

erg s−1 to deviate from the correlation. They, however, show an increase in LMIR/LX
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rather than a decrease. I should note that none of these low luminosity objects belongs
to the well resolved objects discussed in section 5.3.1 which means that their deviation
from the correlation could simply be caused by contamination of the observed MIR flux.
Moreover, as we can see in fig. 6.3, the deviation of these low luminosity objects does
not exceed the scatter among other contaminated objects.

An interesting test case for the behavior of low luminosity AGN is the well studied
LINER NGC 4579 (highlighted in fig. 5.32). Contini (2004) analysed emission line
ratios in the optical spectrum of this object and came to the conclusion that the MIR
continuum of NGC 4579 is dominated by thermal emission of the shock heated ISM in
the vicinity of the AGN. First of all, this supports the hypothesis that the deviation
from the correlation is caused by contamination – in this case emission from the ISM.
Nevertheless, if we would find this kind of contamination in all low luminosity AGN,
this would imply a physical connection between the absence of a obscuring torus and gas
outflows from the AGN. At the moment, however, our data is not sufficient to constrain
the properties of this class of objects. Future observations are required to settle this
question.

The role of LINERs LINERs are one of the more enigmatic classes of AGN. For a long
time, it has been unclear whether they are predominantly powered by AGN or starburst
activity. Some LINERs – among them NGC 4579 – exhibit broad optical emission lines,
indicative of accretion activity in their centres. Others contain X-ray sources which are
too luminous to be X-ray binaries and thus have to be AGN as well. Apart from the
erroneously selected NGC 4472, all LINERs in our sample belong to this class of objects.

Recent X-ray studies of local LINERs by Flohic et al. (2006) and González-Mart́ın
et al. (2006) have found proof for the existence of an AGN in ∼ 60% of all observed
objects. The remaining LINERs might contain Compton-thick AGN, but are probably
powered by star formation. Sturm et al. (2006) have investigated the MIR properties of
a sample of LINERs with Spitzer and found the population to be separated into IR-faint
LINERs which are probably powered by an AGN and IR-bright LINERs which have an
additional source of power. According to their analysis, the MIR SEDs of AGN powered
LINERs are much bluer than the ones of IR-bright LINERs. Furthermore, the PAH flux
ratios significantly differ. Interestingly, when looking at fig. 5.30, the VISIR photometry
of NGC 4579 and NGC 7213, in both cases, shows a much bluer SED than the Spitzer
IRS spectra. This could mean that with VISIR we see an AGN dominated LINER while
Spitzer observes a contaminated object. The interpretation of the IRS spectra being
contaminated would, however, require the absolute flux calibration of the spectrum of
NGC 7213 to be wrong. This is not likely but possible as the mis-pointing in the case of
NGC 4507 shows.

Even in LINERs that do contain AGN, Flohic et al. (2006) find that the ionising
luminosities of these AGN, in many cases, are not sufficient to power the observed optical
emission lines. They suggest that the line emission is either powered by radiation from
hot stars or by a mechanical interaction with the AGN. The latter possibility, in turn,
would agree nicely with the detailed analysis of NGC 4579 by Contini (2004).

Another LINER that has been extensively studied is NGC 1097. Mason et al. (2006)
observed this AGN in the MIR with the Gemini South telescope. Their flux measurement
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exceed ours roughly by a factor of 2. This is probably due to the larger photometric
aperture (3′′) they use. They compare their near- and mid-IR photometry to calculations
based on the clumpy torus model by Nenkova et al. (2002) and come to the conclusion
that the AGN is too weak to have a torus that could account for the observed IR emission.
Please note that this result would still hold if our photometry was used. Mason et al.
(2006) interpret the excess emission as originating in a starburst. Interestingly, they do
not detect the 3.3 µm PAH feature in the nucleus even though it is detected in the larger
aperture of Spitzer. This implies that either the UV radiation of the young stars destroys
the PAH molecules close to the nucleus or that the MIR continuum in that location is
not emitted by dust but by shock heated gas as in NGC 4579.

Our observations support the interpretation that LINERs are a mixed bag of differently
powered sources. The most luminous LINER in our sample – NGC 7213 – lies very close
to the correlation in fig. 5.32 and has the appearance of a regular Sy galaxy. The two less
luminous objects NGC 1097 and NGC 4579, on the other hand, deviate significantly. As
discussed above, their location in the LMIR−LX diagram are consistent with the deviation
caused by contamination. If this contaminating emission is, at least in parts, caused by
mechanical interaction with the AGN as indicated by the results of Contini (2004) and
Flohic et al. (2006), the AGN in these low luminosity sources may be intrinsically different
from the more luminous Seyfert type AGN.





7 Work on related projects

Knowledge is indivisible. When people grow wise in
one direction, they are sure to make it easier for them-
selves to grow wise in other directions as well. On the
other hand, when they split up knowledge, concentrate
on their field, and scorn and ignore other fields, they
grow less wise – even in their own field.

Isaac Asimov: The Roving Mind (1983)

During the three years I have spent working on the mid-IR – hard X-ray correlation in
AGN, I got involved in a couple of other projects as well. Those that are of importance
in the context of this work will be briefly presented and discussed in this chapter.

7.1 High resolution mid IR spectroscopy of Seyfert 2 nuclei1

7.1.1 Context

As has been laid out in section 2.3.1, comparing the results of radiative transfer calcu-
lations with observed MIR spectra of AGN is an important test for torus models. The
clumpy model of Hönig et al. (2006) proved to be successful in reproducing the IR SED
of NGC 1068 (fig. 2.5). Since, however, the model was designed with the spectral ap-
pearance of this prototypical Seyfert 2 galaxy in mind, it is important to test it against
observations of other AGN, as well.

So far, only for very few AGN groundbased MIR spectroscopy have been published. In
section 6.1.1, I discussed the importance of high angular resolution for torus studies. As
we aim for a detailed modeling of mid -IR spectra of AGN, we could not rely on archival
Spitzer spectra. Instead, we decided to observe a small sample of type II AGN using the
VISIR instrument at the VLT (see section 3.2).

In order to get information unaffected by effects of the host galaxy, we selected objects
that are nearby (z < 0.01), have a host galaxy that is seen face-on and are bright in the
MIR. With these criteria plus the obvious observability constraint, we ended up with
three sources: NGC 2110, ESO 428-G14 and MCG-05-23-016.

1This section is based on work that will be published in Hönig, Horst, Smette, Beckert, Duschl, Gandhi,
& Weigelt (2008).
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Table 7.1: Parameters of used settings for N-band spectroscopy. We list covered wavelength
range, central wavelength, spectral resolution for an 1′′ slit and the spectral dispersion.

λ range λc resolution dispersion
[µm] [µm] [pixels/µm]

7.7 – 9.3 8.5 300 – 390 160.02
9.0 – 10.6 9.8 305 – 360 160.05

10.34 – 12.46 11.4 185 – 220 119.94
11.34 – 13.46 12.4 215 – 250 119.96

7.1.2 Observations and data reduction

The observations for this project were carried out during ESO period P78, between
Octobre 2006 and March 2007. For the spectroscopic part of the programme, we observed
each object with VISIR in four low spectral resolution settings that, put together, cover
the whole N-band (see table 7.1). In addition, we performed N-band imaging to flux
calibrate the spectra. Moreover, Q-band imaging with VISIR and J, H, K’, M’ -band
imaging with NaCo was obtained. These observations served to reconstruct the whole
IR SED as far as it is accessible with ground-based telescopes. Unfortunately, since
our programme was one of medium priority, not all of the NaCo observations and the
Q-band imaging was carried out by ESO. Furthermore, the observations in one of the
spectroscopic settings for NGC 2110 was not executed. Here, I present all obtained
N-band data.

The N-band imaging was carried out and reduced in the same way as described in
section 4.2. Here, we were able to use the knowledge we had gained during our two
VISIR imaging campaigns, both for the preparation of the observations and the data
reduction. For the spectroscopy, we used 4 different settings (parameters listed in table
7.1) which, combined, cover the entire N-band. For the reduction, we used the ESO
VISIR pipeline as well as IDL routines written by ourselves. The absolute flux of the
spectra was then scaled to the N-band photometry.

In order to complement our small sample, we re-reduced archival low spectral resolution
VISIR spectra of NGC 1068 that had been recorded during the VISIR Science Verification
programme. For this object, no corresponding VISIR photometry was available and, thus,
we had to rely on the absolute flux calibration of the spectroscopy.

7.1.3 Results and discussion

The torus simulations for NGC 2110, ESO 428-G14 and MCG-05-23-016 are still under-
way. Therefore, I have to restrict myself to presenting the results of the observations
themselves. The recorded spectra – as well as the archival spectrum of NGC 1068 – are
shown in figs. 7.1 to 7.4. For comparison, we have also plotted archival Spitzer IRS
spectra for NGC 2110 and ESO 428-G14 and the Gemini spectrum of NGC 1068 from
Mason et al. (2006). For MCG-05-23-016, no comparison spectrum was available.

In all figures, we have highlighted two strong and variable atmospheric bands. In these
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shaded parts of the spectrum, the S/N ratio drops and features seen there are probably
not real.

The spectral shapes of NGC 1068, ESO 428-G14 and MCG-05-23-016 are quite similar.
In all three objects we see a 9.7 µm silicate absorption feature of moderate (NGC 1068) or
weak strength and a continuum that is rising toward longer wavelength. The continuum
shape in NGC 2110 is flatter than that of the other objects. In addition, it does not
exhibit the silicate feature. NGC 2110 is also the only object that does not have any
emission lines in the MIR. The other three objects show [ArIII], [SIV] and [NeII] lines of
differing strengths. Interestingly, none of the objects show emission in the 11.3 µm PAH
line. This is a good indication for the observed spectra to be largely free of contamination
from SF regions. The atomic lines likely originate in the NLR of the AGN. Since they
are relatively weak, the VISIR spectra are probably good representations of the pure
torus spectra of these AGN.

In fig.s 7.2 and 7.3, we have also plotted archival IRS spectra of NGC 2110 and ESO
428-G14, respectively. It is obvious that these spectra look quite different than ours.
First of all, the IRS spectra show very strong [SIV], PAH and [NeII] lines – and the
PAH line is a good indicator for active star formation. Secondly, the spectral slope also
varies. In both cases, the continuum observed with Spitzer has a steeper rise toward
longer wavelengths than the one measured with VISIR. This means that Spitzer sees an
additional, cooler dust component that is likely associated with SF regions. In addition,
in ESO 428-G14, the IRS spectrum exhibits a slightly stronger silicate feature than the
VISIR one. The differences in continuum slope and silicate absorption strength between
IRS and VISIR spectra adds to the doubt I put forward in section 6.1.1 whether detailed
comparisons between AGN torus models and Spitzer spectra of Seyfert galaxies can
produce meaningful results.

For the three objects with detected emission lines, we find evidence for the presence
of the “Baldwin effect”. The Baldwin effect, an anti-correlation between continuum
luminosity and emission line equivalent width, was first found for the broad Lyα and
CIV lines in QSOs (Baldwin, 1977). The physical origin of the effect is still unclear but
usually it is attributed to a change in the continuum slope with luminosity. According to
a theoretical work by Korista et al. (1998), the continuum gets softer as the luminosity
increases. This means that, relative to the total continuum power, the number of ionising
and effectively excitating photons decreases. In turn, this results in reduced equivalent
widths of the broad emission lines.

In the MIR, the Baldwin effect was first observed by Keremedjiev & Hao (2006) in a
sample of 68 AGN, observed with the Spitzer Space Telescope. Their analysis, however,
was obstructed by the low spatial resolution of their data, as they note themselves.
In our sample we clearly find the effect for the three sources that show MIR emission
lines. In table 7.2, we list the emission line equivalent widths Wλ and 12 µm continuum
luminosities λLλ of these objects. We then plot the anti-correlation between Wλ and
log λLλ in fig. 7.5. We clearly detect the Baldwin effect in the [ArIII], [SIV] and [NeII]
lines. The best fit slope to all emission lines is -0.6. It should be noted that our sample
is small. Therefore, the value for the slope is of low statistical significance.

NGC 2110 which is omitted in both table 7.2 and fig. 7.5 has a 12 µm luminosity of 0.96·
1043 erg s−1. Thus, from the Wλ – λLλ anti-correlation among the other three objects,
we would expect to detect emission lines in the spectrum of NGC 2110. Unfortunately,
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Figure 7.1: N-Band VISIR spectrum of NGC 1068. The red line is the VISIR spectrum, error
bars are in yellow. The blue dashed line is a Gemini spectrum (Mason et al., 2006) that we plot
for comparison. The grey shaded areas mark regions with strong and variable sky lines. Vertical
dashed lines denote the position of common MIR emission lines with names given at the top.

Figure 7.2: N-band VISIR spectrum of NGC 2110. The red line is the VISIR spectrum, error bars
are in yellow. Purple crosses mark VISIR photometry that was used for the flux calibration of
the spectrum, the horizontal error bars depict the respective filter band width. Here, we compare
the VISIR spectrum to an archival Spitzer IRS spectrum (blue dashed line). Observations in
spectroscopic setting that covers the [NeII] line are missing.
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Figure 7.3: N-Band VISIR spectrum of ESO 428-G14. All symbols are as in fig. 7.2.

Figure 7.4: N-Band VISIR spectrum of MCG-05-23-016. All symbols are as in fig. 7.1. A
comparison spectrum was not available.
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Table 7.2: Emission line equivalent widths Wλ for our VISIR sample. In order to illustrate the
presence of the Baldwin effect, we also state the 12µm continuum luminosities λLλ. NGC 2110
is omitted in this table since we did not detect any MIR emission lines in this object.

Object λLλ Wλ [ArIII] Wλ [SIV] Wλ [NeII]
[1043 erg/2] [µm] [µm] [µm]

ESO 428-G14 0.33 0.0095± 0.0008 0.0259± 0.0014 0.0181± 0.0011
NGC 1068 6.81 0.0023± 0.0006 0.0034± 0.0005 0.0024± 0.0003
MCG-05-16-023 2.10 0.0030± 0.0003 0.0047± 0.0001 0.0098± 0.0011

the observation in the spectroscopic setting that covers the [NeII] line was not executed
for this object due to scheduling problems. Thus, we do not know whether the line is
emitted in the nucleus or in the more extended region observed by Spitzer. The [ArIII]
and [SIV] lines, on the other hand, are clearly absent from the spectrum.

The MIR lines we detect are narrow and, thus, likely originate in the NLR. As the NLR
can be very extended, the physical origin of broad lines and narrow lines may be quite
different (Shields, 2007, and references therein). On the other hand, the high angular
resolution of our spectroscopy confines the recorded spectra to those parts of the NLR
closest to the central engine. Therefore, it seems reasonable to assume that the excitation
of the ions we see in emission is caused by the radiation from the accretion disc. Since
the accretion disc also heats the torus, we expect the MIR continuum to scale with the
accretion disc emission. The MIR – hard X-ray correlation actually demonstrates that
this is, indeed, the case. Therefore, the Baldwin effect in the MIR may be caused by
the same mechanism as for the optical broad lines: The ionising continuum softens with
luminosity. A problem for this interpretation is the slope. In broad lines, the typical
slope for the Baldwin effect is ∼ −0.2 instead of −0.6 which we find among our sample.
This discrepancy might be caused by the low number statistics of our sample.

We summarise the first results that we draw from this spectroscopic campaign: The
nuclear spectra of type II AGN probably show less variation than expected from the
analysis of Spitzer spectra of lower angular resolution. The strength of the 9.7 µm silicate
feature as well as the slope of the continuum vary among the objects in our sample; the
overall shape of the MIR SED, however, is rather similar. Weak [ArIII], [NeII] and [SIV]
lines are found in three of four observed objects. They probably originate in the NLR and
show a significant Baldwin effect. The presence of the Baldwin effect in the MIR indicates
a close physical connection between accretion disc and torus. Taking into account the
main result of this thesis – the MIR – hard X-ray correlation – it seems natural that
MIR emission lines show a similar Baldwin effect as broad lines.
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Figure 7.5: Emission line equivalent widths Wλ vs. MIR luminosity log λLλ. Triangles denote
[ArIII], diamonds denote [SIV] and stars denote [NeII]. The dashed-dotted lines are the
the best-fit linear fits to the data. The solid blue line is the best linear fit to all emission
lines.

7.2 Nuclear dust emission and the Seyfert 2 dichotomy2

7.2.1 Context

The cornerstone evidence for the unified scenario for type I and type II AGN is the
existence of broad lines in the polarised spectrum of many Sy 2 objects. So far, about
half of the Sy 2s show such evidence for a hidden broad line region (HBLR) and half of
them do not (e.g. compilation by Gu & Huang, 2002; Moran, 2007). Such a dichotomy
between HBLR and non-HBLR Sy 2s could either (1) result from the existence of real
Sy 2s without intrinsic BLR or (2) be due to an observational bias. In order to establish
the origin of the Seyfert 2 dichotomy, numerous studies have been performed, but with
controversial results.

Theoretical studies suggests that there are limits to the existence of a BLR, in par-
ticular at low AGN luminosities (Nicastro, 2000; Nicastro et al., 2003). At the extreme
end of the Sy 1 population, some sources show rather narrow Hβ lines (FWHM < 2000
km/s). For these narrow line Seyfert 1 galaxies (NLS1s), a few type II counterparts have
been found (e.g. by Nagar et al., 2002; Dewangan & Griffiths, 2005; Zhang & Wang,
2006). Since NLS1s constitute less than 15% of the optically selected Sy 1 population,
some but not all of the non-HBLR Sy 2s may be misoriented NLS1s.

2This section is based on work published in Haas, Siebenmorgen, Pantin, Horst, Smette, Käufl, Lagage,
& Chini (2007).
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Arguments for an origin of the Seyfert-2 dichotomy as an observational bias are nu-
merous. There is no doubt that dust lanes may obscure not only the nucleus but also
the scattering mirror necessary for the detection of a HBLR. Hence, only under favor-
able circumstances one may expect detectable scattered light at all from a hidden AGN
(Miller & Goodrich, 1990; Heisler et al., 1997; Gu et al., 2001). And, although still half
of the most nearby Sy 2s resist HBLR detection even with Keck spectropolarimetry, such
sensitive observations are revealing broad lines in sources which were previously classified
as non-HBLRs using smaller telescopes. This reminds us to take care when interpreting
spectropolarimetric non-detections of broad lines (Moran, 2007).

With his Lick-Palomar spectropolarimetric survey of the CfA and 12 µm Seyfert sam-
ples Tran (2001, 2003) found that, compared to HBLRs, the non-HBLRs show lower [OIII]
luminosities, lower [OIII]/ Hβ excitation ratios and cooler IRAS 25 µm / 60 µm colours
with F25/F60 < 0.25. Most Seyfert galaxies exhibit warm F25/F60, but some have cool
colours. Guided by the widespread belief that cool F25/F60 indicates a lack of adequate
nuclear dust emission, Tran naturally concluded that most if not all non-HBLRs are
pure Sy 2s and not misaligned Sy 1s. The host galaxies, however, have a size of about
1′ so that nuclei and hosts are not separated by the IRAS beam. Hence, nuclear optical
properties were compared with extended infrared ones possibly dominated by the host
so that the conclusions about the missing nuclear dust torus in non-HBLRs should be
checked using adequate nuclear data.

Here, we combine new nuclear MIR 11.25 µm observations from VISIR at the VLT with
published nuclear 10− 12 µm photometry of several Seyfert type samples, and compare
them with [OIII] literature data as reference quantity. The [OIII] emission arises from the
moderately extended narrow-line region (NLR) and we assume that the [OIII] emission
can be regarded with little reservation as an isotropic measure of the intrinsic AGN power
so that it can be used for suitable normalisation. As has been mentioned earlier, this
method has some specific problems. Using the 2-10 keV luminosity instead would have
been preferable. Unfortunately, X-ray data of sufficient quality was not available for a
large portion of the sample. We find, however that the main result of our study (see
below) is robust against extinction correction of the measured [OIII] flux. This implies
that we are not affected by a systematic mis-determination of the Balmer decrement due
to aperture effects.

The aim here is to check whether there exist naked, i.e. dust free, nuclei among Seyfert
galaxies, and in particular among non-HBLRs. As the IR emitting dust would be missing,
we expect that the LMIR/L[OIII] ratio of a naked nucleus lies below the distribution of
that ratio found in most Sy 1s or HBLR Sy 2s. If we would find such objects among
non-HBLRs, this would be evidence for them to not host a BLR.

7.2.2 Sample selection and database

For this project, we combined VISIR observations from the Science Verification Program
which was conducted between Oct. 2004 and Feb. 2005 with data from a program
led by R. Siebenmorgen and our observations on the mid IR – hard X-ray correlation.
Since the samples of Siebenmorgen et al. and Horst et al. had been selected with
different aims in mind, some of the observed objects are not suitable for the present goal.
Therefore, we supplement the VISIR sample with literature data. So far, no data base
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Table 7.3: Sample parameters for the Sy 2 dichotomy study. For the stated mean fluxes and
luminosities, 3 σ upper limits were treated as detections

Sy 1a Sy 2b HBLR non-HBLR
Total number of sources 34 (4) 17 29 20
thereof used 17 (2) 12 21 16
mean log L[OIII] [erg/s] 40.76 39.73 40.78 40.37
Nuclear log L12 µm [L�] 9.34 8.22 9.41 8.81
log LFIR [L�]c 9.93 9.96 10.25 10.29
Nuclear F12 µm / F[OIII] [Jy / erg/s/cm2] 11.94 11.84 11.99 11.78
Nucl./Gal. F12 µm

d 0.32 0.08 0.29 0.13

a number of NLS1s listed in brackets
b without spectropolarimetry
c LFIR = luminosity at 60µm & 100µm
d only cool sources with F25 / F60 < 0.25

with homogeneously observed spectropolarimetry and high-resolution MIR photometry
exists for a well-defined complete Seyfert sample.

We selected our sample by starting with all Sy 2 sources having spectropolarimetric
information (Heisler et al., 1997; Lumsden et al., 2001, 2004; Moran et al., 2000, 2001;
Moran, 2007; Tran, 2003). These were mostly drawn from the local (cz < 3100 km/s,
Ulvestad & Wilson, 1984), the CfA (Huchra & Burg, 1992) and the 12µm (Rush et al.,
1993) Seyfert samples. We included all Sy 1 galaxies from these samples as well as the
remaining Sy 2s without spectropolarimetry in order to compare them with HBLRs and
non-HBLRs.

We cross-correlated this optical data-base with high-resolution (FWHM . 1′′) imaging
observations at 10−12 µm (Gorjian et al., 2004; Siebenmorgen et al., 2004; Galliano et al.,
2005), as well as 10µm photometer measurements with ∼5′′ aperture (Maiolino et al.,
1995, and references therein). We did not scale the MIR fluxes to a common wavelength,
since such corrections would be small and rely on assumptions about the spectral slope
of the observed objects. As we have seen in section 5.1, dust-enshrouded starbursts may
contribute to the nuclear MIR emission. Furthermore, we have discussed in section 5.3.1
that for a 5′′ aperture, such contamination can be significant. Nevertheless, compared
to the resolution of 1′ IRAS had at 12 µm, the present study is a major improvement.
Therefore, our analysis should be much less affected by contamination than the one by
Tran.

We complemented and interpolated missing IRAS 12 − 100 µm photometry – as far
as available – by ISO and Spitzer photometry. We excluded sources without data in
the far-IR (i.e. lying in sky areas not scanned/observed by IRAS/ISO/Spitzer), sources
with LINER spectra, and double nuclei with unknown location of the MIR data. This
results in 34 Sy 1s (Sy types 1.0 – 1.5) and 66 Sy 2s (types 1.8 – 2.0), 29 with and 20
without detected hidden broad lines and 17 without spectropolarimetry. Table 7.3 lists
the sample parameters; for details on the individual objects, consult Haas et al. (2007).
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7.2.3 Results and discussion

Figure 7.6 shows the nuclear 12µm flux normalised by the corresponding [OIII] flux
plotted against the IRAS 25 µm / 60 µm colours. All along the range of IRAS colours
the bulk of Sy sources lies in the same F12 µm/F[OIII] range. This is also the case for
the different Sy types. We note that the few narrow-line Sy 1s of our sample fall in
the same range covered by Sy 1s. Three sources – Cen A, Circinus and MCG-06-30-015
– show exceptionally high FMIR/F[OIII] ratios. These objects are suspected to harbour
strong dust-enshrouded starbursts close to the nucleus and we decided to exclude them
from the present analysis1. It is important to note that this decision does not affect our
conclusions.

The statistics for the FMIR/F[OIII] distributions are listed in table 7.3. We do not
find statistically significant evidence that any of the Seyfert types shows a differing
FMIR/F[OIII] distribution. In fig. 7.6 the dotted horizontal lines illustrate the 3 σ range
around the mean flux ratio for HBLRs. Only one source (NGC 7682) lies slightly below
this 3 σ range. Remarkably it is a HBLR indicating that the unified model is compatible
with rather low FMIR/F[OIII] values and that naked AGN may have to be looked for at
FMIR/F[OIII] << 1011 Jy / erg/s/cm2. NGC 5427, for which we used the 12 µm upper
flux limit of 10 mJy inferred from Spitzer, shows relatively little nuclear dust emission.
But even when taking the VISIR upper limit of 2.3 mJy, the evidence for NGC 5427
being a naked Sy 2 is still marginal. To our knowledge this source has not yet been
observed by spectropolarimetry. For comparison and to get an impression where a naked
Sy might be located in fig. 7.6, we have indicated the position of M 87 whose MIR flux
is dominated by jet emission.

While the statistical root mean square (rms) of the MIR and [OIII] measurements is of
the order of 10-30%, we here adopted a factor 3 as uncertainty for FMIR/F[OIII] in order
to also account for systematic effects. For example, we used the [OIII] fluxes as observed
and neither extinction nor aperture corrected since such corrections are uncertain and
depend on assumptions on source geometry. Nevertheless, we have performed several
tests to correct for extinction in the [OIII] fluxes on the basis of the Hα / Hβ ratio. With
and without extinction correction the studied distributions are quite broad and do not
reveal any reliable trends which would be different from those we see in fig. 7.6. One
reason for the apparent ”failure” of [OIII] extinction corrections using Hα / Hβ ratios
may be that the published fluxes refer to observed values. With respect to [OIII] flux
losses due to small slit widths, we did not find any trends of FMIR/F[OIII] with distance.
This suggests that aperture effects are similar for all sources and largely cancel out in
the flux ratios. We also find the nuclear dust emission to be independent of the IRAS
25 µm / 60 µm colour of the host galaxy.

In order to understand the Seyfert 2 dichotomy we try to disentangle the AGN and
host contributions to the IR spectral SEDs and to explore the origin of the cool IRAS
25 µm / 60 µm colours. Therefore, we here consider the nuclear MIR flux concentration
and show it in fig. 7.7, plotted over the IRAS 25 µm / 60 µm colour. The main features
of this plot are (1) that sources with warm F25/F60 also have high MIR concentration

1Actually, I would have preferred to keep these objects for the statistical analysis. After all, both Cen A
and MCG-06-30-015 do not deviate from the MIR – hard X-ray correlation in fig. 5.32. This indicates
that the MIR fluxes of these objects are not contaminated by SF regions.
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Figure 7.6: Nuclear 12 µm flux normalised by F[OIII] versus IRAS F25 µm/F60 µm. F12 µm/F[OIII]

is in units Jy / 10−16 erg/s/cm2. Symbols with arrows denote 3 σ upper limits. The dotted
horizontal lines mark the 3σ range around the mean flux ratio for HBLRs. The solid horizontal
line (at y = 3 · 1013) marks the transition to sources with the highest MIR / [OIII] ratio. These
are suspected to be contaminated by strong dust enshrouded starbursts and excluded
from the present analysis.

(>20%) and (2) that sources with low MIR concentration have cool F25/F60 and fall into
the lower left corner of fig. 7.7. These two populations can be understood in a simple
scheme: (1) a powerful AGN dominates the MIR emission of the host galaxy and causes
warm F25/F60 if it can also heat a substantial amount of dust in the host galaxy. (2) A
nucleus which is faint relative to the cool host, has both a low MIR concentration and a
cool F25/F60 ratio.

If we now look at the distribution of different Sy types in fig. 7.7, we find the following:
All Sy 1s and virtually all (18/20) HBLR Sy 2s emit more than 20% of their total MIR
flux in the nucleus. The non-HBLR Sy 2s tend to have both cooler F25/F60 and less
concentration of MIR flux, reaching down to about 1%. The Sy 2s not yet observed by
spectropolarimetry are spread over the entire range of HBLRs and non-HBLRs. While
it is known that warm Seyferts exhibit a higher nuclear flux concentration than cool
Seyferts (e.g. Roche et al., 1991), our diagram also shows the overall difference in the
distribution of HBLRs and non-HBLRs: The latter either have a low AGN / host contrast
or cool F25/F60. This indicates that these objects host AGN that are either intrinsically
weak or obscured by cold dust within the host galaxy.

To summarise, we do not find any significant difference in the nuclear F12 µm/F[OIII]

ratio between different Sy types. If non-HBLR Sy 2s were naked AGN, we would expect
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Figure 7.7: Nuclear MIR
flux concentration ver-
sus IRAS 25 µm / 60 µm
colours. Symbols with
arrows denote 3 σ upper
limits. The vertical dot-
ted line marks the sepa-
ration between cool and
warm sources.

them to have less dust than regular Seyferts and, therefore, exhibit a lower FMIR/F[OIII].
There is no indication at all, for this effect. Instead, we find that non-HBLRs are
preferentially intrinsically weak or obscured by cold dust within the host galaxy. Both
effects impose a strong bias against the detection of hidden broad lines. This means that
it is very likely that the Seyfert 2 dichotomy is mainly due to observational difficulties
and not due to a fundamental physical difference between HBLRs and non-HBLRs.
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Es ist entschieden, nun ist’s gut – und schnell
Bin ich geheilt von allen Zweifelsqualen,
Die Brust ist wieder frei, der Geist ist hell:
Nacht muß es sein, wo Friedlands Sterne strahlen.
Mit zögerndem Entschluß, mit wankendem Gemüt
Zog ich das Schwert, ich tat’s mit Widerstreben,
Da es in meine Wahl noch war gegeben!
Notwendigkeit ist da, der Zweifel flieht,
Jetzt fecht ich für mein Haupt und für mein Leben.

Friedrich Schiller: Wallensteins Tod (1799)

In the following I will summarise the results of our work. Afterwards I will draw the
picture of AGN unification and tori as it has been emerging during the last few years.
Finally, as there is always one more step to go in research, I will give a brief outlook on
present and future projects I am involved in.

8.1 A summary of our results

The red line of this work has undoubtly been “angular resolution” and its impact on IR
studies of AGN. As we have seen in sections 5.3.1 and 6.1.1, angular resolution is indeed
crucial if we wish to constrain the properties of the dust torus in AGN. Contamination
by extra-nuclear IR emission is a serious problem that seems to be underestimated by
many authors. In our sample of Seyfert galaxies, we found that SF can contribute up
to ∼ 50% of the MIR flux in the innermost 3′′ (and these are not ULIRGs!). We have
also seen that spectral appearance can depend significantly on angular resolution. In
particular, modeling of the 9.7 µm silicate feature requires high resolution data to be
compared to. This problem is also highlighted by the VISIR spectroscopy presented in
section 7.1. The work laid out in 7.2 presents another example of how poorly resolved IR
data can lead to incorrect conclusions when applied to the nuclear properties of AGN.

Therefore, in this work, we have examined the correlation between MIR and hard
X-ray luminosities by using high resolution VISIR images of local (z < 0.1) AGN
and archival hard X-ray data. We find a strong and highly significant correlation
between the rest frame 12.3 µm and absorption corrected 2-10 keV luminosities with
log LMIR = (−1.61∓ 1.85) + (1.04± 0.04) log LX. We have performed statistical tests to
ensure that the correlation is not caused by a redshift bias in our sample and can reject
this possibility with 99 % confidence (see section 5.3.3). Furthermore, we have carefully
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examined possible effects of contamination on our results and found the correlation to
be robust against excluding possibly contaminated objects. We are, thus, very confident
that sources situated close to the best-fit correlation in fig. 5.32 are largely free of con-
tamination. In fact, proximity to the correlation might even serve as an indicator for a
low level of IR contamination.

We have also looked for a possible dependence of the LMIR/LX ratio on Seyfert type or
absorbing column and found neither. With a probability of 97%, the type I and type II
sources in our sample have the same mean mid-infrared to hard X-ray luminosity ratio.
No evidence was found for a correlation of LMIR/LX with NH.

At the low luminosity end of the Seyfert population (LX < 1042 erg s−1), we find a
weak tendency for higher LMIR/LX ratios compared to the more luminous objects. This
deviation, however, is not significant and may simply be caused by contamination of our
IR flux measurements.

We interpret these findings in the following way:

• The intrinsic scatter of the mid-IR – hard X-ray correlation is low. Large deviations
are primarily caused by contaminating, extra-nuclear IR emission. This agrees well
with the prediction that a dust torus exists in every Seyfert galaxy.

• The torus consists of discrete clumps of gas and dust. The volume filling factor of
these clumps within the torus is low and the torus appears as optically thin in the
mid-IR, in agreement with the theoretical results by Hönig et al. (2006).

• The covering factor fC of the torus does not depend on AGN luminosity, at least
within the luminosity range probed by our study (1040.5 erg s−1 . LX . 1044.5 erg
s−1). This also implies the opening angle θ of the torus to be constant with lumi-
nosity. This contradicts the prediction of the receding torus model (e.g. Simpson,
2005) and implies that the flaring parameter α ≈ 1.

• In order to reconcile this with the dependence of the type I fraction f1 found in X-
ray surveys, we suggest the existence of a significant population of Compton-thick
AGN at moderate luminosities. The same suggestion has emerged from recent
X-ray surveys (e.g. Hasinger et al., 2007), X-ray background synthesis (e.g. Gilli
et al., 2007; Gandhi et al., 2007) and IR surveys (Mart́ınez-Sansigre et al., 2005).

• With the present dataset, we are not able to test the predictions by Elitzur &
Shlosman (2006) and Hönig & Beckert (2007) that dust tori do not exits in AGN
with bolometric luminosities below Llow ≈ 5 · 1042 erg s−1. We see some indication
for a different behavior at low luminosities, but no compelling evidence. The results
on NGC 4579 by Contini (2004) and other LINERs by Flohic et al. (2006) suggest
that outflows may play an energetically significant role in these low luminosity
objects.

In our VISIR spectroscopy campaign (section 7.1), we have found the Baldwin effect
for MIR emission lines. Taking into account the MIR – hard X-ray correlation, we can
interpret this as an indication that the narrow lines in the MIR are excited by the same
radiation field as the broad lines. Furthermore, the presence of the Baldwin effect in the
MIR underlines the close physical connection between torus and accretion disc.
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In the project described in section 7.2, we have used high resolution MIR imaging and
photometry data to reassess the question whether non-HBLR Sy 2 nuclei are intrinsically
different than Sy 1 and HBLR Sy 2 objects. We found non-HBLR Sy 2 AGN to have the
same ratio of MIR luminosity to nuclear optical emission as all other Sy types. This is a
strong argument for these objects to also host the same amount of dust. This, in turn,
means that non-HBLR Sy 2s are likely normal Sy nuclei that are either intrinsically weak
or suffer from an unfavorable obscuring geometry that prevents us from detecting broad
lines in the polarised spectrum. Moreover, we found non-HBLR objects to reside in host
galaxies with cool IRAS colors and have a low nucleus / host contrast in the IR. This is
further supporting that HBLR and non-HBLR Sy 2s are separated by an observational
bias rather than different physics governing the emission processes.

8.2 The emerging picture

All of our results indicate that the unified scenario for AGN works very well. There still
remains some doubt concerning the behavior of low luminosity AGN, but for objects
with hard X-ray luminosities of LX & 1042 erg s−1, the picture of an accretion disc and a
BLR being surrounded by an obscuring torus seems to hold. Information on the detailed
properties of this torus is still sparse but slowly building up.

For the three very nearby and bright AGN NGC 1068, Circinus and Cen A, detailed
interferometric observations have been undertaken. In the case of NGC 1068, speckle (at
the SAO 6m telescope, Weigelt et al., 2004) and long baseline (with VLTI/MIDI, Jaffe
et al., 2004; Wittkowski et al., 2004) interferometry resolve an elongated, compact MIR
emitter with a size of roughly 1.5× 3.0 pc. This matches the expectations from eq. 2.3
and compact torus models i.e. by Beckert & Duschl (2004); Hönig et al. (2006). For
Circinus, using MIDI, Tristram et al. (2007) find a warm IR emitter of 0.4 pc size and a
cooler component with r = 2 pc and identify these as different parts of the torus. Again,
the size of the source matches expectations. Further evidence along these lines comes
from SINFONI integral field spectroscopy of NGC 3227 (Davies et al., 2006) where an
ordered velocity field of molecular gas is found on the scales expected for the obscuring
torus.

In case of Cen A, Meisenheimer et al. (2007) find no evidence for a extended source
in the MIR and attribute the emission to the base of the jet instead. While this would
mean that Cen A would be a “naked” Seyfert 2 (which may, however, be absorbed by the
prominent dust lane in front of the nucleus), the are some doubts regarding the validity
of Meisenheimer et al.’s interpretation. Cen A is a weak AGN and, therefore, the torus
may be too small to be resolved with the MIDI observation used. Meisenheimer et al.
(2007) state a resolution of < 10 milli arcseconds (mas) while from eq. 2.3, we expect
rsub to be equivalent to . 1 mas. Meisenheimer et al. plan to observe Cen A with MIDI
again and shed some light on this issue.

Recently, Ballantyne et al. (2006) compared radiative transfer calculations for the
obscuring tori of AGN with observations and came to the conclusion that the obscuring
medium has a typical distance of r ≈ 10 pc which is a surprisingly high value when
compared to compact torus models. Ballantyne et al. (2006), however, did not account
for clumpiness of the medium and, thus, neglect self-shielding within the torus which can



100 8 Conclusions and outlook

lead to cool dust residing in its inner parts. This effect was also found observationally
by Tristram et al. (2007). Therefore, the emitting radii of AGN tori may very well be of
the order of . a few parsecs.

Evidence for the torus to be clumpy is building up. Several examples have already been
presented in section 2.3. Further support comes from our own work as well as the result
by Buchanan et al. (2006). In detailed studies of individual AGN, Tristram et al. (2007)
and Mueller Sánchez et al. (2006) find evidence for clumpiness in Circinus and Davies
et al. (2006) in NGC 3227. If the torus is clumpy, it is natural to assume a close physical
connection to the BLR which is also assumed to be clumpy. In fact, torus and BLR may
simply be the cooler and hotter parts, respectively, of the same medium. Evidence for
this comes from IR reverberation measurements by Suganuma et al. (2006). They find
the measured IR radii to be upper bounds to the measured broad line radii. Furthermore,
they find the sizes of broad line regions to scale as L1/2 – exactly as expected for the
dust sublimation radius.

The likely physical connection of BLR and torus raises an interesting question: What is
the size distribution of clumps in the torus? Current model calculations (Nenkova et al.,
2002; Dullemond & van Bemmel, 2005; Hönig et al., 2006) assume the clumps to be large
and have a well defined surface but this is not what we find in the BLR. Several attempts
have been made to detect the kinematical signature of clumpiness as little wiggles in the
line profile of broad AGN emission lines (e.g. Arav et al., 1998; Dietrich et al., 1999; Laor
et al., 2006) but without any positive result. This has given support to models of fractal
cloud distributions such as the one by Bottorff & Ferland (2001). It will be important
to test if the same is true for the torus or whether we find the large clouds predicted
by most models. In the next section, I will briefly present our own efforts to tackle this
question.

Since dusty tori are probably the interface between AGN and the nuclear regions
of their respective host galaxies, they are expected to vary in appearance, depending
on their environment. Indirect evidence for this is given by the finding that the type
II fraction depends on redshift (e.g. Treister & Urry, 2006; Ballantyne et al., 2006).
The close correlation we find for LMIR and LX, however, indicates that at least for the
local (z < 0.1) AGN population, the nuclear geometry is quite similar for most AGN.
Peculiarities of individual objects are probably often due to absorption and/or emission
in the circumnuclear region.

The evolution of the type II fraction with redshift is likely caused by an evolution of
the dust content in the host galaxies. In a recent study of type II QSOs, Polletta et al.
(2007) found roughly half of the observed sources to be obscured by dust in the host
galaxy rather than the torus. Such obscuration by the host galaxy could explain the
results of Treister & Urry (2006) and Ballantyne et al. (2006). This would also be in
qualitative agreement with the fact that star formation (in cold, dusty clouds) is closely
linked to BH growth in QSOs (Merloni et al., 2004).

Despite all these new results, of course many questions remain open. Many of them
concern unification across accretion rate and cosmic time. And as explained above, we
still don’t know whether low luminosity LINERs consist of the same building blocks as
regular Seyferts.

For objects of moderate to high luminosity, we can state that the unified scenario for
AGN has been remarkably successful in recent years. Current observing methods now
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allow us to imply the physical properties of the obscuring material. Some results are
already available and start to form a more or less coherent picture.

8.3 Outlook on present and future projects

Despite all the effort my Ph.D. advisors, my collaborators and I put into the research
presented here, it is but a small step in the understanding of AGN tori. Therefore, some
of the next steps are already being taken, others are being planned. In the following, I
give a brief description of current and future activities.

In order to extend our research of the mid-IR – hard X-ray correlation to Compton-
thick sources, we have started another VISIR imaging campaign – this time on highly
obscured AGN with inferred hard X-ray luminosities. This has been made possible thanks
to observations at very high energies with INTEGRAL, Swift and Suzaku. For the current
interpretation of our results, it will be an important test whether these results still hold
for the most heavily obscured sources. Incidentally, many of the selected AGN also have
low luminosities so that the programme may also enable us to determine whether the
MIR – hard X-ray correlation persists at low AGN luminosities. The observations for this
project are being carried out during the current ESO period (P80) and will be finished
in March 2008.

Another programme along similar lines is planned: We wish to observe a few objects
from our – by then 3 – VISIR samples with Suzaku. For highly obscured sources it
can be difficult to infer their intrinsic 2-10 keV luminosities with high precision. These
difficulties can be overcome by observing at very high X-ray energies which is possible
with Suzaku. Furthermore, with respect to the timescales of radiative transfer from
the accretion disk to the torus, these observations will be quasi-simultaneously to our
VISIR observations which can be advantageous for objects with a significant long-term
variability.

Encouraged by the interesting results of our VISIR spectroscopy campaign of local type
II AGN (section 7.1), we have started a very similar programme for local type I AGN.
We selected three Sy 1 galaxies and will perform low resolution N-band spectroscopy as
well as N- and Q-band imaging with VISIR. A detailed modeling of both the type I and
the type II samples will follow. These observations are also being carried out during the
current ESO period and will be finished during March 2008. For the next two periods
we have applied for even more observing time on VISIR. We wish to carry out a large
spectroscopic campaign of local Seyfert nuclei. If the observing time is granted we will
obtain N-band spectra with high angular resolution for 20 additional AGN. This will
enable us to, for the first time, study a statistically significant sample of AGN with high
quality MIR spectra available.

While evidence for tori to be clumpy rather than smooth has been building up the
question has not been decided, yet. Furthermore, nothing is known about the size dis-
tribution of the putative clumps. Therefore, we carried out high angular and spectral
resolution spectroscopy of a molecular emission line in NGC 1068 in order to look for
the kinematic signature of clumpiness. This experiment is similar to the ones conducted
to look for clumpiness in the BLR – as yet without success. For our programme, we
observed the 2.122 µm H2 1-0S(1) line with CRIRES (Käufl et al., 2004), the high reso-
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lution IR spectrometer at the VLT. The observations and the basic data reduction have
been finished. Since our goal is a demanding one, the data analysis is difficult so that
at the time of writing of this thesis it is still ongoing. As a first result, we can state
that we resolve the outer parts of the torus of NGC 1068 and see H2 line emission on
both sides of the nucleus with the line on one side being redshifted with respect to the
line on the other side. This appears to be the spectroscopic signature of the rotation
of the molecular gas around the SMBH – something that on such small scales has been
observed for the first time.

Finally, for another programme that is being executed during the present ESO period,
we will observe the nearest type I AGN, NGC 3783 with VLTI/MIDI. Such observations
already exist but have produced puzzling results: We do not find evidence for the 9.7 µm
silicate feature and the inferred size of the MIR emission region is much larger than
expected for a compact dusty torus. The fact that NGC 3783 perfectly falls onto the
mid IR – hard X-ray correlation (see section 5.3.2), on the other hand, indicates that it
does have the same kind of torus as other AGN. Therefore, we will observe this object
with some additional VLTI baselines and then, hopefully, be able infer the nature of its
MIR emission.

We hope that these observations, combined with modeling efforts along the lines of
Hönig et al. (2006), will make it possible to constrain the physical state of the torus in
more detail than has been possible so far.
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