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Introduction

1.1 Galactic Nuclei

1.1.1 Black Holes

It is now a well established fact that many galaxies harbour central massive black holes (e.g.
Richstone et al. 1998) that range in mass between 106 and 109 M� and with Schwarzschild
radii as large as the size of the Solar System. In quiescent galaxies, the black hole is dormant.
Only indirect envidence for their existence is available, mainly from the influence it has on
the surroundings. High orbital velocities of stars and gas clouds in the centers of galaxies
indicate the presence of a powerful gravitational field. The Hubble Space Telescope (HST)
has been very useful in this regard by allowing astronomers for the first time to see the sharp
rise in the orbital velocities of circumnuclear stars around supermassive black holes (e.g.
Kormendy & Gebhardt 2001).

In addition, there are galaxies with active galactic nuclei (AGN) in which the black holes
are actively accreting gas and dust. Not only is the accretion responsible for growth in mass
of the black hole, but the amount and rate of the infalling gas will also determine the energetic
output of the AGN.

1.1.2 Accretion Modes

Techniques involving the study of gas dynamics allow astronomers to model the transport of
accreted matter to the innermost regions of the nucleus and ultimately into the black hole.
Due to angular momentum considerations, accretion generally proceeds in a disk or torus-
like structure, several parsec in diameter (e.g. Blandford 1985). In powerful AGN, it is
hypothesized that gas accretes by means of a standard, optically thick but geometrically thin
accretion disk (SD; Shakura & Sunyaev 1973). These disks are radiatively efficient and
form in accretion regimes characterized by macc <1 (measured in dimensionless units of the
Eddington accretion rate). However, when the accretion rate is quite low (macc <0.01), most
of the energy is harboured as internal heat and is lost or advected into the black hole. This
advection-dominated accretion flow (ADAF; Quataert & Narayan 1999) is characterized by
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a quasi-spherical, low radiatively efficient accretion disk or torus.

1.1.3 Emission Mechanisms

The SD produces essentially thermal optical and ultraviolet (UV) radiation, with a character-
istic UV-bump. In some instances a soft X-ray excess is also present, due to thermal emission
from the SD. ADAFs, on the other hand, lack the UV-bump. The X-ray emission is, in part,
thermal and the infrared (IR) and radio emission is synchrotron radiation. Part of the SD
or ADAF emission may be absorbed by circumnuclear dust and re-emitted in the IR. In the
immediate vicinity of the black hole, infalling gas from the SD or ADAF is heated by friction
and glows in the hard X-ray regime through synchrotron self-componization (SSC; Fig. 1.1).

In some cases, part of the accreted matter is collimated and ejected in the vertical direc-
tion, along the rotation axis of the black hole. These jets also transfer part of the angular
momentum of the accreting matter away from the active nucleus (Bridle & Perley 1984).
Electrons at the base of the jet emit IR and radio synchrotron radiation, part of which gets
upscattered into X-rays. Farther upstream, the electrons in the jet produce low frequency
radio synchrotron emission. In some objects, the jets feed cocoons of radio-emitting regions
called radio lobes, hundreds of kiloparsecs away from the nucleus.
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FIGURE 1.1— Model of the inner region of an AGN, not to scale. For generalization, both the SD and
ADAF accretion modes are shown.

Star formation is often an energetically important process in the center of galaxies, some
hundreds of parsecs from the black hole. Gas and dust, integral parts of the star forma-
tion process, as well as tidal stripping of circumnuclear stars can contribute to the accretion
phenomenon. Starbursts also produce copious amounts of energy. In particular, there is syn-
chrotron radio emission from electrons accelerated by Type II supernova remnants (SNRs)
and thermal radio emission from H II regions. In many instances this radio emission from
circumnuclear star forming regions may dominate or even drown out any hypothetical AGN.
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1.1.4 The AGN Zoo

There is a plethora of different AGN, ranging from galaxies hosting powerful quasars to low
luminosity sources like Sgr A∗, residing in the center of our own Galaxy. Orientation is
known to be an important factor determining the type of AGN observed, namely due to the
AGN axisymmetric structure and anisotropic dust obscuration. There is increasing evidence
that an opaque dust torus surrounds the AGN, in the equatorial plane of its radio jet axis.
When viewed in or close to this equatorial plane, the dust prevents observing the AGN di-
rectly. At greater inclination angles, one can view inside the dust torus; the AGN is observed
directly. Radio galaxies represent examples of the former class. Their large double-lobed
radio sources are oriented close to the sky plane and are fed by jets originating in the AGN
which is invisible optically. Quasars, on the other hand, allow a clear direct view of their
optical AGN; they are viewed relatively close to their symmetry axis.

The observed type of spectral lines is also orientation dependent. Type 1 sources are ob-
served when AGN are viewed close to the radio axis, whereby broad spectral lines inside the
centrally obscuring dust torus are observed. This line broadening is produced by rapidly ro-
tating clouds under the influence of the gravitational pull of the black hole (see Fig. 1.3). The
absence of broad emission lines in some Type 2 sources can be attributed to dust obscuration
at large viewing angles.

An important factor that determines intrinsic differences in AGN is the reservoir and rate
of accretion of matter. This determines the energetic output of the AGN. Quasars are AGN
which have relatively high accretion rates and thus are so powerful optically (1011 L�), that
they actually outshine the emission from the host galaxy . At the other extreme, the ‘starved’
black hole, Sgr A∗ in the center of the Milky Way, radiates at extremely low radio and X-ray
luminosities (Lr ∼1034 erg s−1 and Lx ∼1035 erg s−1; e.g. Yuan, Markoff & Falcke 2002).
The accretion of matter and jet conditions may also be responsible for a radio-loud/radio-
quiet dichotomy, whereby in some sources the radio emission is about a factor 102−3 stronger
relative to the optical regime than others (Fig. 1.2).

FIGURE 1.2— Interpolated spectral energy distributions (SEDs) for radio-loud/radio-quiet AGN. The
solid lines refer to SEDs of seven low luminosity LINERs and Seyferts, and the dotted and dashed lines,
respectively, to average SEDs of radio-loud and radio-quiet AGN (Ho 1999).
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The energetic output of the central black hole also influences the line emission of the
sources. Galaxies with Seyfert nuclei for example, show strong high-ionization emission
lines of [O III]λ4959,5007, while LINERs (acronym for Low Ionization Nuclear Emission-
Line Regions) exhibit strong low-ionization emission lines of [O I]λ6300 (Fig. 1.3 and Fig.
1.4).
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FIGURE 1.3— Example optical spectra of AGN: Seyfert 2 (NGC 5194), Seyfert 1 (NGC 5273) and
LINER 1 (NGC 5077) nucleus. Notice the broad Hα + [N II]λ6548,6583 line in the Seyfert 2 galaxy
(adapted from Ho et al. 1997a).

1.2 This Thesis
1.2.1 The Sample

Nearby galaxies constitute the ideal laboratory for studying nuclear activity and its influence
on the host galaxy. One of the most important and sensitive surveys has been conducted
by Ho, Filippenko & Sargent (1995, 1997a, b; hereinafter Palomar survey). The Palomar
survey is a magnitude-limited survey aimed at detecting low luminosity emission-line nuclei
(LHα ≤1040 erg s−1) in the nearby Universe. Results show that nuclear activity, as denoted
by the presence of emission-line spectra, is a common phenomenon, occurring in almost
90% of all nearby galaxies. About 50% are H II galaxies, where the weak line emission is
induced by ionizing photons coming from active star-forming regions. 50% of the galaxies
are most likely AGN-powered – Seyfert galaxies (∼10%) and LINERs (∼25%). ∼15% of
the Palomar sources are composite LINER/H II galaxies that show intermediate-type LINER
and H II spectral properties (Fig. 1.4). The spectra of these sources are hypothesized to be
a combination of a weak AGN component (LINER) plus contamination from circumnuclear
star-forming regions (Ho, Filippenko & Sargent 1993). It is the study of these two last classes
of low luminosity sources – LINERs and composite galaxies – that form the topic of this
thesis.
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FIG. 7.È(a) Diagnostic diagram plotting log [O III] j5007/Hb vs. log [N II] j6583/Ha for H II nuclei (crosses), Seyfert nuclei (squares), LINERs ( Ðlled
circles), and transition objects (open circles). (b) Diagnostic diagram plotting log [O III] j5007/Hb vs. log [S II] jj6716, 6731/Ha. Symbols same as in (a). (c)
Diagnostic diagram plotting log [O III] j5007/Hb vs. log [O I] j6300/Ha. Symbols same as in (a).

13%, and 11% of the entire galaxy sample et al.(Ho 1997a
discusses the overall statistics of the emission-line nuclei in
greater detail). One object (NGC 1003) could not be classi-
Ðed because of the large uncertainties in the line ratios.

It should be emphasized that the classiÐcation process is
not always unambiguous, for at least three reasons. First,
the three conditions involving the low-ionization lines
([O I], [N II], and [S II]) do not always hold simultaneously.
This reÑects the empirical nature of the diagnostic diagrams
as well as the possibility of any one line ratio to be enhanced
or depressed with respect to the other two as a result of, for
instance, selective abundance variations. Second, substan-
tial measurement uncertainty may be associated with any
given line-intensity ratio. Finally, one or more of the line
ratios is sometimes only available as an upper limit. Thus,
each object must be evaluated individually, taking all of
these factors into consideration, before a classiÐcation can
be assigned to it. In view of the potential selective enhance-
ment of nitrogen in galactic nuclei (e.g., Storchi-Bergmann
& Pastoriza less weight is given to the [N II]/1989, 1990),
Ha ratio than to either [O I]/Ha or [S II]/Ha. If a reliable

measurement of [O I] is available, [O I]/Ha is given the
largest weight, since, of the three low-ionization lines, it is
the most sensitive to the shape of the ionizing spectrum.
Where more than one classiÐcation may be consistent with
the data, both are given, with the more likely one, and the
one Ðnally adopted, listed Ðrst. Some degree of subjectivity
must unavoidably enter into the classiÐcation process,
although we have tried throughout to be as consistent and
unbiased as possible.

We should point out that the deÐnition of LINERs
adopted here di†ers from that originally proposed by

which is based exclusively on the relativeHeckman (1980b),
strengths of [O I], [O II], and [O III]. Nevertheless, inspec-
tion of the full optical spectra of LINERs (see, e.g., et al.Ho

reveals that in practice the two sets of classiÐcation1993)
criteria generally identify the same objects. This merely
reÑects that [O III]/Hb inversely correlates with [O II]/
[O III] for conditions of low excitation (see Fig. 2 in

et al. shows the distributionBaldwin 1981). Figure 13
of [O I]/[O III] for all objects classiÐed as LINERs in our
survey according to the deÐnition adopted here and for

H C
om

p

Comp

H H II

Sy

L
IN

E
R

II

II L
IN

E
R

L
IN

E
R

Sy

Sy

Comp

FIGURE 1.4— Diagnostic diagrams of emission-line ratios used to classify galaxies in the Palomar
survey (adapted from Ho et al. 1997a).

1.2.2 The Diagnostic Tools

The radio and X-ray bands offer the cleanest probes for studying nuclear activity, by holding
several advantages over other emission bands. They do not suffer from stellar contamination
as do the optical and ultraviolet wavebands or dust emission as does the infrared. They
also offer high resolution imaging capabilities, imperative when trying to disentangle the
circumnuclear stellar component from any hypothetical AGN emitting in the radio.

The presence of compact hard X-ray emission provides direct evidence of black hole ac-
cretion, by probing the gas heated in the vicinity of the black hole. Instruments like Chandra
provide not only high resolution images but also spectral information needed to study the
accretion process. The radio band, in particular, offers the highest resolution imaging capa-
bilities at present, able to probe regions where black hole mass accretion and jet formation
occurs, just several parsecs in diameter. It also permits the study of related star-forming
processes in the nuclear regions of galaxies.

The radio emission originating from an AGN can be disentangled from star-forming re-
gions using three important diagnostic tools – radio morphology, radio spectral index and
brightness temperature. Generally, AGN are characterized by compact, centrally concen-
trated radio-emitting regions, whereas stellar radio emission is more diffuse, low surface
brightness, spread over the optical galaxy. At high resolution (<0 ′′. 1), star-forming regions
may show compact radio sources as well, but these are associated with radio supernovae
(RSN) and supernova remnants (SNRs; e.g. Weiler et al. 1986) and not AGN. In an AGN,
the presence of a flat slope in the radio source spectrum (α <

∼0.5; Fν ∝ ν−α) indicates syn-
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chrotron self-absorption in components with brightness temperatures greater than 105 K. On
the other hand, steep spectrum radio emission in star-forming regions (α >

∼0.5) arises from the
non-thermal synchrotron emission of SNRs. Flat spectrum star-forming regions, however, are
consistent with free-free absorption of optically thin synchrotron radiation and thermal emis-
sion originating from the electrons in H II regions. Therefore, a combination of brightness
temperature and radio spectral index of the strong nuclear radio components can indicate
whether the emission is thermal (TB

<
∼104 K; Condon 1992) or non-thermal (TB > 105 K)

and whether optically thin thermal (α ∼0.1), self-absorbed synchrotron (α <0.5), or syn-
chrotron (α ∼0.7) radiation dominates.

1.2.3 Scientific Rationale

The detection and study of low luminosity AGN has important implications in many branches
of astrophysics. Foremost, it is necessary to understand what factors determine the type
and strength of this low-level nuclear activity. Furthermore, it is important to establish a
link between low luminosity AGN and their powerful, high redshift counterparts – quasars –
and nearby quiescent galaxies. How is black hole activity triggered? Is the activity related
to the reservoir of matter and rate of accretion? How does the accretion process influence
the optical/radio/X-ray type of AGN observed? Moreover, because low luminosity AGN
may exist in significant numbers, they obviously need to be included in the AGN census;
their high spatial densities could have important repercussions on the faint end of the AGN
luminosity function (LF) and consequently on galaxy evolution and the origin of the cosmic
X-ray background.

1.2.4 Thesis Outline

The main research focus of this thesis has been the search for and study of low luminosity
AGN; such objects may contribute significantly to the AGN census, yet their numbers and
properties have until now been poorly constrained. This work has resulted in the detection of
several low luminosity AGN, revealing that nuclear activity in galaxies can occur in a very
broad range of powers. Furthermore, our observations have put important constraints on the
nature of the accretion process onto the central black hole.

Chapter 2 and 3 are dedicated to arcsecond-scale resolution, 8.4 GHz Very Large Ar-
ray (VLA) radio observations of the complete Palomar composite LINER/H II source sam-
ple. Several statistical tests are run on the properties of different spectral classes and cor-
relations with line and radio emission are also investigated. Chapter 4 contains follow-up
milliarcsecond-scale resolution Very Long Baseline Array (VLBA) radio observations, sup-
plemented with X-ray (Chandra) data of composite galaxies suspected to harbour AGN cores.
Emission-line characteristics are studied, relative to the radio and X-ray continuum. Com-
bining the radio and X-ray data, several accretion models (ADAF and jets) have been investi-
gated. Chapter 5 comprises a combined radio and optical census of nearby galaxies, including
a study of the optical and radio luminosity functions. A comparison of the Palomar sample
with other nearby galaxy samples and high redshift quasars is also performed. Several LIN-
ERs and Seyferts with complex extended emission and radio variability have been studied in
Chapters 6 and 7 with high resolution radio observations.




