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Abstract

Over a decade ago, Heckman (1980) described a class of objects whose
optical spectra are quite distinct from those of both HII regions and classi-
cal active galactic nuclei (AGNs). These objects are named “low-ionization
nuclear emission-line regions” (LINERs). There is a growing body of evi-
dence to suggest that LINERs are a far from uniform class of objects and
the origin of the ionising flux in these galaxies is controversial.

Hubble Space Telescope (HST) data are used to investigate the ultraviolet
properties of the LINER 2 galaxies, NGC4594 and NGC404. Their UV
spectra show narrow line emission only. The UV emission line ratios of
NGC4594 fit well with slow shock models and photoionization by a non-
stellar continuum. The UV spectrum of NGC404 reveals absorption lines
consistent with a starburst with an age of > 6 Myr. NGC4594 is also
observed in the X-ray wavelengths and the data resemble that of a “low-
luminosity” AGN. The multiwavelength spectrum of NGC4594 differs from
those of luminous AGN in the relative weakness of the UV continuum.
This is consistent with “low-state accretion” disk models and “advection-
dominated” disk models. These LINERs are compared with other HST
observed LINERs. The results show that shocks, photoionization by an
AGN and ionization by hot stars may all make energetically significant
contributions to the physical nature of LINERs.

Data from the ROSAT PSPC is used to study the long-term X-ray vari-
ability characteristics of the LINER galaxy, Arp 185. None is detected at a
level which suggests that the source of X-ray emission in this galaxy is not
accretion onto a compact object. Arp 185 is investigated further by looking
at its X-ray spectrum and radial profile. These data suggest that Arp 185
is a starburst-driven LINER.
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Chapter 1

Introduction

1.1 Astrophysical Properties of LINER Galax-
ies

In this thesis I study the astrophysics of Low-Ionization Nuclear Emission-
Line Region galaxies, or LINERs. Recent studies have found LINERs to be
ubiquitous in nearby galaxies, however, the nature of these objects is still
unknown. This has made the study of these enigmatic objects an exciting
topic.

The optical spectra of LINERs (Heckman 1980) are quite distinct from
HII nuclei and AGN. They are characterised by low ionization and were orig-
inally defined by the optical forbidden lines of oxygen: such that the ratios
[O11)A3727/[OIII]A5007 > 1 and [OI)A6300/[0III)A5007 > 1/3 (Heckman
1980). More recently, LINERs have been defined by [OI] > 0.17He, [NI]]
> 0.6 He, [SII] > 0.4 Ha and [OIII]/HB < 3 (Ho, Filippenko & Sargent
1993). This definition almost invariably also satisfies Heckman’s criteria.
A subset of LINERs are named “transition objects” or weak [OI] LINERs.
These have the same line strengths as the standard definition except that

the [OI] emission line is weak. The strength of [OI] is intermediate between

15
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those of LINERs and HII nuclei (0.08 Ha < [OI] < 0.17 He). In this thesis
I include weak [OI] LINERs in my definition of LINERs.

LINERs have been found in about 1/3 of bright, nearby galaxies and are
especially common in early Hubble types (40% of E-SO/a and 60% of Sa-
Sab galaxies are LINERS; see review by Ho 1996). Given that LINERs are
ubiquitous in nearby galaxies it is important to understand their physical
nature. There is a growing body of evidence to suggest that LINERs are
a far from uniform class of objects and the origin of the ionising flux in
these galaxies is controversial. For example, some LINERs resemble AGN
in their radio, X-ray and emission line properties. They may indeed contain
“dwarf” AGN and may represent the link between low-luminosity AGN
(LLAGN) and nearby “normal” galaxies. If this is so, these objects should
be included in the luminosity function of AGNs. Other mechanisms that
have been proposed to power the line emission in LINERs include shock
heating, cooling flows or photoionization by very hot stars. The resolution
of this question has an important bearing on the relationship between the
Seyfert phenomenon and starburst activity in galaxies.

The study of LINER galaxies requires a knowledge of the active galaxies
that they resemble. Therefore, the following section gives an overview of

the different types of active galaxies based on their observed properties.

1.2 Active Galactic Nuclei

Active Galactic Nuclei (AGN) are very luminous, energetic and compact
objects found at the centre of some galaxies. Large amplitude, X-ray vari-
ability has been observed in some AGN on timescales of less than a day
(e.g. Edelson et al. 1996). Substantial variability cannot be observed on
timescales shorter than the light crossing time of the source. This gives an

upper limit to the size of the emitting regions of AGN as less than a light
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day across. It is generally thought that the only means of producing such a
large luminosity in such a small region is by accretion onto a massive black

hole (Rees, 1984).

1.2.1 Quasars

In 1960, spectra were obtained of two star-like, bluish objects that had
been found to be sources of radio emission. The objects became known as
quasars which is an abbreviation of quasi-stellar radio source. Quasars are
distant, high luminosity (Mp < —23; Schmidt & Green 1983) objects. They
have broad permitted lines (FWHM > 1000 km s™!) and narrow forbidden
lines. The majority of quasars are radio quiet and are also known as quasi
stellar objects (QSOs). The host galaxy of quasars is difficult to study due
to the large distances of most quasars and because of the high comparative
luminosity of the AGN. LINERs have the opposite problem as they have a

very faint nucleus at the centre of big, bright galaxies.

1.2.2 Seyfert Galaxies

Seyfert galaxies are normally spiral galaxies and have a bright, point-like nu-
clei. Although, they are less luminous than quasars (Mp > —23; Schmidt
& Green 1983), it is generally accepted that they present the same phe-
nomenon as quasars. They are defined by Ho et al. (1993) by [OI] > 0.08
He, [NII} > 0.6 He, [SII] > 0.4 He and [OIII)/HB > 3. They are subdivided

into two categories: Seyfert 1s and Seyfert 2s.

Seyfert 1s

Seyfert 1s are the “original” active galaxies discovered by Carl Seyfert in
1943. The optical spectra of Seyfert 1s show strong broad permitted lines
(FWHM ~ 1000 — 5000 km s~!), narrow forbidden lines (FWHM ~ 300 —
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1000 km s~!) and a non-stellar power-law continuum.

Seyfert 2s

Seyfert 2s are distinguished from Seyfert 1s by having permitted lines of the
same width as the forbidden lines (FWHM ~ 300 — 1000 km s~!). A more
secure diagnostic is the ratio of the strength of the permitted line flux to the
forbidden line flux where the [OIII]A5007/Hf ratio is ~ 1 for Seyfert 1s and
> 3 for Seyfert 2s. Seyfert 2s are approximately 4 times more common than
Seyfert 1s (Osterbrock & Shaw 1988) and are normally of lower apparent
luminosity. Their optical spectra also have a much stronger contribution

from the host galaxy.

1.2.3 Narrow-Line Seyfert 1s

Narrow-Line Seyfert 1s (NLS1s) are defined by having Balmer lines that are
only slightly broader than their forbidden lines (H3 < 2000 km s™!) and
forbidden line emission that is relatively weak ([OIII]A5007/HA < 3). Often
they‘ have strong emission features from Fell and high ionization optical
lines (Goodrich 1989). Many NLS1s (unlike Seyfert 2s) are particularly soft
X-ray sources (Boller, Brandt & Fink 1996; Puchnarewicz et al. 1992).

1.2.4 Blazars

Blazars are highly variable, highly polarized AGN. The entire class is based
upon observational properties which are seemingly a consequence of rela-
tivistic beaming. This category includes “optically violent variable” (OVVs)
whose emission lines remain constant while the continuum varies dramati-

cally and BL Lacertae (BL Lacs) which have no emission lines.
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1.3 Unified Model for AGN

It has been possible to explain many of the observed properties of AGN using
a “unified model”. I will give a brief description of this model, illustrated
in Figures 1.1,1.2 and 1.3. For a full description see Antonucci (1993). At
the centre of the AGN lies a massive black hole (MBH). An X-ray source
is thought to lie close to the MBH and this illuminates an optically thick,
geometrically thin accretion disk. The majority of the X-ray flux incident
on the accretion disk is thermalized and reprocessed into UV/soft X-ray
emission and is thought to be the origin of the “Big Blue Bump” (BBB)
and the soft X-ray excess. The BBB can be described by a single blackbody
with a temperature of 2 — 3 x 10* K (Malkan & Sargent 1982). It turns
over somewhere in the EUV/soft X-ray region and the soft X-ray excess
may be its high energy tail. This also produces the “cold” FeKea line seen
in some AGN. Intensity changes in this region would allow for the X-ray
variability seen in some AGN. Surrounding this, at several light days for a
L, = 10%3 erg s~! Seyfert 1 galaxy, are the clouds responsible for the broad
permitted lines seen in the optical and the UV. Further out, is a region of
thick (Ngy > 10?3 atoms cm~2), dusty, cold material in the shape of a torus.
This material obscures the line of sight to the central engine in Seyfert 2s
and is thought to be responsible for the high column densities seen in these
objects. Still further out, at hundreds of pc to kpcs, are the narrow line
clouds responsible for the narrow forbidden optical and UV lines seen in
Seyfert 1 and 2s. This describes the current model for a radio quiet AGN
where the radio emission is weak. The scenario is similar for radio loud
objects but they also contain jets which move at relativistic speeds and
extend into the surrounding galaxy.

The “unified model” contends that the different types of AGN all have

the same internal structure but different observed properties due to the
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