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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



Chapter 1 16

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 —



Chapter 1 18

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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Chapter 1 23

orientation with respect to the observer. When the AGN is viewed edge-
on the broad line region (BLR) and the accretion disk is obscured by the
molecular torus and only the narrow line region (NLR) is seen. Thus only
narrow emission lines are visible resulting in a Seyfert 2 spectrum. When
the AGN is slightly inclined, the BLR, the NLR and the accretion disk can
be seen. At this inclination, the broad and narrow emission lines and the
non-stellar power-law continuum seen in Seyfert 1 spectra is observed. In
radio loud objects, when the AGN is viewed face-on we are looking directly
into the radio jet. For BL Lacs, where no emission lines are seen, the
relativistically beamed continuum emission dominates the spectrum. In
OV'Vs the emission lines are visible above the continuum.

This theory is backed up by the broad lines that are seen in polarized
light in some Seyfert 2s. These could be produced by a scattering cloud of
electrons (Antonucci & Miller 1985), which is created by illuminating the

molecular torus with the bright nucleus so that it becomes strongly ionized.

1.4 Multiwavelength Spectrum of AGN

Figure 1.4 shows the mean multiwavelength spectrum of a radio loud and
radio quiet AGN. To within an order of magnitude, the spectrum of a typ-
ical AGN from the far infrared (IR) up to hard X-ray frequencies can be
modelled by a power-law of energy index a ~ 1 (Weedman 1986; where «
is defined throughout this thesis as f, oc ¥™). Therefore, in each decade of
frequency approximately the same amount of energy is emitted. At radio
frequencies, AGN can be separated into two classes, radio loud and radio
quiet. Radio loud AGN have a power-law spectrum that extends far into
the radio, due to relativistic jets. The radio emission of the more common
radio quiet AGN is much weaker i.e. the spectrum turns over at shorter

wavelengths.
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1.5 Other Active Galaxies

1.5.1 HII Regions

Galactic HII regions are believed to contain large numbers of hot, luminous
OB stars in their nuclei which ionize the surrounding interstellar gas. They
have a high level of star formation occurring within them which cannot be
sustained throughout their lifetime. HII regions can be distinguished from
Seyfert 2 galaxies by having [OI] > 0.17 He, [NII] > 0.6 He, [SII) > 0.4 Ho
and [OIII)/HRB < 3.

1.5.2 Starburst Galaxies

The brightest HII regions are also known as starburst galaxies. These galax-
ies have a comparable luminosity to AGN. Other similarities include strong
emission lines, a blue optical continuum, non-thermal radio emission, strong
IR continuum and a moderate X-ray continuum. UV spectra of starburst
galaxies have absorption lines which are the stellar “signatures” of hot,

young stars.

1.5.3 Narrow Emission Line Galaxies (NELGs)

NELGs are defined as galaxies which possess only emission lines with FWHM
< 1000 km s~! in their optical spectra. They are a heterogeneous class
which include LINERs, Seyfert 2s and starburst galaxies. NELGs have
been found to evolve with redshift, and X-ray luminosity functions predict
that they comprise 15-35% of the 1-2 keV X-ray background (XRB) (Page
et al. 1997a).

A recent study using the ROSAT International X-ray Optical Survey
(RIXOS; Mason et al., 1998) and the UK Deep Survey found that of the 489
objects identified, 36 are NELGs (note that 78 objects were unidentified).
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Of these NELGs, 5 were classified as LINERs, 9 were possible LINERs and
7 were undetermined (Romero Colmenero 1998). Therefore, it is possible

that LINERs may make a significant contribution to the XRB.

1.6 Classification of LINERs

LINERs can be divided into the subclasses, “LINER 1” and “LINER 2”
nuclei. These subclasses are based on the presence or absence of broad Ha

emission.

1.6.1 LINER 1s

LINER 1s are classified by having broad Ha emission in their optical spectra.
Approximately 25% of LINERs have broad Ha emission. LINER 1s have
the least ambiguity in their physical origin and can most safely be regarded
as representing genuine low-luminosity AGN (LLAGN) (Ho et al. 1996).
The broad Ha seen in LINERs is very similar to that seen in Seyfert 1
nuclei but can be orders of magnitude less luminous (Ho et al. 1997b). For
example, M81 has a broad Ho luminosity of only 1.8 x 10%%rg s ~! (Ho et
al. 1996), while typical Seyfert nuclei in the Markarian catalog have L(Hc)
~ 10*%erg s ~! (Ho et al. 1997a). Note that, LLAGN or “dwarf” AGN are
defined by Ho et al. (1997a) by L(Ho) < 10%%rgs s~

1.6.2 LINER 2s

LINER 2s have no broad Ha emission in their optical spectra. The ion-
ization mechanism of these objects is more difficult to decipher. It is pos-
sible that the absence of broad Ha is due to obscuration of the BLR by
dust. Therefore the LINER 1/LINER 2 classification would be analogous

to Seyfert classification. However, the line emission could be due to shock
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heating, cooling flows or photoionization by very hot stars. These physical

mechanisms will be discussed in the following section.

1.7 The Physical Nature of LINERs

1.7.1 Early Studies

Early studies of LINERs concluded that the emission lines were produced
by shock-heated gas (e.g. Heckman 1980). This was because of the re-
semblance of the LINER emission-line ratios to supernova remnants (SNR)
and this led to the line intensity ratios of LINERs being used to define
“shock-heated galaxies” (Baldwin, Phillips & Terlevich 1981). However,
the discovery of X-ray emission from LINERs led to the development of

power-law photoionization models.

1.7.2 Photoionization by a Non-stellar Continuum

Early attempts to explain the optical emission line intensities of some LIN-
ERs by photoionization of a fixed density medium failed. However environ-
ments with a range of densities were more successful. Furthermore, multiple
density zones in LINERs were backed up by observations. For example, in
NGC7213 the [OII]AA3726,3729 emission lines have a FWHM of ~ 300 km
s~! and the [OI[]AN7319,7300 have a FWHM of ~ 1000 km s~*. The former
pair are enhanced in a gas of low density (~ 10° cm~3), while the latter pair
are dominant where densities are high (~ 10 cm~3) (Filippenko & Halpern
1984).

Ho, Filippenko & Sargent (1993; hereafter HFS) used a range of den-
sities in their models and demonstrated that the main optical to near-IR
spectral features of LINERs are well modelled with photoionization by a

non-stellar continuum. In this model, LINERs are genuine AGNs where
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the UV continuum is produced by accretion of matter onto a supermassive
black hole. A low ionization parameter (log U = —3 to -4) is also required
for these models in order to yield [OI)A3727 > [OIII]A5007, in agreement
with the LINER classification. The ionization parameter (U) is the ratio of

ionizing photons to nucleons at the face of a gas cloud where

Q(H)

U= ATR?N,c

(1.1)

and Q(H) is the rate of ionizing photons emitted by the central object,
r is the distance from the inner face of the shell to the source, IV, is the
electron density in the inner face of the shell and c is the speed of light.

The fact that the observed emission line intensities correlate with the
predictions of these photoionization models is evidence that at least some

LINERs are analogous to Seyfert galaxies.

1.7.3 Wolf-Rayet Stars or “Warmers”

Terlevich & Melnick (1985) have shown that the ionizing continuum in LIN-
ERs can be produced by very hot (T' ~ (1 — 2) x 10° K), luminous stars
called Wolf-Rayet (W-R) stars or “Warmers”. W-R stars are the descen-
dants of massive O stars (i.e. stars with initial masses M & 35M®; Conti
et al. 1983; Humphreys, Nichols & Massey 1985) in metal-rich HII regions.
Evolutionary synthesis models of stellar populations (e.g. Meynet 1995)
predict that the O stars evolve to form W-R stars about 3-6 Myr after the
start of a starburst. Their spectra are characterized by strong broad emis-
sion lines (e.g. HelIA4686) resulting from dense, high velocity winds. These
winds cause the stars to become bare cores of He-C-O in the final stages of
their evolution.

A cluster of W-R stars in the high metallicity environment of galactic

nuclei, in combination with main-sequence O stars, can produce a contin-
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uum resembling a power law with f, oc =1 (Terlevich & Melnick 1985).
This gives rise to an emission line spectrum similar to Seyfert 2 and LINER
galaxies. The number of stars in the burst and the age of the burst will

affect the strength and profile of the lines.

1.7.4 O-type Stars

It has been proposed that LINERs can be generated via photoionization
by relatively hot yet normal O stars (Filippenko & Terlevich 1992; Shields
1992). Filippenko & Terlevich (1992) find that weak [OI] LINERs can be ex-
plained by O star photoionization models with a high effective temperature
of T,;¢ & 45,000 K (i.e. O5 or earlier) and a low ionization parameter (log
U = —3.7 to -3). This differs from photoionization models for HII regions
which have T, ;s < 40,000 K and an ionization parameter of log U ~ —2.5 to
-2. This difference may be a natural consequence of the generally higher gas
densities, pressures and masses in galactic nuclei compared to extra-nuclear
HII regions (Shields 1992). However, problems exist with this model. Stud-
ies of normal HII regions have shown that there is an inverse correlation
between effective temperature and abundance of heavy elements (McCall,
Rybski & Shields). LINERs are most commonly found in early type galaxies
and the nuclei of these galaxies are enriched to solar abundances or higher.
Therefore, cooler late-type O stars with a lower T,;; would be expected.
Again, this problem may be explained by the environment of the LINER
nucleus. Photoionization by O stars also has difficulty explaining the broad
emission lines seen in some LINERs although it has been suggested that
they could be produced by supernova exploding in dense media (Terlevich

et al. 1992).
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1.7.5 Cooling Flows

Some LINER galaxies show circumnuclear emission lines out to distances
of ~ 2 kpc as opposed to nuclear emission only (< 200 pc). These lines are
unlikely to be powered by an ionizing continuum from the nucleus and are
probably powered by local processes.

Long-slit spectra show that the emission-line intensities ratios of some
extended LINERs are not dependent on projected radial distance from the
galactic nucleus (e.g. NGC6500; Filippenko 1984) which could be explained

by a small cooling flow.

1.7.6 Starburst-driven Winds

A high rate of star formation in the nuclear regions of a galaxy can produce
a high velocity wind (v = 1000 km s™!) of hot gas (T = 107 — 10® K)
which expands out along the galactic disk’s minor axis producing a bipolar
outflow. This starburst-driven wind can shock-heat clouds and produce the

optical LINER emission line intensities as well as X-ray emission.

1.7.7 Galaxy Mergers and Collisions

The shocks produced when galaxies collide and merge could also produce
the emission lines seen in LINERs. This scenario is particularly likely if the

two galaxies are rich in gas.

1.7.8 Recent Shock Models

New shock models have been proposed by Dopita & Sutherland (1996; here-
after DS) which they argue can explain the emission mechanism of all LIN-
ERs. They have computed models where the shock velocity is high, the

magnetic field strength is large and the gas density is low.
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Fast radiative shocks are a powerful source of ionizing photons. These
photons are produced in the hot, post shock plasma as it cools and can
diffuse upstream and downstream. When they diffuse upstream they can
produce an extensive precursor HII region. When travelling downstream
they can influence the ionization and temperature structure of the recom-
bination region of shock.

The DS models assume that LINER galaxies have a relatively low column
density and therefore no precursor region is formed. DS apply this model to
the LINER, M87, which has extended circumnuclear emission lines and find
a good fit with observations. However, comparison of the model predictions
with nuclear LINERs (< 200 pc) have found them to be inconsistent with
the observed spectra (Ho, Filippenko & Sargent 1996; Barth et al. 1996,
1997; Nicholson et al. 1998). Furthermore, this model does not explain the
UV and X-ray morphology of LINERs.

1.8 Observations of LINERSs

LINER galaxies have been observed from radio, IR and optical, through to
UV and X-ray wavelengths. In this section, I briefly describe the observa-
tional properties of LINERs for each of these wavelengths.

1.8.1 X-ray Properties of LINERs

X-ray observations can provide important clues to constrain the physical
nature of LINERs. If LINERs are AGN-like, the X-ray emission should
be compact (< 1 pc) and variable and the X-ray spectrum should have a
non-thermal, power-law form. However, if starbursts are the main ionizing
mechanism then the X-ray emission may be extended over several kpc and
the X-ray spectrum should be thermal and have coronal X-ray emission

lines.
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X-ray observations using different satellites give varied information on
the LINER phenomenon. The Image Proportional Counter (IPC) on the
Finstein observatory (Giacconi et al. 1979) had moderate spectral reso-
lution in the 0.1-4.5 keV band and positional resolution of ~ 50”. More
recently, the High Resolution Imager (HRI) on ROSAT (Trumper 1983)
has been able to investigate the X-ray morphology of LINER galaxies more
thoroughly due to its high spatial resolution (~ 5" FWHM). The spec-
tral capabilities of the Position Sensitive Proportional Counter (PSPC) on
ROSAT (6E/E ~ 1) are also an improvement on the Einstein IPC. How-
ever, ROSAT is only sensitive to soft X-ray emission (0.1 to 2 keV).

The Advanced Satellite for Cosmology and Astrophysics (ASCA; Tanaka
1990) is the first imaging X-ray satellite to be sensitive above 4 keV and is
capable of imaging and spectroscopy in the 0.4 - 10 keV band. The imaging
spectrometers have superior energy resolution (E/6E ~ 10 at 1keV, and
~ 50 over 5 keV) over previous proportional counters, but poor spatial
resolution. Therefore, ASCA provides high quality spectra but can not
separate the different components observed in LINERs.

A recent study of LINER and starburst galaxies using ASCA has found
that most of these objects have complex X-ray emission and fit best with
a two component description (Serlemitsos et al. 1996). The best fit model
requires a hard X-ray power-law plus a thermal spectrum. This is consistent
with LINERs having a compact nuclear source which produces hard X-rays
plus extended emission which emits soft X-rays and is most likely being
produced by warm gas with kT ~ 0.6 — 0.8 keV. This may be due to a SNR
heated interstellar medium (ISM) and starburst-driven winds. Serlemitsos
et al. (1996) find that the power-law slopes required to fit the LINER data
are similar to that of Seyferts; a, ~ 0.5 — 1.5 compared with a = 0.7

(Mushotsky 1984) for Seyfert galaxies.
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1.8.2 Ultraviolet Properties of LINERSs

Ultraviolet (UV) observations are very important in our understanding of
the LINER phenomenon. Contamination from normal stars is much reduced
in the UV. This allows the nucleus to be directly studied and therefore, gives
clues to the fundamental energetics of LINER galaxies.

Previous observations of LINERs have been rather sparse. Spectroscopic
data were obtained from the International Ultraviolet Explorer (IUE), how-
ever, the spectra were taken through a large aperture (10” x 20”) and were
heavily contaminated by starlight from the bulge. The Hubble Space Tele-
scope (HST) has radically changed UV observations and offers an opportu-
nity to isolate and study the nuclei of LINERs.

UV Imaging

UV imaging can tell us the number of LINERs which have compact UV
sources. Furthermore, the morphology of those LINERs that do possess a
UV nucleus can help to constrain their ionizing mechanism. Diffuse emis-
sion may suggest cooling flows, galaxy mergers or collisions or starburst
activity and starburst driven winds. Unresolved, point-like UV emission
suggests AGN-like activity, although a nuclear starburst can not be ruled
out. Variability of the UV continuum also points towards AGN-like activity.
Furthermore, UV imaging can identify candidates for UV spectroscopy.

A recent UV imaging survey using the pre-COSTAR HST Faint Object
Camera (FOC) and F220W filter has shown that ~ 20% of LINERs have a
compact UV source (Maoz et al. 1995). Most of these “UV-bright” LINERs
have a UV nucleus with a radius ~ 4 pc (assuming H, = 50 km s~!Mpc™1).
Maoz et al. (1995) find that the inferred UV ionizing luminosity of these
LINERs (assuming an f, oc ¥~! continuum) is sufficient to power the ob-

served emission lines.
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A number of reasons have been suggested as to why 80% of LINERs are
“UV-dark”. The LINERs could contain UV sources that are obscured by
dust or the emission lines may be shock excited rather than photoionized
(Maoz et al. 1995). An alternative reason for the low UV detection rate
of LINERs is the duty cycle hypothesis (Eracleous, Livio & Binette 1995).
This hypothesis suggests that the observed line emission from LINERs is
driven by photoionization but that the source of ionizing radiation is active
for only 20% of the time. Eracleous et al. (1995) show that the decay times
of the low-ionisation species can be of the order of centuries. Therefore,
turning the photoionization “off” would not be noticeable in the emission-
line spectrum. However, this scenario cannot be true for LINERs with broad
line emission as the BLR is small and therefore has a short recombination
timescale. '

A more recent survey using the WFPC2 on the refurbished HST also
finds that only 20% of LINERs are “UV-bright” (Barth et al. 1998). They
find that the probability of detecting the UV emission is dependent on the
internal reddening and the inclination of the host galaxy (in agreement with
Maoz et al. 1995). They propose that ~ 2/3 of LINERs would be detected

in the UV in the absence of any obscuration.

UV Spectroscopy

HST spectroscopic observations can give important clues to help under-
stand the fundamental energetics of LINER galaxies. If a nuclear starburst
is present, it should be possible to detect UV spectral signatures of massive,
hot, young stars from the absorption lines. However, if LINERs are similar
to Seyfert galaxies, a featureless, non-stellar ionizing continuum should be
detected. Featureless continua have been found in a few LINERs in the
optical but this should be more apparent in the UV where the nucleus be-

gins to dominate over the starlight in the host galaxy. The strengths of the
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emission lines is another important diagnostic in determining the physical
nature of LINERs. The emission line ratios can be compared with shock
and photoionization models to help understand the emission mechanism.
The profiles of the lines are also relevant. For instance, broad line emission
suggests the presence of a BLR and, therefore, AGN-like activity. Further-
more, the width of these line can be used to give rough estimates of the mass
contained within the BLR using FWZI/4 to estimate the three-dimensional
velocity dispersion (Wandel & Yahil 1985) and the relation M = v*r/2G.
It is also possible to search for UV variability by determining the flux of the

continuum to compare with previous observations.

1.8.3 Optical Properties of LINERs

The Palomar Observatory Galaxy Survey observed 486 bright (Br < 12.5
mag), nearby galaxies (Ho et al. 1997a, b and references therein). This
survey finds that & 33% of bright galaxies are LINERs and if all LINERSs are
AGN then they constitute > 70% of the AGN population. They find that
the majority of LINERSs reside in early-type galaxies (40% E-SO/a galaxies
and 60% Sa-Sab galaxies) in contrast to HII nuclei which reside in late-
type galaxies. The LINERs show a number of similarities with Seyferts; the
host galaxies have nearly identical distributions of Hubble types, absolute
magnitudes and inclination angles.

Another important aspect of the Palomar survey was to search for broad
Ha emission. Broad Ha emission was detected in ~ 25% of LINERs;
24% of “pure” LINERs and 4% of weak [OI] LINERs. The optical spec-
tra show some LINERs have double-peaked broad Ha emission. Double-
peaked, broad emission lines have been seen in about 20 AGN (Eracleous &
Halpern 1994) and may indicate an accretion disk. Alternative explanations

are double sided jets and binary black holes. Variability has been observed
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in double-peaked Balmer lines (e.g. NGC1097; Storchi-Bergmann 1995).
They conclude that the most likely explanation for this is a line-emitting
ring produced as a result of tidal disruption of a star by the black hole,

although, collimated bipolar jets can not be ruled out.

1.8.4 Infrared Properties of LINERs

To date, not much is known about the IR properties of LINERs. IR ob-
servations suffer from the problem that the emission lines and continuum
are weak compared to light from the bulge and studies of LINERs find
that stellar emission dominates at wavelengths below ~ 5um (Willner et
al. 1995). However, there is excess radiation, possibly due to dust, in the
range 10-20pm.

IR observations are starting to become available however. A recent
near-IR spectroscopic survey of LINERs has been undertaken using the 200
inch Hale telescope at the Palomar observatory (Larkin et al. 1998). The
hydrogen recombination lines, Pag (1.2818um) and Bry (2.1655um) can
be seen in near IR spectra. These lines trace ionizing photons and can be
directly related to the optical recombination lines. Another important IR
emission line is Hy which is ubiquitous in starburst and Seyfert galaxies and
is thought to originate in slow shocks, UV fluorescence and X-ray heating.
[Fell} (1.2567um) is also strong in the IR. Most iron is locked up in dust
grains but in X-ray heated environments the dust is evaporated causing
strong [Fell] emission. This is frequently seen in Seyfert galaxies and is
thought to trace fast shocks (~ 100 km s~!; Graham et al. 1990). However,
in a recent study by Larkin et al. (1998) they find that the “weak” [Fell]
LINERs have characteristics consistent with Seyfert-like activity (e.g. broad
Ho emission) and the “strong” [Fell] LINERs show evidence of recent star

formation.
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1.8.5 Radio Properties of LINERs

LINERs are more likely to host compact nuclear radio galaxies than normal
galaxies. Some LINERs (e.g. NGC1052; Jones et al. 1984) contain a com-
pact, luminous, variable and flat-spectrum radio source. These properties
are also observed in AGN. Continuum variability and highly directed radio
jets have also been observed in some LINERs and this suggests accretion
onto a black hole (Hummel et al. 1984). However, the radio emission in
most LINERs is very weak and higher resolution data is needed to char-
acterize their radio properties. Furthermore, some nuclear starbursts also
have compact, flat spectrum radio sources and so these properties do not

differentiate starburst and AGN-like activity (Condon 1996).
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Evidence for Low-Level AGN
Activity in the Nucleus of the
LINER Galaxy NGC4594

2.1 Introduction

2.1.1 The LINER galaxy - NGC4594

The LINER galaxy, NGC4594 (M104, the Sombrero galaxy), has recently
been observed in the UV using the HST. It is a southern early-type spiral
galaxy (see Figure 2.1) which has been classified between type Sa and Sb.
It is highly inclined and is at a distance of 18 Mpc (Sandage & Tammann
1981) assuming H, = 50 km s'Mpc~!. The nucleus was identified as a
LINER by Heckman (1980).

38
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al. 1984).

Optical data

The spectrum of NGC4594 has been observed in the optical from the ground
using the Palomar Observatory (Ho, Filippenko & Sargent 1995, 1997a,
1997b). Ho et al. (1997b) find no broad He in the ground-based spec-
trum. However, Kormendy et al. (1996) claim to find broad Ha (FWZI
~ 5200 km s~!) using the Faint Object Spectrograph (FOS) on the HST.
The discrepancy in regard to its presence in the spectrum of NGC4594 will
be investigated in this chapter.

Kormendy et al. (1996) also use HST FOS data and Canada-France-
Hawaii Telescope (CFHT) data to look for spectroscopic evidence of a black
hole in NGC4594. Their dynamical studies suggest there is a massive (~
10° My), active concentration at the nucleus, possibly a black hole. From
examining the absorption lines due to stars at different radii they find that
the nucleus does not contain old stars (r < 0.163”; 14 pc). They conclude
that the nucleus is most likely to be non-thermal although there is a small

possibility that the nucleus contains young, blue stars.

UV data

There are IUE data on this LINER detailed in Reichert et al. (1993).
The spectrum shows an FelIA1610 absorption line (Reichert et al. 1990Db)
suggesting the presence of luminous blue supergiants which formed within
the last ~ 107 to 10® years (Figure 2.2). There is also a possible CITI)A1909
emission line. In addition, there is a HST Faint Object Camera (FOC)
image of NGC4594 and I will be comparing the flux from the IUE, the
FOC image and my HST data to look for variability. UV variability has
been found for the the first time in a LINER galaxy (NGC4579) in a recent
study by Barth et al. (1996).
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X-ray data

In the X-ray band, NGC4594 has been observed at an angular resolution of
~ 50" with the Einstein Observatory IPC in the 0.1 to 4.5 keV band (Fab-
biano, Kim & Trinchieri 1992). They find a luminosity of L, ~ 1.1 x 10%
erg s~! for an energy range of 0.2-4 keV. These data, when fitted with a
power-law yield a spectrum with oy = 0.45 £ 0.15 for Ny = 4 x 102¥%cm—2.
The Galactic Ny is 3.8 x 102%cm=2 (Stark et al. 1992) suggesting that
NGC459%4 has a relatively hard X-ray spectrum with little or no intrinsic
absorption. More recently, NGC4594 has been observed with the ROSAT
HRI. These data show that the central source has at least three spatial com-
ponents (Fabbiano & Juda 1997). The point-like, possibly variable nuclear
source has L, ~ 3.5 x 1040 erg s~! which is the signal from the central 15" of
the galaxy nucleus. The other two components lie within 30” of the nuclear
source co-aligned with the major axis of the galaxy. Figure 2.3 shows the
X-ray contour map of NGC4594 overlayed on the STScI digitized sky survey
plate of NGC4594 (figure from Fabbiano & Juda 1997). The bright X-ray
source can be seen at the nucleus.

If the X-ray emission of NGC4594 is due to accretion onto the 10°Mj
black hole implied by dynamical studies (Kormendy et al. 1996), then
the luminosity is extremely sub-Eddington (L,/Lg =~ 3 x 10~7). Fabbiano
& Juda (1997) also find that the nuclear source in NGC4594 may be time
variable on timescales of less than a day which would support the suggestion
that the X-ray emission is due to accretion onto a compact object.

NGC4594 has also been observed with the ROSAT PSPC, which has
spectral capabilities but a broader Point Spread Function (PSF; angular
resolution ~ 30”). As with the Einstein IPC, Fabbiano & Juda (1997)
could not isolate the nuclear source in the ROSAT PSPC data to obtain

its uncontaminated spectrum. They calculate the contribution from the
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nuclear source to be ~ 55% of the total flux in a 60" radius extraction
circle. These data give a good fit to a o = 0.7675:33 power-law in the 0.1 to
2.0 keV band. This result is consistent with the analysis of the Einstein IPC
data. Fabbiano & Juda (1997) find that a larger extraction circle, ~ 120"

radius, produces a softer spectrum with o, = 0.847344.

In this chapter I present the HST FOS UV data and ASCA X-ray data
on NGC4594. Section 2.2 contains the details of the observations and data
reduction including reduction of archival HST FOC data to look for variabil-
ity in the UV continuum. In Section 2.3, the UV emission line parameters
are measured and I compare the UV continuum flux with the JUFE flux and
the HST FOC data. I also detail model fits to the ASCA data, re-analysing
the ROSAT PSPC data to compare directly the soft and hard X-ray spec-
tra to try to characterize the ionizing flux in NGC4594. These data are
then combined with radio, Infra-Red Astronomy Satellite (IRAS), near-IR
and optical data to produce the multiwavelength spectrum detailed in Sec-
tion 2.4. I then compare the UV spectra of NGC4594 with three other well
studied LINERs, M81, NGC4579 and NGC6500 (Section 2.5) and with the
predictions of several shock and photoionization models. I also consider two

accretion models that may account for the low luminosity of NGC4594.

2.2 Observations and Data Analysis

2.2.1 HST FOS data

NGC4594 was observed using the HST FOS on 1995 January 12 UT through
the 0.86" diameter circular aperture. Three gratings, G130H, G190H and
G270H were used to cover the wavelength range 1150-3270 A. The data
were collected in ACCUM mode where the spectra are read out at regu-

lar intervals, in this case, the G190H and G270H every 2 minutes and the



Chapter 2 45

Table 2.1: HST FOS observations

Grating Detector Wavelength FWHM? Exposure time

A A (s)
G130H FOS/BLUE 1152-1608 2.29+0.2 226041460
G190H FOS/RED 1600-2280 3.23+0.3 1800
G270H FOS/RED 2222-3277 4.57+04 480

2 Spectral resolution assuming an aperture filled uniform source.

G130H every 4 minutes. Each consecutive spectrum is the sum of all pre-
vious intervals of data within the exposure. One exposure was taken with
each of the G190H and G270H gratings and two exposures with G130H
(which were summed for subsequent analysis). The FOS spectral resolution
and details of the observations are shown in Table 2.1. The data were pro-
cessed by the routine HST calibration pipeline which includes flat-fielding,
subtraction of the particle-induced background, and flux and wavelength

calibration.

2.2.2 HST FOC data

NGC4594 was also observed using the FOC on the HST with the F220W,
F342W and F502M filters. These observations were made on 1994 March
14 UT (F220W) and 1992 March 29 UT (F302W and F502M), through an
aperture size of 11.351" x 11.351”. Exposure times were 1796, 1196 and 896
seconds for the F220W, F302W and F502M filters, respectively.



Chapter 2 46

Table 2.2: ASCA observations

Instruments® Count Exposure
Rates (counts s™1) Time(s)"°
SISO 9.224+0.31 x 102 16787
S1S1 5.97 £0.27 x 102 15727
GIS2 6.57 £ 0.26 x 1072 18438
GIS3 6.15 £ 0.26 x 1072 18428

@ The spacecraft was outside of the South Atlantic Anomaly.

b “Hot” and “flickering” pixels were removed from the SIS.

¢ Exposure times after the data are screened and cleaned.

To screen the data a bright Earth angle of > 13° was used

with a magnetic cut-off rigidity of < 6 GeV. I used an

elevation angle of > 10° for the SIS and > 5° for the GIS.

The time after the day/night transition was 100s.

The screening criteria used is that recommended by the ASCA ABC guide.

2.2.3 ASCA data

X-ray observations with the ASCA satellite were taken on 1994 January
20 UT. ASCA has four X-ray instruments: two Solid State Imaging Spec-
trometers (SIS) each consisting of four CCD chips, and two Gas Imaging
Spectrometers (GIS). The SIS have an energy range of 0.4 keV to 10 keV, an
energy resolution of 2% at 5.9 keV and a 22' x 22’ square field of view. The
GIS have an energy range of 0.7 keV to 10 keV, an energy resolution of 8%
at 5.9 keV and have a circular field of view of 50’ diameter. The observation
reported here was carried out with 2 CCD chips exposed on each SIS. The
data-selection applied and exposure times are detailed in Table 2.2.
Images were extracted from the screened and cleaned data (see Table 2.2)

from all instruments, and region descriptors were defined for extracting
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light curves and spectra. Because of the broad PSF, the jittering of the
spacecraft can appear on arcminute scales. Thus to avoid inaccurate flux
determinations I used extraction cells of ~ 6 arcmin radius for the two
GIS instruments as recommended for bright sources. This was centred on
NGC4594 with the background taken in a source free region of the same GIS.
For the two SIS instruments, I used circular extraction cells of ~ 4 arcmin
radius (as recommended for bright sources for SIS) centred on NGC4594
with the background taken at the edge of the same CCD chip. The spectra
were binned in energy so as to give at least 20 counts per bin and justify

the use of Gaussian statistics.

2.3 Results

2.3.1 HST data

The FOS spectrum of NGC4594 is shown in Figure 2.4. In the figure the
G190H and G270H spectra have been plotted (~ 1650 — 3200A) with a
wavelength binsize of ~ 2.1A which is the diode width of the grating with
the lowest resolution (G270H). The G130H spectrum is heavily affected by

scattered light and is not plotted (see discussion later).

The Emission Lines

Line fluxes, positions, equivalent widths (EWs) and full widths at half maxi-
mum (FWHM) were measured from the spectrum by fitting a Gaussian pro-
file to each line. Errors on the measured fluxes are 3-sigma and are based
on the measured S/N in the neighbouring continuum. The continuum local
to each line was modelled as a second order polynomial in the fits. Upper
limits are derived by using the S/N in the local continuum and the expected

width of the line to quantify the 3-sigma limit. Positions and FWHM of the
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lines are the centre and FWHM of the best-fit Gaussian profile respectively,
while fluxes and EWs were measured directly from the spectrum after the
fitted continuum was subtracted.

Line parameters are listed in Table 2.3 and the results are discussed in
Section 2.3. Only narrow emission lines with FWHM of 800 — 1000 km s~}
are seen in the UV spectrum. The measured line parameters are given in
Table 2.3. I see strong forbidden CIII|A1909 and CII]A2326 lines which have
measured FWHM of 870 km s™! and 810 km s~!, respectively. A weaker
line is seen at [OII)A2470. The IUF data, which were taken through a much
larger sky aperture, showed an FelIA1610 absorption feature (Reichert et
al. 1993). The wavelength of this feature was covered by the G190H grating
setting (1572—2330 A) of the FOS. No significant absorption line is detected,
although the spectrum is noisy at this wavelength.

Sensitivity to emission lines that fall within the G130H grating region
is limited by the effects of scattered light which dominate the G130H spec-
trum in very red objects like this. I have examined the uncalibrated G130H
spectra to estimate the contamination and find that the spectrum in this
band is completely (100%) dominated by scattered light. The HST cali-
bration pipeline correction for this problem is only approximate; therefore,
the spectra from this grating have not been plotted and there is no useful
emission-line data shortward of ~ 1600 A. In particular I do not detect any
significant Lyo emission in the rest frame of the galaxy, which would have

been shifted clear of the geocoronal emission feature.
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Table 2.3: UV line parameters

Line ID Position®> Flux® EW FWHM
A A  kms™?
LyaA1216 — <218
NVA1240 — <13 — —
CIIA1334 — <08 — —
SilV + OIV]A1400 — <06 — —
NIV]A1486 — <06 — —
CIVA1549 — <06 — —
HelI\1640 — <05 — —
OIIIA1663 — <01 — —
NIIIA1750 — <02 — —
CIII]A1909 1906.9 12+05 215 869.3
NIIA2140 — <01 — —
CIIjA2326 2326.4 1.00 229 8094
SilT]A2335 — <01 — —
[NeIV]A2423 — <005 — —
[O11)A2470 2471.3 03402 7.6 9418
MgII)X2800 2800.3 007 097 819
CIN2967 — <008 — —

3 Where a position is not marked the line is measured as

an upper limit. These are derived by using the S/N of the

local continuum and the expected

FWHM of the line to quantify the 3-sigma limit.
b Line strengths measured relative to CII] 2326

(Flux=2.7 x 10~ 1%erg cm—2s71)

¢ See section 2.5.1 for discussion.

90
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The Continuum

The spectrum rises toward the red longward of ~ 2500A and with a slope
of @ ~ 7.5. This is due to emission from the bulge of NGC4594. There
are absorption lines at MgIA2852 and FelA3000 consistent with a stellar
population with a mean spectrum similar to that of early K stars (Wu et
al. 1991; see Figure 2.19 and Section 2.5.1). The spectrum between 1600 A
and 2500 A has a slope of @ ~ 0.7. There are no stellar signatures in the
G130H spectrum, however, the spectrum is dominated by scattered light

and this may be hiding any such features.

Comparison with Previous Observations

NGC4594 has been observed previously in the ultraviolet using IUE (Re-
ichert et al. 1993) and also with the HST FOC prior to the COSTAR
installation.

I measure the 2200 A continuum flux to be ~ 1.5x107!% erg s~lcm—2A -1
from the IUE spectrum of Reichert et al. (1993). In contrast, the value mea-
sured from the FOS spectrum, taken five years later, is a factor of ten weaker
at 1.2 x 1076 erg s~'cm™2A-1, The IUE spectrum was taken through a
10" x 20" aperture (where the long dimension is the cross-dispersion direc-
tion). Reichert et al. (1993) attempted to separate the spectrum of the
“core” from the underlying galaxy by fitting two separate profiles to the
cross-dispersion spatial data and measuring the normalisation of the two
components as a function of wavelength. They suggest that the “core”
spectrum of the galaxy, whose flux I quote above, is constrained to be
< 1" —2" at 90% confidence in the cross-dispersion direction. Nevertheless,
given the large size of the entrance aperture in the dispersion direction, the
IUE spectrum may well remain contaminated by non-nuclear emission. It

is probable that the discrepancy in flux between the JUF measurement and
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“fold over” and start again from 0. The detected count rate also becomes
nonlinear, gradually saturating for bright sources. These problems mean the
FOC PSF is unreliable and in these circumstances model PSFs are used (e.g.
images of stars). However, comparison of the stellar PSF with the LINER
PSFs shows the diffraction rings are different radii for the two PSFs. There
are no other F220W PSF's available so Maoz et al. (1995) adopt the strategy
of fitting the profiles of the bright sources in their data with each other. I
follow the same procedure for NGC4594 in order to compare it with pre-
COSTAR FOC images of LINER. galaxies. The image of NGC4594 was first
rebinned by summing the counts in every 4 x 4 pixels into one new pixel
(since the dezooming and the geometric correction applied to the images
have made the counts in the individual pixels interdependent). A binned
radial profile was then created giving the mean counts per pixel as a function
of radius, and the standard deviation of the counts per pixel was calculated
for every radius bin. I obtain an estimate of the background by creating a
radial profile of a ~ 4" diameter area at the edge of the image to find the
average counts pixel™! of a source free region and this is subtracted from
the profile. This was also done for two bright sources studied by Maoz et al.
(1995), NGC4569 and NGC4579. Maoz et al. (1995) find that the nuclear
emission in NGC4569 and NGC4579 is unresolved with a FWHM < 0.05"
and < 0.1” respectively. Note that spectroscopy has shown that NGC4569
is a weak [OI] LINER (Maoz et al. 1995). The radial profile of NGC4594
compared to these objects is shown in Figure 2.7. NGC4594 is scaled, by
a factor of 4.73 and 2.50 for NGC4569 and NGC4579 respectively, to make
the differences in the radial profiles clearer. The background subtraction
is 1.5, 0.95 and 1.5 counts pixel~! for NGC4594, NGC4569 and NGC4579
respectively. Note that NGC4579 shows a second bright source at ~ 0.6”
from the central source which can be seen in the radial profile.

The diffraction rings which are expected in the image of an unresolved
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source are clear in the radial profiles of both NGC4569 and NGC4579 at
radii of 1.1” and 1.8", suggesting that both are probably unresolved. Diffrac-
tion rings are not as prominent in the image of NGC4594, suggesting that
much of the 2200A emission is resolved on a sub-arcsecond scale.

To compare directly the flux from the FOS spectrum with the flux from
the FOC image I first performed synthetic photometry on the FOS spectrum
to better account for the contribution of the emission lines in the FOC
F220W bandpass. This was done using the SYNPHOT package in IRAF
using the F220W transmission curve to determine the equivalent F220W
countrate from the FOS spectrum; this produces a countrate of 1.97 counts
s~1. I then measure the countrate from the FOC image using the APPHOT
package within IRAF. An aperture of 0.86" is used to compare directly with
the countrate measured from the HST FOS data. For the sky subtraction
I take a one pixel wide (0.022" x 0.022") annulus at the edge of the image.
Due to the small aperture size of the whole image (11.351” x 11.351") the
sky subtraction will be contaminated by the galaxy. However, I use this
sky subtraction to get a lower limit for the countrate and also obtain a
countrate without any sky subtracted to get an upper limit. This gives a
countrate of 2.5 £ 0.04 counts s~!. The problems with the pre-COSTAR
PSF (as discussed earlier) mean that this countrate is an uncertain measure
if the nuclear flux. However, the nucleus of NGC4594 is relatively faint
compared to the other LINER galaxies (a factor of 25 and 10 fainter than
NGC4569 and NGC4579, respectively) and so may not suffer so badly with
saturation.

The countrate of the source measured with the FOC at 2200 A is about
30% greater than derived from the FOS spectrum observed 10 months later.
I do not regard this as significant, however, given the possible systematic

errors in comparing the two measurements.
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Table 2.4: Ground-based optical emission lines from Ho et al. 1997b.

Line ID Flux FWHM
(10~ %erg s7'cm™2) kms™!

HBM4861 33.8 484.9
[OIII]A4959 17.5 592.6
[OIII)A5007 53.2 576.7
[OI]A6300 20.2 540.0
[NII]A6548 83.6 528.0
Ha)A6563 113.9 541.0
[NI[A6583 249.3 426.1
[SIT]A6716 62.8 468.6
[SIA6731 58.8 479.0

ground-based spectrum. No broad component to Ha is evident in the Palo-
mar spectrum (Ho et al. 1997b), although Kormendy et al. (1996) claim
to find broad Ha with FWZI ~ 5200 km s~! in the HST data. Kormendy
et al. (1996) based their conclusion on inspection of the overall Ha + [NII]
profile, rather than a detailed decomposition of this blend; there is conse-
quently some question as to whether the high velocity emission is genuinely
broad He, or alternatively the result of the wings of the narrow [NII] lines.

I have extracted the FOS spectrum from the HST archive to investigate
possible narrow-line contributions to the extended wings on the Ha + [NII]
blend (see Figure 2.9). The data were reduced and analysed in the same
way as the UV FOS spectrum. Although the narrow lines in AGN are
not exact Gaussian profiles they are adequate approximations to get an
indicative decomposition of the lines. The emission near the Hea line is
blended with the [NII]A\6548, 6583 lines. A decomposition was achieved by
first measuring the flux and FWHM of the H@ line. This gave a FWHM

~ 920 km s7! and a flux ~ 1 x 1071 erg s~'cm™2. The Ha line was then
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forced to have the same FWHM as Hf and the [NII] doublet lines were
forced to have the same FWHM as each other. I then fixed the flux ratio
of the Ha/Hf lines to have the Case B’ ratio of 3.1 (Halpern & Steiner.
1983), modified to 3.37 by the reddening of E(B-V)=0.08 (see below). The
fluxes of the [NII] doublet lines were fixed to have the theoretical 1/3 ratio.
I also fixed the relative wavelengths of the doublet and Ha to the correct
(laboratory) ratio. I find a good fit with a FWHM of ~ 1270 km s~! for
the [NII} doublet lines. There is no requirement for a broad Ha component
(see Figure 2.9). The upper limit to the broad component of Ha has a
flux of ~ 3.0 x 10715 erg s~lcm™2. There is excess emission to the red of
the Ha/[NII] blend compared to the gaussian model. The nature of this
emission is not clear. The absence of broad Ha in the HST FOS spectrum
confirms the result from the ground-based Palomar spectrum and means
this galaxy can be classified as a LINER 2 galaxy.

I have measured the ratio of the narrow components of Ha and HS
from the Palomar spectrum and obtain Ha/HB=3.37. I use the Galac-
tic extinction law given by Cardelli, Clayton & Mathis (1989) assuming
Case B’ where, A,=3.1 E(B-V) to estimate the reddening. I have chosen
to use Case B’ as this is a typical value for the shock and photoionization
models discussed in Section 2.5.2. This yields a small reddening of E(B-
V)=0.08 mag. This is consistent with Galactic X-ray absorbing column
density found using the relationship between reddening and hydrogen col-
umn density Ng/E(B—V) = 4.8 x 10! atoms cm~2 mag~! (Bohlin, Savage
& Drake 1978), where Ny = 3.8 x 10%° cm™3 (Stark et al. 1992). However,
Case B’ may not be appropriate for LINERs (discussed in Section 2.5.1).
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2.3.3 ASCA data

The extraction circle used for the ASCA GIS and SIS (6’ and 4’ respectively)
means that, as well as the nucleus of NGC4594, this spectrum contains the
flux from the other point-like sources and extended emission revealed by the
ROSAT HRI observation of Fabbiano & Juda (1997). The ASCA data were
analysed separately and together using the standard XSPEC software (see
Table 2.5). We find that among the various single continuum models tried,
a single power-law provides the best fit. Blackbody and bremsstrahlung
models were tried but these gave significantly poorer fits. We performed a
set of fits with the Galactic column fixed at the line-of-sight value, Ny =
3.8 x 1020 cm~2 (Stark et al. 1992). The SIS is more sensitive to column
density than the GIS so the SIS data alone were fitted with the Ny as a free
parameter; yielding a best fit with Ny = 5.3 x 102 cm~2. The combined
GIS and SIS data were therefore fit with the absorbing column fixed at the
Galactic value and also fixed at the best fit to the SIS data. Both fits yield
a x? of 1.36 per degree of freedom (dof) which is acceptable above the 99%
level. The addition of further single spectral components did not improve
the fit significantly.

With Ny fixed at 5.3 x 102 cm™2 the energy index is a; = 0.63139¢
(90% confidence for one interesting parameter). We obtain an X-ray flux
density at 2 keV of 5.36 x 10713 erg cm™2 57! keV~! and a 2-10 keV flux of
2.2 X 1072 erg cm™2 s, The data, folded model and residuals are shown
for the GIS in Figure 2.10 and for the SIS in Figure 2.11. The data in these
figures are further binned (compared to the fitted data) for clarity.

Fe Ko emission line

I do not detect an Fe Ka emission line in the ASCA spectrum. To get an

upper limit for this line I use chi-square grids to investigate uncertainties
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