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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)àdXd. 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 E S T  

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 RO SAT FSFC 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 

[OH]A3727/[OHI]A5007 > 1 and [OI]A6300/[0HI]A5007 > 1/3 (Heckman 

1980). More recently, LINERs have been defined by [01] > 0.17Ha, [NH]

> 0.6 Ha, [SII] > 0.4 Ha and [OHI]/H/? <  3 (Ho, Filippenko & Sargent 

1993). This definition almost invariably also satisfies Heckman’s criteria.

A subset of LINERs are named “transition objects” or weak [01] LINERs. 

These have the same line strengths as the standard definition except that 

the [01] emission line is weak. The strength of [01] is intermediate between

15
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those of LINERs and HII nuclei (0.08 H a < [01] < 0.17 Ha). In this thesis 

I include weak [01] 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 fiux 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 {Mb < —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 (Mb > —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 [01] > 0.08 

Ha, [NH] > 0.6 Ha, [SII] > 0.4 H a and [OHI]/H/? >  3. They are subdivided 

into two categories: Seyfert Is and Seyfert 2s.

Seyfert Is

Seyfert Is are the “original” active galaxies discovered by Carl Seyfert in 

1943. The optical spectra of Seyfert Is 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 Is 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/H^ ratio is ^  1 for Seyfert Is and 

> 3 for Seyfert 2s. Seyfert 2s are approximately 4 times more common than 

Seyfert Is (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 Is

Narrow-Line Seyfert Is (NLSls) are deflned by having Baimer lines that are 

only slightly broader than their forbidden lines (H/) < 2000 km s“ )̂ and 

forbidden line emission that is relatively weak ([OIIIJA5007/H/? < 3). Often 

they have strong emission features from Fell and high ionization optical 

lines (Goodrich 1989). Many NLSls (unlike Seyfert 2s) are particularly soft 

X-ray sources (Boiler, 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 M odel 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” FeKo; 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 

Lx =  10^  ̂ 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 {Nh > 10^  ̂ atoms cm~^), 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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Figure 1.1: This figure shows illustrations of the inner regions of an AGN 

based on current models (see text). The top left-hand image is the central 

~  5 X 10'^ pc of the AGN and shows the massive black hole (MBH) at 

the heart of the quasar. The accretion disk surrounding the MBH is shown 

in blue and the relativistic jets are shown in white. The top right-hand 

image (~ 5 x 10“  ̂ pc) shows the broad line region (BLR). The inner gas 

(purple/yellow) has a relatively high density and is highly ionized. The low- 

ionization gas in the outer area (green) moves more slowly and is less dense. 

The bottom right-hand image (~  6 pc) shows the optically thick, dusty 

molecular torus. Zooming out further (~  90 pc; bottom right-hand image) 

the narrow-line region (NLR) of the AGN can be seen with the molecular 

torus in the centre. The NLR gas has a very low density and so produces 

strong forbidden lines. The two ionization cones which are “lit-up” by the 

central regions of the AGN are shown in white and the gas which is obscured 

by the torus is shown in blue. These images are adapted from illustrations 

by Puchnarewicz; private communication.
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Figure 1.2: The unified model of an AGN.
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Figure 1.3: These images illustrate the idea of the unified model of AGN 

where the observational differences are due to the orientation of the AGN 

with respect to the observer. The top image shows AGN viewed edge-on, 

the molecular torus hides the BLR and only narrow emission lines are seen 

(e.g. Seyfert 2s). The middle image shows an inclined nucleus and the BLR 

and the accretion disk is now visible (e.g. Seyfert Is). In the bottom image 

the nucleus is viewed face-on and we see directly into the radio jet (e.g. 

blazars).
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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 

OVVs 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 M ultiwavelength 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 ct ^  1 (Weedman 1986; where a  

is defined throughout this thesis as fy oc v~^). 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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Figure 1.4: The mean multiwavelength spectrum of a typical radio loud and 

radio quiet AGN. The data has been obtained from Elvis et al. (1994).

In the IR a small bump is seen, which is thought to be due to re-emission 

of radiation which has been absorbed by dust in the system. At optical 

wavelengths, AGN tend to have a non-thermal continuum. Another excess 

is seen at 3000Â and is named the “small blue bump”. This consists of 

Fell blends and Balmer continuum emission (Oke, Shields & Korycansky 

1984). There is another strong excess of emission from the UV to the 

soft X-rays, called the “Big Blue Bump” (BBB). This is thought to arise 

from an accretion disk of optically thick gas which surrounds the MBH. 

The hard X-ray frequencies are best fit with an average slope of a  =  0.7 

(Mushotsky 1984). The strongest spectral feature seen in the X-rays is the 

Fe fluorescence emission line seen at 6.4 keV.



Chapter 1 25

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 [01] >  0.17 Ha, [Nil] > 0.6 Ha, [SII] > 0.4 Ha 

and [OIII]/H/? < 3.

1.5.2 Starburst Galaxies

The brightest HII regions are also known as starburst galaxies. These galax

ies have a comparable luminosity to AON. 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 ah, 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 Is

LINER Is are classified by having broad H a emission in their optical spectra. 

Approximately 25% of LINERs have broad H a emission. LINER Is have 

the least ambiguity in their physical origin and can most safely be regarded 

as representing genuine low-luminosity AON (LLAGN) (Ho et al. 1996). 

The broad H a 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, MSI has a broad H a luminosity of only 1.8 x lO^^erg s (Ho et 

al. 1996), while typical Seyfert nuclei in the Markarian catalog have L(Ha) 

~  lO^^erg s (Ho et al. 1997a). Note that, LLAGN or “dwarf” AGN are 

defined by Ho et al. (1997a) by L(Ha) < 10^°ergs s“ L

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 deflne 

“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 attem pts to explain the optical emission line intensities of some LIN

ERs by photoionization of a flxed 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 [OH]AA3726,3729 emission lines have a FWHM of ~  300 km 

s"^ and the [OH]AA7319,7300 have a FWHM of ~  1000 km s~^. The former 

pair are enhanced in a gas of low density (^  10  ̂ cm"^), while the latter pair 

are dominant where densities are high (^  10® cm“®) (Filippenko k, 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 m atter onto a supermassive 

black hole. A low ionization parameter (log U = —3 to -4) is also required 

for these models in order to yield [OII]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

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, Ne 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 W olf-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 ~  35MO; 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. HeIIA4686) resulting from dense, high velocity winds. These 

winds cause the stars to become bare cores of He-C-0 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 oc (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 [01] LINERs can be ex

plained by O star photoionization models with a high effective temperature 

of Tg// ~  45,000 K (i.e. 05  or earlier) and a low ionization parameter (log 

U % —3.7 to -3). This differs from photoionization models for HII regions 

which have T^jf ^  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 Tg// 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 W inds

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 % 10  ̂ — 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 M odels

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 h  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 LINERs

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 

Einstein 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 RO SAT  (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 

RO SAT {ÔE/E ^  1) are also an improvement on the Einstein IPC. How

ever, RO SAT 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/ÔE  ~  10 at IkeV, 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; ax ^  0.5 — 1.5 compared with a  = 0.7 

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

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 (lUE)^ 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 (EST) 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 E S T  Faint Object 

Camera (FOG) and F220W filter has shown tha t ^  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 q = 50 km s“^Mpc~^). 

Maoz et al. (1995) find that the inferred UV ionizing luminosity of these 

LINERs (assuming an oc continuum) is sufficient to power the ob

served emission lines.



Chapter 1 34

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 H ST  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

H ST  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 FW ZI/4 to estimate the three-dimensional 

velocity dispersion (Wandel & Yahil 1985) and the relation M  % v^rj^G. 

It is also possible to search for UV variability by determining the fiux of the 

continuum to compare with previous observations.

1.8.3 Optical Properties of LINERs

The Palomar Observatory Galaxy Survey observed 486 bright {Bt  < 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 LINERs are 

AGN then they constitute > 70% of the AGN population. They find that 

the majority of LINERs 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 

H a emission. Broad Ha emission was detected in ~  25% of LINERs; 

24% of “pure” LINERs and 4% of weak [01] 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 5/xm (Willner et 

al. 1995). However, there is excess radiation, possibly due to dust, in the 

range 10-20//m.

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, Pa/5 (1.2818//m) and Br7  (2.1655//m) 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 H2 which is ubiquitous in starburst and Seyfert galaxies and 

is thought to originate in slow shocks, UV fluorescence and X-ray heating. 

[Fell] (1.2567/im) 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 

Ha 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 A G N  

A ctivity  in the N ucleus o f the  

LINER Galaxy NG C4594

2.1 Introduction

2.1.1 The LINER galaxy - NGC4594

The LINER galaxy, NGC4594 (M104, the Sombrero galeixy), 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 Hg = 50 km s“^Mpc“ .̂ The nucleus was identified as a 

LINER by Heckman (1980).

38



Chapter 2 39

Figure 2.1: NGC4594, the Sombrero galaxy, image taken using the Anglo- 

Australian Telescope.

2.1.2 Previous data on NGC4594 

R adio D ata

Observations using the Very Large Array (VLA) show that the radio emis

sion from NGC4594 has three components. The central component is a 

compact core source (;J 1 pc) with a flat spectrum (Hummel, van der Hulst 

& Dickey 1984) and a variable continuum (Bajaja et al. 1988). Early ra

dio continuum observations showed observations of only a bright radio core 

with a size of less than < 0.01" (Hummel et al. 1984). However, Bajaja 

et al. (1988) flnd evidence for some weak extended emission aswell as the 

strong central radio source. They also observe a jet of linearly polarised 

emission that emerges from the active nucleus. Compact core sources and 

highly directed structures (jets) suggest an accretion model in which the 

central source derives its power from a central massive object (Hummel et
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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 Ho; in the ground-based spec

trum. However, Kormendy et al. (1996) claim to find broad Ho; (FWZI 

% 5200 km s"i) 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 H ST  FOS data and Canada-France- 

Hawaii Telescope (GFHT) data to look for spectroscopic evidence of a black 

hole in NGG4594. Their dynamical studies suggest there is a massive (~  

10® Mq), 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 lUE  data on this LINER detailed in Reichert et al. (1993). 

The spectrum shows an FeIIA1610 absorption line (Reichert et al. 1990b) 

suggesting the presence of luminous blue supergiants which formed within 

the last ~  10  ̂ to 10® years (Figure 2.2). There is also a possible CHI]A1909 

emission line. In addition, there is a H ST  Faint Object Camera (FOG) 

image of NGC4594 and I will be comparing the flux from the lUE, the 

FOG 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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Figure 2.2: IDE spectrum of NGC4594. Unseparated SWP fluxes are plot

ted with the core and total LWP emission for NGC4594 (Reichert et al. 

1993).
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X -ray  d a ta

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 % 1.1 x lÔ  ̂

erg s"^ for an energy range of 0.2-4 keV. These data, when fitted with a 

power-law yield a spectrum with a x  = 0.45 ±  0.15 for N h  =  4 x  lO^^cm"^. 

The Galactic N h  is 3.8 x 10^°cm~^ (Stark et al. 1992) suggesting that 

NGC4594 has a relatively hard X-ray spectrum with little or no intrinsic 

absorption. More recently, NGC4594 has been observed with the RO SAT  

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 Lx ^  3.5 x lO*̂® 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 NG04594 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 lO^M© 

black hole implied by dynamical studies (Kormendy et al. 1996), then 

the luminosity is extremely sub-Eddington {Lx/L e % 3 x 10“^). 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 RO SAT  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 RO SAT  PSPC data to obtain 

its uncontaminated spectrum. They calculate the contribution from the
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Figure 2.3: X-ray contour map of NGC4594 overlaid onto the STScI digi

tised sky survey plate of NGC4594 (Fabbiano & Juda. 1997). The bright 

X-ray source can be seen at the nucleus.
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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. ax =  O.TGlSise 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) flnd that a larger extraction circle, ~  120" 

radius, produces a softer spectrum with ax =  0.84l§ 2 9 .

In this chapter I present the H ST  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 H ST 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 lUE  flux and 

the H ST  FOC data. I also detail model fits to the ASCA  data, re-analysing 

the RO SAT  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 E g r  FOS data

NGC4594 was observed using the HSTFOS  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 Â. 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
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Table 2.1: H ST ¥O S  observations

Grating Detector Wavelength FWHM& Exposure time

Â Â (s)
G130H FOS/BLUE 1152-1608 2.29 ±  0.2 2260+1460

G190H FOS/RED 1600-2280 3.23 ±  0.3 1800

G270H FOS/RED 2222-3277 4.57 ± 0 .4 480

 ̂ 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 H ST  calibration pipeline which includes flat-fielding, 

subtraction of the particle-induced background, and fiux and wavelength 

calibration.

2.2.2 HST FOC data

NGC4594 was also observed using the FOC on the H ST  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.
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Table 2.2: ASCA  observations

Instruments^ Count Exposure

Rates (counts s“ )̂ Time(s)bc

SISO 9.22 ±  0.31 X 10-2 16787

SISl 5.97 ±  0.27 X 10-2 15727

GIS2 6.57 ± 0 .26  X 10-2 18438

GIS3 6.15 ± 0 .26  X 10-2 18428

 ̂ The spacecraft was outside of the South Atlantic Anomaly.

 ̂ “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 — 3200Â) with a 

wavelength binsize of ~  2.1Â 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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Figure 2.4: The UV spectrum of NGC4594 observed using the HST FOS 

on 1995 January 12 UT. The G190H and G270H spectra are plotted with 

a wavelength range 1650 — 3200Â. The spectra have a binsize of ~  2.1Â 

and the spectrum has been redshifted into the rest-frame of the LINER 

(z=0.0036).
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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 CHIJA1909 and CH]A2326 lines which have 

measured FWHM of 870 km s“  ̂ and 810 km s“ ,̂ respectively. A weaker 

line is seen at [OHJA2470. The lU E  data, which were taken through a much 

larger sky aperture, showed an FellAlOlO absorption feature (Reichert et 

al. 1993). The wavelength of this feature was covered by the G190H grating 

setting (1572—2330 Â) 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 flnd that the spectrum in this 

band is completely (100%) dominated by scattered light. The H ST  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 Â. In particular I do not detect any 

significant Lya emission in the rest frame of the galaxy, which would have 

been shifted clear of the geocoronal emission feature.



Chapter 2 50

Table 2.3: UV line parameters

Line ID Position^ Fluxb EW FWHM

Â Â km s“ ^

LyaiA1216 — <21.8

NVA1240 — < 1.3 — —

CIIA1334 — <0 .8 — —

SilV -f OIV]A1400 — < 0.6 — —

NIV]A1486 — <0 .6 — —

CIVA1549 — <0 .6 — —

HeIIA1640 — <0 .5 — —

OIII]A1663 — < 0.1 — —

NIII]A1750 — <0 .2 —

CIII]A1909 1906.9 1.2 ±0 .5 21.5 869.3

NIIA2140 — < 0.1 — —

CII]A2326 2326.4 1.00 22.9 809.4

SiII]A2335 — <0.1 — —

[NeIV]A2423 — < 0.05 — —

[OII]A2470 2471.3 0.3 ±0 .2 7.6 941.8

MgIIA2800 2800.3 0.07= 0.97 81.9

CIA2967 — < 0.08 — —

 ̂ 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.

 ̂ Line strengths measured relative to CII] A2326 

(Flux=2.7 X 10~^®erg cm~^s“ )̂

 ̂ See section 2.5.1 for discussion.
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T h e C o n tin u u m

The spectrum rises toward the red longward of ~  2500Â and with a slope 

of O' ~  7.5. This is due to emission from the bulge of NGC4594. There 

are absorption lines at MgIA2852 and FeIA3000 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 Â 

and 2500 Â has a slope of o «  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.

C om parison  w ith  P rev io u s  O bservations

NGG4594 has been observed previously in the ultraviolet using lUE  (Re

ichert et al. 1993) and also with the H ST  FOG prior to the COSTAR 

installation.

I measure the 2200 Â continuum flux to be ^  1.5 x 10“ ®̂ erg s“ ^cm“^Â“  ̂

from the lUE  spectrum of Reichert et al. (1993). In contrast, the value mea

sured from the FOS spectrum, taken flve years later, is a factor of ten weaker 

at 1.2 X 10“ ®̂ erg s"^cm“^Â“ .̂ The lUE  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 proflles 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 

lUE  spectrum may well remain contaminated by non-nuclear emission. It 

is probable that the discrepancy in flux between the lUE  measurement and
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Figure 2.5: UV FOC F220W image (left) and Optical FOG F502M (right) 

images of NGC4594. The images show the orientation in the North and 

East direction where the arrow is in the Northerly direction.

the FOS spectrum taken through a much smaller (0.86") aperture is due to 

such contamination, though variability of the nucleus cannot be eliminated 

as the cause.

Further information about the spatial extent of the UV emission in 

NGG4594 can be obtained from the HST FOG data. The source was 

observed through the F220W, F342W & F502M filters on the f/96 cam

era. F220W and F342W are wide band filters with effective wavelengths 

of ~  2300 and ~  3400 Â and effective bandpasses of ~  500 and ~  700 Â, 

respectively. F502M is a medium band filter with an effective wavelength of 

~  4900 Â and effective bandpass of 530 Â. The optical F342W and F502M 

images were taken on 1992 March 29 UT with exposure times of 1196 sec

onds and 896 seconds respectively. Gomparison of these images (F342W 

and F502M) with the spacecraft attitude data accompanying the FOS data 

confirms that the FOS aperture was centered on the nucleus of the galaxy. 

The F220W filter observation was made on 1994 March 14 UT. One expo

sure was taken of length 1796 seconds covering a region of 11.351" x 11.351".
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Figure 2.6: UV FOC F220W (left) and Optical FOC F502M (right) images 

of NGC4594 (same orientation as above) with a UV/optical contour map. 

The optical image also shows the celestial coordinate grid overlayed. The 

celestial coordinate map for the UV image of NGC4594 is not overlayed due 

to the pointing problem during the observation (see Section 2.3.1).

There was an apparent pointing problem during the observation in that the 

nucleus of the galaxy is displaced by a few arc seconds from the central po

sition. However, the source is the only object on the image bright enough 

to be the nucleus, so there is little doubt that it is correctly identified. Fig

ure 2.5 and 2.6 show the images taken using the F220W filter and the 

F502M filters. Figure 2.5 shows the orientation of the images in the North 

and East direction where the arrow is in the Northerly direction. Note that, 

due to the pointing problem the orientation of the F220W image cannot be 

guaranteed. However, comparison of the UV/optical contours in the UV 

and optical images (Figure 2.6) would suggest that although the nucleus is 

shifted by a few arc seconds the orientation appears to be correct. Figure 2.6 

shows the images with a UV/optical contour map. The optical (F502M) 

image also shows the celestial coordinate grid overlayed. The celestial co

ordinate map for the UV image of NGC4594 is not overlayed again due to
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Figure 2.7: Radial profile of NGC4594 compared with the weak [01] LINER, 

NGC4569 (left) and the LINER galaxy, NGC4579 (right). NGG4594 is 

scaled, by a factor of 4.73 and 2.50 for NGG4569 and NGG4579 respectively, 

to make the differences in the radial profiles clearer. The background is also 

subtracted for each profile (1.5, 0.95 and 1.5 counts pixel"^ for NGG4594, 

NGC4569 and NGG4579 respectively).

the pointing problem.

Analysis of the pre-GOSTAR HST  images is complicated. Before the 

repair mission, the 2.4 m aperture telescope suffered serious optical degra

dation. This caused the light from a star to be spread out into a circular 

PSF of 2.5" radius. This spherical aberration meant that a circular aper

ture of 0.1" radius contained only 15-18% of the light from a star instead of 

expected 70% (Burrows et al. 1991).

FOG images of LINER galaxies, taken in the same configuration and 

filter (f/96, F220W) as NGG4594 have been studied by Maoz et al. (1995). 

In this observing mode, the FOC is limited in its dynamic range to 256 

counts (8 bits) per zoomed pixel; additional signal causes the counts to
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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 PSFs 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- 

GOSTAR 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 [01] 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 2200À 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"i. 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 H ST  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-GOSTAR 

PSF (as discussed earlier) mean that this countrate is an uncertain measure 

if the nuclear flux. However, the nucleus of NCC4594 is relatively faint 

compared to the other LINER galaxies (a factor of 25 and 10 fainter than 

NCC4569 and NCC4579, respectively) and so may not suffer so badly with 

saturation.

The countrate of the source measured with the FOC at 2200 Â 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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Figure 2.8: The ground based optical spectra of NGC4594 is shown between 

6300 — 6800Â in the top plot. Details of the observations and reduction can 

be found in Ho et al. (1995, 1997a and 1997b). The HST  FOS spectrum 

taken with the G570H grating with a 0.25" aperture is shown between 6300- 

6800Â in the bottom plot.

2.3.2 Optical Data

Optical data on NGG4594 were obtained from the Palomar Observatory on 

1984 February 15 UT (see Figure 2.8 and Table 2.4). Details of the observa

tions and the data reduction can be found in Ho et al. (1995) with treatment 

of the starlight subtraction detailed in Ho et al. (1997a). NGC4594 has also 

been observed using the HST FOS on 1995 February 9 UT using the G570H 

grating and a 0.25" aperture (Kormendy et al. 1996). The narrow lines in 

the small-aperture HST  optical spectrum are broader than those in the
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Table 2.4: Ground-based optical emission lines from Ho et al. 1997b.

Line ID Flux

(10“ ^^erg s“ ^cm“ )̂

FWHM

kms” ^

H^A4861 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

Hû!A6563 113.9 541.0

[NII]A6583 249.3 426.1

[SII]A6716 62.8 468.6

[SII]A6731 58.8 479.0

ground-based spectrum. No broad component to H a is evident in the Palo

mar spectrum (Ho et al. 1997b), although Kormendy et al. (1996) claim 

to find broad H a with FWZI % 5200 km s“  ̂ in the H ST  data. Kormendy 

et al. (1996) based their conclusion on inspection of the overall H a -f [Nil] 

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 Ha, or alternatively the result of the wings of the narrow [Nil] lines.

I have extracted the FOS spectrum from the H ST  archive to investigate 

possible narrow-line contributions to the extended wings on the H a H- [Nil] 

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 AON are 

not exact Gaussian profiles they are adequate approximations to get an 

indicative decomposition of the lines. The emission near the Ha line is 

blended with the [NH]AA6548,6583 lines. A decomposition was achieved by 

first measuring the fiux and FWHM of the H/? line. This gave a FWHM 

~  920 km s“  ̂ and a fiux ~  1 x 10“ ^̂  erg s“ ^cm“ .̂ The H a line was then
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Figure 2.9: Fit to the Hcc and [Nil] AA6548,6583 lines. The solid histogram 

represents the data, the dashed lines represent the individual Gaussian com

ponents to each line and the solid line shows the best fit derived from sum

ming all the individual components.
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forced to have the same FWHM as H/? and the [Nil] doublet lines were 

forced to have the same FWHM as each other. I then fixed the fiux ratio 

of the Ho;/H/? lines to have the Case B’ ratio of 3.1 (Halpern h  Steiner. 

1983), modified to 3.37 by the reddening of E(B-V)=0.08 (see below). The 

fiuxes of the [Nil] doublet lines were fixed to have the theoretical 1/3 ratio. 

I also fixed the relative wavelengths of the doublet and H a to the correct 

(laboratory) ratio. I find a good fit with a FWHM of ^  1270 km for 

the [Nil] doublet lines. There is no requirement for a broad H a component 

(see Figure 2.9). The upper limit to the broad component of H a has a 

fiux of ~  3.0 X 10“ ^̂  erg s“^cm“ .̂ There is excess emission to the red of 

the Ha/[Nil] 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 H/9 

from the Palomar spectrum and obtain Ha/H/?=3.37. I use the Galac

tic extinction law given by Cardelli, Clayton & Mathis (1989) assuming 

Case B’ where, Ay=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 A ///E(B — V) =  4.8 x lOfi atoms cm“  ̂mag“  ̂ (Bohlin, Savage 

& Drake 1978), where N h =  3.8 x 10^° cm“  ̂ (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 

RO SATK K l  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, N h = 

3.8 X 10^° cm“  ̂ (Stark et al. 1992). The SIS is more sensitive to column 

density than the GIS so the SIS data alone were fitted with the N h  as a free 

parameter; yielding a best fit with N h  =  5.3 x 10^° cm“ .̂ 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 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 N h fixed at 5.3 x 10^° cm~^ the energy index is = 0.63l§;§g 

(90% confidence for one interesting parameter). We obtain an X-ray fiux 

density at 2 keV of 5.36 x 10“ ^̂  erg cm“  ̂ s“  ̂ keV“  ̂ and a 2-10 keV fiux of

2.2 X 10“ ^̂  erg cm~^ 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 Kq: emission line

I do not detect an Fe K a 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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Figure 2.10: Data and folded model of the ASCA GIS data fit with a single 

power-law with N h fixed at N h = 5.3 x 10̂ ® cm“ .̂
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Figure 2.11: Data and folded model of the ASCA SIS data fit with a single 

power-law with N h fixed at N h =  5.3 x 10̂  ̂ cm~^.
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Figure 2.12: Contour plot of strength versus the width of the Fe Ka  emission 

line. The contours are plotted as 68%, 90% and 99% errors, a vertical line is 

plotted at a sigma of 0.5 keV, this width produces an upper limit of % 400 

eV (99% confidence).

in its strength and width (Figure 2.12). This method gives an upper limit 

equivalent width of % 400 eV (99% confidence) for a Gaussian sigma of 0.5 

keV and the line fixed at a central energy of 6.4 keV.

A bsorbed power-law plus R aym ond Sm ith  m odel

Serlemitsos et al. (1996) have also analysed the ASCA data of NGC4594. 

They have fitted a model consisting of an absorbed power-law plus a Raymond- 

Smith model. I have fit my data with this model in order to be consistent 

when comparing the statistics of this model with other models I have fit. 

My results are consistent with Serlemitsos et al. (1996). For SISO and 

GIS3, the model gives an energy index of 0.96lo.‘2o for the power-law (90% 

confidence for two parameters) with a temperature of 0.64lo;26 keV for the 

optically thin gas. SISO and SISl give ax =  O.SOl^^g and a temperature of 

0.48l§;i4 keV. I have repeated this analysis for the combined SIS and GIS
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data and find that, statistically, this fit is not improved compared to a single 

power-law. However, the HRI images do suggest that multiple components 

are present (Fabbiano & Juda 1997).

2.3.4 PSPC  data

NGC4594 has been observed using RO SAT  with the PSPC in the focal 

plane. In order to combine the PSPC spectrum with the ASCA  data, I 

repeat some of the analysis of Fabbiano & Juda (1997) on the PSPC data 

that were obtained from the RO SAT  archive. I extract the spectrum using 

a circle with a P radius and use a source free region for the background 

estimation. I find the best fit to the PSPC data are when the data are 

represented by a power-law. This yields N h = 5.8t?;§ x 10^° cm~^ and 

Œx = 0.85i§;?6 (see Table 2.5), The uncertainties are at 90% confidence with 

one interesting parameter. If I use uncertainties at 90% confidence for two 

interesting parameters the errors rise to ax = O.fiStg ĝ. As noted previously, 

Fabbiano & Juda (1997) estimate the contribution from the nuclear source 

to the extracted fiux within P of the nucleus to be ~  55%. They extracted 

the spectrum using 60, 120 and 360" radii. For a 60" radius, they get a best 

fit with a power-law of ax = 0.76t§;36 for an N h = 5.24l};2j x 10^°cm~^ 

which is consistent with the results in this paper (uncertainties are at the 

90% confidence level for 2 interesting parameters). Fabbiano & Juda (1997) 

find that a larger aperture (120" radius) produces a slightly softer slope 

ax = 0.84lj;2j. This would suggest that the extended emission detected in 

the HRI image is relatively soft.

2.3.5 ASCA and ROSAT PSPC  data

The power-law model fits to the ASCA  and RO SAT  PSPC data are con

sistent with each other at 90% confidence although the lower energy PSPC
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Figure 2.13: Contour plot of Nh versus energy index for the ASCA and 

ROSAT PSPC data when combined. The contours are plotted as 68%, 90% 

and 99% errors and the line of sight Galactic Nh = 3.8 x 10 °̂ cm“  ̂is plotted 

as a vertical line.
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Table 2.5: Summary of spectral results

Instrument Nn*

(10^°cm“ )̂

Fixed Nh^

(10^°cm“ )̂

ax'" x^(dof)

ASCA GIS < 16.4 — o-76iS;l5 159.3(154)

— 5.3 o.76iJ:g? 159.3(155)

ASCA SIS c 00+4.33 
•̂'̂ ■̂ -3.48 — o-64iS:12 149.2(116)

— 5.3 o-64ig:S? 149.2(117)

GlS-kSIS 8 .20«:“ — 0.68ig;S| 370.8(273)

— 5.3 0.631:% 372.0(274)

ROSAT FSPC — 0.851»:?: 40.3(38)

— 5.3 0.771»:'? 41.2(39)

PSPC+GIS+SIS 5.27ig:î| — 0.631»:»: 416.8(314)

5.3 0.631»:»! 416.9(315)

Uncertainties are at the 90% confidence for 1 interesting parameter.

 ̂ The Nh is fixed at the best fit for the combined ROSAT and ASCA  spectra.

 ̂ X-ray energy index,where a  is defined such that U oc u~°‘. Uncertainties as for Nh-
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data appears to fit better with a slightly softer slope than the ASCA  data. 

This may be due to systematic calibration differences between ASCA  and 

the ROSAT  PSPC. Since they are comparable I have combined the ASCA  

GIS and SIS spectral data with the RO SAT FSFC data and analysed them 

using XSPEC. A single power-law gives the best fit. The confidence con

tour plot (see Figure 2.13) shows absorbing column density (Nh) versus the 

power-law energy index with the Galactic column marked as a vertical line. 

The contours are plotted as 68%, 90% and 99% confidences for two inter

esting parameters. The best fit is obtained with N h  = 5.3ÎJ;J x 10^° cm“  ̂

and Œx =  0.63lo!6 for 68% confidence and two interesting parameters. This 

gives a %^(dof) of 417(314). The value of the N h  is the same (within errors) 

as found from the SIS data alone and is consistent with the PSPC value 

found here and by Fabbiano & Juda (1997). Therefore, I further fit the 

PSPC data separately with this best fit N h  fixed. The spectral results are 

given in Table 2.5.

To quantify how much the soft extended emission is affecting the mea

sured absorption I fit the data with an absorbed power-law plus a Raymond- 

Smith model. I fix the Raymond-Smith fiux at 45% of the total emission in 

the ROSAT ha.ïLd (cf. Fabbiano & Juda 1997) and assign it a temperature 

of 0.56 keV (the average temperature found by Serlemitsos et al. 1996 for 

NGC4594). The best fit is then found with N h =  2.9 ±0 .14  x 10̂  ̂ cm“  ̂

with a x^(dof) of 494(314). This is a poorer fit than a single power law fit 

but provides an estimate of the upper limit for the absorption taking into 

account the contamination from the other point-like sources and the soft 

extended emission.
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2.4 M ultiwavelength Spectrum

Figure 2.14 shows the multiwavelength spectrum of NGC4594 plotted from 

the radio to X-ray band. A multiwavelength spectrum of NGC4594 has 

been shown previously in Fabbiano & Juda (1997) but here I include the 

new optical, UV and X-ray data. The radio data are from Hummel et al. 

(1994) and the near-IR data are from Willner et al. (1985). The latter 

are obtained with a relatively large aperture (6"). To get an approximate 

correction for the galaxy contribution to the flux these data are scaled by 

the JHK measurements of Forbes et al. (1992) who used a 3" aperture. 

The ratio of Forbes/Willner =  0.41. These corrected values are plotted as 

upper limits as there will still be some contamination from the galaxy. The 

HST  FOS optical data are also plotted as are the IRAS data from the point 

source catalogue. The latter are plotted as upper limits (squares) again due 

to the unknown galaxy contribution. The FOS data from this paper are 

plotted with the emission lines removed. Models fitted to ASCA  GIS and 

SIS (combined) and the ROSAT FSPC data are plotted separately to show 

the slight difference in their slopes. These energy spectra are derived with 

the best fit of Nh =  5.3 x 10^° cm“  ̂ and a slope of dx = 0.78 ±  0.08 for 

the PSPC data and dx = 0.62 ±  0.05 for the ASCA  data. Error bounds 

are marked with a dashed line. The X-ray luminosity of the nuclear source 

measured by the ROSAT  HRI is also plotted at log i/=17.3 (Fabbiano & 

Juda 1997); the X-ray region has been enlarged for clarity. The median of 

radio loud and radio quiet quasars (Elvis et al. 1994) are plotted normalised 

to the X-ray data.

The UV and X-ray data of NGC4594 are compared to that of NGC4579 

and M81 in Figure 2.15. The UV data of NGC4579 are from Barth et 

al. (1997), the Einstein data are from Reichert, Puchnarewicz and Mason 

(1990) and the ASCA  data are from Serlemitsos et al. (1996). The M81
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Figure 2.14: The multiwavelength spectrum of NGC4594 plotted from radio 

to X-rays incorporating radio data from Hummel et al. (1984), IRAS data 

plotted as upper limits (squares), near-IR data (Willner et al. 1985) plotted 

as upper limits and optical data from the HSTYOS  spectrum taken with the 

G570H grating. The UV data from this paper are plotted with the emission 

lines removed. The ASCA GIS and SIS (combined) and the ROSAT FSFC 

data are plotted separately with a best fit of N h =  5.3 x 10̂ ® cm“  ̂ and 

errors marked with a dashed line. The X-ray luminosity measured by the 

ROSAT HRI is also plotted at log i/=17.3 (Fabbiano & Juda 1997); this 

area has been enlarged (right) for clarity. The median of radio loud and 

radio quiet quasars (Elvis et al. 1994) are plotted normalised to the X-ray 

data.
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Figure 2.15: The spectra of NGC4594 (solid line), NGC4579 (dotted line), 

M81 (dashed line) and NGC6500 (dot-dashed line and cross) plotted from 

the UV to X-rays. The NGC4594 data are plotted as in the multiwavelength 

plot. The UV data of NGC4579 are from Barth et al. (1997), the Einstein 

data are from Reichert, Puchnarewicz and Mason (1990a) and the ASCA 

data are from Serlemitsos et al. (1996). The M81 and NGC6500 data are 

from Ho et al. (1996) and Barth et al. (1997), respectively.
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and NGC6500 data are from Ho et al. (1996) and Barth et al. (1997), 

respectively.

2.5 Discussion

2.5.1 HST data

The H ST  FOS spectrum of NGC4594 provides the first unambiguous data 

on the UV spectrum of NGC4594 within a radius of about 0.5" (44 pc) 

of the nucleus. A clear emission line is seen at GIIIJA1909 confirming the 

marginal lUE  detection (Reichert et al. 1993). Further emission lines are 

seen at CIII]A2326 and [OIIJA2470 (see Section 2.3.1). The widths of the 

emission lines are all in the range 800-1000 km s“ ,̂ and there is no evidence 

for broad-line components.

I compare these data on NGC4594 with three other LINERs, MSI (Ho et 

al. 1996), NGC4579 (Barth et al. 1996) and NGC6500 (Barth et al. 1997), 

that have been studied in similar detail. NGC6500 has been classified as a 

LINER 2 galaxy due to lack of broad Ha in its optical spectrum (Ho et al. 

1997b). NGC4579 and MSI both have broad H a in their optical spectra 

and are classified as LINER 1 galaxies (Ho et al. 1997b). The most likely 

ionizing mechanism in NGC4579 and MSI is a LLAGN (Barth et al. 1996; 

Ho et al. 1996). Like NGC4594, the UV spectrum of NGC6500 has only 

narrow-line emission components, whereas NGC4579 and MSI also have 

broad components with a FWHM of ~  6600 km s~^ and ~  2500 km s~^. In 

NGC4579, the narrow lines have a FWHM of SIO — 1250 km s“  ̂ similar to 

those of NGC4594 (SOO -  1000 km s 'l )  and NGC6500 (700 -  1100 km s'^); 

the narrow emission lines in the UV spectra of MSI are unresolved. See 

Figures 2.16, 2.17 and 2.IS.

Note that, again like NGC6500, the optical spectrum of NGC4594 (Fig-
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ure 2.8) shows no broad Ha, contrasting with MSI and NGC4594 which do 

(see Section 2.3.2). Broad Ha is seen in 25% of LINERs (Ho et al. 1997b).

The Narrow Lines

The narrow-line spectra of MSI, NGC4579 and NGC6500 show line strengths 

similar to those of NGC4594 when measured relative to CHJA2326 . For ex

ample, the strength of CHIJA1909 is 1.23 for NGC4594 compared with 1.05 

for NGC4579 and 0.9S for NGC6500, while that of [OHJA2470 is 0.33 for 

NGC4594 compared with 0.21 for NGC4579 and 0.17 for NGC6500. Barth 

et al. (1996) do not measure SiII]A2335 in NGC4579 due to the problem 

with decomposition from CHJA2326, but the other lines measured are con

sistent with my upper limits

The notable exception is the MgIIA2S00 emission line, which is not con

vincingly detected in NGC4594 but is prominent in NGC4579, MSI and 

NGC6500. A potential complication in measuring MgIIA2S00 is stellar and 

interstellar absorption which may erode any overlying emission. To assess 

the possibility of contamination by stellar absorption features I have com

pared the spectrum of NGC4594 with lUE  spectra of stars from the lUE  

UV spectral atlas (Wu et al. 1991). The spectrum of NGC4594 long- 

ward of ^  2500Â is most consistent with that of early K stars. Figure 2.19 

shows the H ST  NGC4594 spectrum and the lUE  spectrum of a K3 V star 

(as an example of an early K star) between ISOO and 3200 Â. Early K 

stars have absorption features at 2S50 Â and 3000 Â which are consistent 

with the spectrum of NGC4594. There is no strong absorption or emis

sion feature at 2S00 Â in the K3 V star which is also consistent with the 

NGC4594 spectrum. This lack of absorption or emission at MgIIA2S00 is 

due to the transition from a photospheric absorption feature to a chromo- 

spheric emission line (Fanelli et al. 1990). Therefore, the Mgll absorption 

feature is partially filled by emission producing a relatively fiat continuum.
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Figure 2.19: HST FOS spectrum of NGC4594 (top) from 1800 to 3200 Â. 

The bottom figure shows an lUE spectrum of a K3 V star (Wu et al. 1991). 

The absorption features at 2850 and 3000 Â are consistent with each other 

and both show a relatively fiat continuum at 2800 Â.
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The MgIIA2800 emission line becomes increasingly prominent in later type 

stars rising to a maximum at F8-G1 (Fanelli et al. 1990). Strong MgIIA2800 

emission is clearly inconsistent with the spectrum of NGC4594. The absorp

tion structure at 2800 Â in the spectrum of late G and very early K stars is 

relatively broad (FWHM ~30 Â) and such a feature would be prominent in 

the H ST  spectrum if present at an appreciable level (cf. the 2850 Â feature 

discussed in Section 2.3.1). A narrow component due to the nuclear re

gion of NGC4594 should be visible superimposed on any such broad stellar 

absorption.

The other potential complication is interstellar MgIIA2800 absorption, 

either intrinsic to our Galaxy or to NGC4594. This problem has been 

encountered in the UV spectra of M81, NGC4579 and NGC6500 (see Fig

ure 2.20 and Chapter 4 for further discussion on these profiles; Section 4.4.2). 

Ho et al. (1996) cannot determine the narrow-line contribution to the line 

flux of MgIIA2800 in M81 because the core of the line also has a prominent 

interstellar absorption component. In NGC4579, the narrow emission com

ponent of the Mgll line was measured as a lower limit by Barth et al. (1996) 

because of the uncertain separation of the narrow and broad components 

as well as the unknown degree of interstellar absorption near the peak of 

the profile. Barth et al. (1997) also find that the MgIIA2800 emission line 

in NGC6500 is affected by Galactic and interstellar absorption. However, 

even with this absorption the Mgll emission line is still prominent in the 

UV spectra of these three LINERs.

An expanded version of the spectrum of NGC4594 in the vicinity of 2800 

Â is shown in Fig. 2.21. I also show the expected profile of the Mgll emission 

doublet scaled from CIIJA2326 using the lower limit to the flux of the narrow 

Mgll component in NGC4579. The FWHM of the model line profile is 800 

km s“  ̂ which is the approximate width of the narrow lines detected in 

NGC4594. I also show the expected locations of the interstellar lines due
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Figure 2.20: Magnified spectrum of the region surrounding the MgIIA2800 

lines in NGC4579 (top), M81 (middle) and NGC6500 (bottom) with fits to 

the lines. See Chapter 4, Section 4.4.2 for a discussion of these fits.
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Figure 2.21: Magnified spectrum of the region surrounding the MgIIA2800 

lines. The spectrum is shown at the observed wavelength and shows the 

expected MgIIAA2796,2803 doublet emission lines when the line strength 

is fixed at a MgII/CIIjA2326 of 1.33 (the lower limit for the Mgll line in 

NGC4579). The FWHM is fixed at ^  800 km s~F Interstellar absorption 

lines due to our galaxy are also plotted.
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to our Galaxy, plotted with appropriate widths and arbitrary depth. It is 

clear that at the redshift of NGC4594 only the blue wing of any emission 

due to the LINER would be affected by Galactic interstellar features. It is 

difficult to constrain interstellar absorption due to the interstellar medium 

of NGG4594 itself, however, and it is possible that there is just enough 

interstellar absorption to reduce the level of the Mgll emission to that of 

the surrounding continuum, yielding the observed spectrum. Higher signal 

to noise or higher resolution spectral data in this region could potentially 

resolve this and determine if the residual weak structure that is seen in the 

spectrum is consistent with such a scenario.

Dust within the ionized plasma could also modify the strength of MgIIA2800 

emission. Depletion of magnesium from the gas phase will tend to reduce 

the strength of this line (e.g., Kingdon, Ferland, & Feibelman 1995), and 

absorption by grains can further depress the emergent flux (Harrington, 

Monk, &: Clegg 1988).

The Continuum

I have compared the measured ionizing photon flux with that predicted 

from the ratio of Lyman continuum to H a photon flux using the method 

described in Maoz et al. (1995). They assume the UV continuum can be 

extrapolated from 2270Â, where they measure it, to beyond the Lyman 

limit as a power-law. The ratio of Lyman continuum to H a photons 

(assuming a 100% covering factor) is then

^  A(2270Â) X 912Â _ 2270Â 
NHa /(N aa) 6563Â  ̂ ^

I obtain / { N ho) for NGC4594 from Ho et al. (1997b) (see Table 2.3) 

and /;^(2270Â) ~  1.2 x 10“ ®̂ erg s“ ^cm“^Â“  ̂ from the H ST  spectrum. 

Assuming Case B’ recombination conditions, the ratio of the total recom-
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bination coefficient to the H a  recombination coefficient {Nion/Nna) is 2.2 

(Osterbrock 1989). I get a Nion/Nna photon ratio of ~  0.3 for NGC4594. 

This means there is insufficient strength to power the emission lines through 

photoionization. However, this estimate is a lower limit to the true value, 

because correction for any Galactic or internal reddening will enhance the 

UV flux relative to the H a  flux. If I correct the spectrum for a reddening 

of E(B-V)=0.08 mag estimated from the H a/H ^  ratio (see Section 2.3.2) I 

obtain f;^(2270Â) ^  2.5 x 10“ ®̂ erg s“  ̂ cm“  ̂Â“ .̂ This produces a Nion/Nna 

of 0.7. This is still too low for the emission lines to be produced through 

photoionization. A higher value of E(B-V) would increase the Nion/Nna 

ratio. I flnd a reddening of E(B-V)=0.21 mag is required to produce a 

Nion/Nna ratio of 2.2. Gorrecting the spectrum by this amount leads to 

an unacceptably large bump at 2200Â. The upper limit for E(B-V) with

out distorting the spectrum is E(B-V)<0.15 and this gives a Nion/Nna of 

~  1.4. However, a larger E(B-V) may be allowed if the extinction curve 

does not follow the Galactic extinction law. It has been argued by Calzetti 

et al. (1996) that the Galactic extinction law may not be appropriate for 

extragalactic starburst regions. They surmise that the optical continua of 

starbursts are less reddened than their emission lines and the internal ex

tinction law within starbursts is flatter than the Galactic law and lacks 

the 2200 Â feature. If starbursts contribute to the ionizing mechanism in 

LINERs then the Galactic extinction law may not be appropriate. This, 

plus other factors may allow the Nion/Nna ratio to be high enough to make 

photoionization viable.

Narrow emission lines in LINERs decay on timescales of tens to hundreds 

of years if the ionizing source is turned oflp. This is due to the recombina

tion timescale of the ions (Eracleous et al. 1995). Therefore, photoioniza

tion would still be a plausible mechanism to power the observed emission 

if NGC4594 has been on average in a “high” state during the last few hun
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dred years with a photon ratio of >  2.2. Note that UV flux variability has 

been reported in the LINER galaxy NGC4579 (Barth et al. 1996; see Sec

tion 2.3.1). The Nion/Nna photon ratio for NGC4579 is ^  0.7 using the flux 

from the H ST  FOS data (Barth et al. 1996) and is insufficient to power the 

lines through photoionization. However, the flux derived from earlier FOG 

data by Maoz et al. (1995) yields a Nion/Nna photon ratio of 2.8.

Photoionization may also remain viable in NGC4594 if the continuum 

source is obscured by cold gas or if the nebular gas is also ionized by sources 

other than the nuclear radiation fleld. The X-ray data will give us an 

indication of the likelihood of these scenarios (Section 2.5.3).

2.5.2 Narrow-Line Region Diagnostics

The availability of UV spectra of LINERs allows quantitative tests of shock 

and photoionization model predictions that do not rely on ambiguous optical 

diagnostics. I compare the narrow line spectrum of NGC4594 with several 

shock and photoionization models from the literature (see Table 2.6), fol

lowing the work of Barth et al. (1996) for NGC4579 (see also Ho et al. 1996 

for M81 and Barth et al. 1997 for NGC6500). These models predict a low 

excitation optical spectrum which satisfies the criteria for classification as a 

LINER. The spectrum of NGC4579 differs from NGC4594 by having broad 

line emission whereas NGC4594 has none. Barth et al. (1996) however, 

only compared the narrow line emission of NGC4579 with these models. 

Similarly, I will only be testing the physics of the narrow-line region of 

NGC4594. These models will also be compared with the narrow emission 

lines of other LINERs in Chapters 3 and 4. Note that the spectrum of 

NGC4594 has approximately half the counts of the HST  FOS spectrum of 

NGC4579; therefore the statistics are poorer in the spectrum of NGC4594.
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Shock M odels

Dopita and Sutherland (1996; hereafter DS) suggest that all Seyferts and 

LINERs are primarily shock heated. They argue that the line emission in 

LINER galaxies is the result of high-velocity radiative shocks in regions of 

relatively low total column density (see Chapter 1).

DS have produced models without precursors which apply to shocks in 

gas-poor environments where there is not enough pre-shock gas to form a 

precursor. These shocks provide an efficient means to generate a strong 

local UV photon field and hence provide relatively strong emission in the 

high excitation UV lines. The shock velocity for these models covers a 

range of 150 < Ug < 500 km s“  ̂ with a pre-shock density of no =  1 cm“ .̂ 

They also parameterise the “magnetic parameter” , which sets the

effective ionization parameter in the post shock cooling.

I have compared my results with these models and the model predictions 

for Vs =  500 km s“  ̂ and B/n^/^ =  IpG  cm^/^ are presented in Table 2.6 

(where the emission line strengths are measured relative to CII]A2326). 

This model produces a much higher-excitation spectrum than is observed 

in NGC4594 and in some cases the line strengths are an order of magnitude 

higher. Lower velocity shocks produce results that are more deviant from 

the data. Therefore, the DS shock models are clearly incompatible with the 

UV spectrum of NGC4594.

Shull and Mckee (1979; hereafter SM) model slower shocks (100—130 km s“ )̂ 

incident on a denser medium {rio =  10 — 100 cm“^). A better fit may be 

found with this model because it produces lower post shock temperatures 

which in turn produce a lower-excitation emission spectrum. The best fit 

to the NGC4594 data is obtained with the SM model that has the slowest 

shock (100 km s“ )̂ and densest medium {uo = 100 cm“^). This model does 

not over-predict the high excitation lines as severely as the DS models do, in
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fact most of the predicted line strengths match the observed line strengths 

for NGC4594 within the errors (see Table 2.6). However, it does over-predict 

OIIIJA1663 by a factor of three compared to my measured upper limit. Un

fortunately, SM only model the UV emission lines up to OII]A2470 so the 

MgIIA2800 line flux has not been predicted.

Photoionization Models

Ho, Filippenko & Sargent (1993; hereafter HFS) examine several candidates 

for the excitation mechanism of compact LINERs whose emission-line gas 

is largely conflned to radii <  200 pc. They flnd that photoionization by 

a non-stellar ionizing continuum provides the best overall explanation for 

the spectra over the optical to near infrared region. They produced this 

model by using the radiative-collisional equilibrium code CLOUDY (Fer

land, 1991). It can predict the physical conditions and the emission line 

spectrum of a dilute gas heated and ionized by the radiation field of a cen

tral object. This is done by simultaneously solving statistical and thermal 

equilibrium and heating and cooling processes (Ferland 1993). HFS use 

these calculations to model a single cloud illuminated by a power-law spec

trum. To reasonably reproduce the range of observed low-ionization line 

ratios for LINERs a range of densities = 10 '̂  ̂— 10® cm“  ̂ and ionization 

parameters U = 1 x  10“  ̂ to 1 x 10"® were used. The continuum X-ray 

energy index adopted was =  1.5. This model does not give a good fit to 

my UV data. I present the results for the model which has U = I x  10"® and 

Tie =  10  ̂cm"® in Table 2.6 (HFS) as this model deviates least from my data 

on NGC4594. It over-predicts the strength of HeIIA1640 by a factor of at 

least 3 and MgIIA2800 by a factor of at least 6 compared to the observations 

of NGC4594. Therefore, it is clearly incompatible with the data.

To expand on this model I ran CLOUDY and input the actual shape 

of the continuum of NGC4594 instead of using a single power-law with an
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Table 2.6: UV line parameters

Line ID Flux^ DS*’ SM(= HFS"* p e CLT CL26

500 H -3/4.0 M4

Lyo;A1216 < 21.8

NVA1240 < 1.3 0.82 0.00 0.00 —

CIIA1334 < 0.8 0.63 0.48 0.02 0.22 0.09 0.10

SilV +  OIV]A1400 < 0.6 0.85* 0.22 0.01 — 0.007 0.009

NIV]A1486 < 0.6 0.05 0.03 0.00 — 0.0002 0.0001

CIVA1549 < 0.6 1.49 0.89 0.02 0.02 0.005 0.004

HeIIA1640 < 0 .5 1.97 0.09 1.58 0.20 0.58 0.88

OIII]A1663 < 0 .1 0.34 0.41 0.07 0.07 0.02 0.02

NIII]A1750 < 0.2 0.08 0.13 0.03 0.04 0.01 0.008

CIII]A1909 1.2 ± 0 .5 0.64 0.79 0.78 0.73 0.41 0.37

NIIA2140 < 0.1 — 0.07 0.07 0.06 — —

CII]A2326 1.00 1.00 1.00 1.00 1.00 1.00 1.00

SiII]A2335 < 0.1 — — — — 0.25 0.26

[NeIV]A2423 < 0.05 0.26 — 0.02 — 0.003 0.003

[OII]A2470 0.3 ± 0 .2 0.23 0.13 0.47 0.19 0.59 0.44

MgIIA2800 0.07* 2.93 — 3.67 0.10 1.43 0.70

CIA2967 < 0.08 0.22

 ̂ Line strengths measured relative to CII] A2326 (Flux=2.7xl0“ ^̂  erg cm“ ^s~^Â” )̂.

 ̂ DS =  Dopita and Sutherland (1996): =  1 pG  no =  1 cm“ .̂

and Vshock =  500 km s~L 

SM =  Shull and McKee (1979), model H is no =  100 cm~^, Vshock =  100 km s“ .̂ 

and Bo =  1 pG.

 ̂ HFS =  Ho, Filippenko & Sargent (1993), with a  =  1.5 and (log U /log Ue) =  (-3/4.0). 

® P =  Péquignot (1984), composite model M4

 ̂ CLl =  Cloudy model with Lx =  3.5 x 10“*° erg s~^, ng =  1 x 10“* cm“  ̂

and an inner radius of 3 parsecs.

® CL2 =  Cloudy model with U =  3.2 x 10“ *̂ and ng =  1 x 10® cm"®.

 ̂ CL3 =  Cloudy model with U =  3.2 x 10"'̂  and ng =  10  ̂ cm"® for a radius 

of 0".05 (4 pc)and Ug =  10'* cm"® for a radius of 1" (87 pc)

‘ See section 2.5.1 for discussion,

* Contribution from SÜVA1397 not included.
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energy index equal to that of the X-ray continuum as used by HFS. I also in

put an ionization parameter of U =  3.2 x 10“  ̂which is most consistent with 

the optical [OIII] line strengths relative to H/? and [OI]A6300 for NGC4594 

and is a value typical for LINERs (Barth et al. 1996). As with HFS I 

used a range of densities =  10 '̂  ̂ — 10  ̂ cm“ .̂ To produce a continuum 

appropriate to NGC4594 the average observed flux from each of the radio, 

infrared, optical, UV and soft and hard X-ray data of NGC4594 are input. 

CLOUDY then interpolates these data points. I use the CLOUDY AGN 

table data points at high and low energies (where there is no observational 

data) to produce a well-behaved continuum which will cut off at high and 

low energies so as not to produce an unphysically large number of photons. 

I find the best fit with a density of rie = 10  ̂ cm“ .̂ However, this model 

slightly over-predicts the Mgll and Hell lines above their upper limits and 

under-predicts the GHI]A1909 line (see Table 2.6; CLl).

Péquignot (1983) also used CLOUDY to model the emission mechanism 

in the LINER galaxy NCC1052. He found that it can be understood in 

terms of photoionization by a central source of radiation if the ionizing con

tinuum looks like a blackbody of temperature ~  8 x 10  ̂K prolonged beyond 

70 eV by a hard continuum. A blackbody helps to solve the problem of the 

weakness of Hell. Weak Hell emission indicates that the continuum illu

minating the NLR clouds must contain few photons more energetic than 

54.4 eV, the ionization potential of He'*". This also weakens the CIV line 

as the ionization potentials of C'^  ̂ and He'*' are similar (47.8 and 54.4 eV 

respectively). I compared the results from this model to the observed emis

sion spectrum of NCC4594. I flnd it is successful in reducing the Hell and 

Mgll line strengths (see Table 2.6) and all the other line strengths predicted 

by this model match the observed line strengths for NCC4594 (within er

rors). However, Péquignot assumes a depletion factor of 30 from solar 

for the refractory elements. This was done to match the lUE  spectrum of
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NGC1052 which is almost certainly swamped by starlight causing contam

ination of the nuclear spectrum. There is also no evidence for a blackbody 

of temperature ~  8 x 10"* K in my data. A component of this temperature 

is likely to be emitted from the nuclear regions and a high column density 

may obscure this from our line of sight. The results from the X-ray data 

suggest no absorption but this will be discussed in Section 2.5.3.

I input a similar model into CLOUDY but omitted the blackbody for 

which there is no direct evidence in the multiwavelength spectrum (see Ta

ble 2.6; CL2). Péquignot (1983) used estimates of the densities at different 

radii and I use these values (rig =  10  ̂cm“  ̂ for a radius of 0".05 (4 pc) and 

ne =  10'̂  cm“  ̂ for a radius of 1" (87 pc) but I only deplete the magnesium 

by a factor of 2, the amount expected if there were internal absorption by 

dust (Harrington et al. 1988 & Section 2.5.1). This gives a CIII]A1909 

emission line which is a factor of 2 less than the error given for this line 

and the Hell line is slightly over-predicted. I can increase the GUI] A1909 

by lowering the ionization parameter, however, this also has the effect of 

increasing the Hell line.

2.5.3 X-ray data

Fits to the ASCA  and ROSAT  PSPC data yield similar power-law slopes 

as illustrated in the multiwavelength spectrum (Figure 2.14). However, the 

HRI imaging shows that the nuclear emission is contaminated in the PSPC 

spectra by other point-like sources and soft extended emission (Fabbiano & 

Juda 1997). Furthermore, the poor spatial resolution of ASCA  means that 

although I statistically only require a single power-law component to fit the 

data, there could be other spatial components present. In fact, Serlemitsos 

et al. (1996) fit an absorbed power-law plus a Raymond-Smith model.

Nevertheless, the nucleus of NGC4594 resembles that of AGN. The HRI
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images show that it is a compact and possibly variable source (Fabbiano & 

Juda 1997). Furthermore, the spectral energy index for the combined ASCA  

and PSPC data (ax =  0.63 ±  0.05) is similar to that of Seyfert galaxies 

observed by HEAO-1 and EXOSAT (ax =  0.7; Mushotzky 1984). Fabbiano 

& Juda (1997) find, by using the X-ray radio continuum correlation of bright 

radio galaxies (Fabbiano et al. 1984) that the nucleus of NGC4594 behaves 

like a downsized version of a bright AGN. This is consistent with the highly 

sub-Eddington luminosity (Lx/ L e  % 3 x 10“ )̂ implied if the emission is due 

to accretion onto a ~  10  ̂ M q black hole. However, the lack of Fe K a line 

emission (upper limit of ~  400 eV) may indicate that there is no standard, 

thin accretion disk although this upper limit is not very constraining.

Soft extended emission has also been observed in AGN in addition to 

nuclear emission (NGC4151, NGC3516 and MKN3; Morse et al. 1995). 

This extended emission and the other point sources may be ionizing the 

nebular gas in NGC4594, acting to increase the strength of the UV emission 

lines compared to the continuum. This may at least partly explain why 

the measured nuclear UV continuum appears to be insufficient to power 

the observed emission lines. Furthermore, this extended emission could 

also affect the measured column density. The best fit column density for 

the combined ASCA  and PSPC data is N h  =  5.3 x 10^° cm“  ̂ which is 

only slightly above the Galactic line of sight value N h = 3.8 x 10^° cm“ .̂ 

However, it is possible that the absorption of the nuclear emission is greater 

than this and the soft extended emission “fills in” this absorption. To 

quantify this absorption I added an underlying Raymond-Smith model with 

a flux of 45% of the total fiux (the amount not due to the nuclear emission) 

to the single power-law model (see Section 2.3.5). This yields an upper limit 

of N h  = 2.9 X 10̂  ̂ cm“ .̂ In principle this absorption could be obscuring 

the UV continuum as well. Using the relationship between reddening and 

hydrogen column density (see Section 2.3.2) the upper limit on N h  implies
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E(B-V)<0.6. However, I find in Section 2.5.1, that E(B-V)> 0.15 leads 

to an unacceptably large bump at 2200 Â in the UV continuum and the 

maximum N h for this scenario is 7.2 x 10^° cm“ .̂ Therefore, if Case B’ 

holds true, this is the maximum absorption allowed. However, a larger 

E(B-V) may be allowed if the extinction curve is different from the Galactic 

extinction curve.

2.5.4 M ulti wavelength Spectrum

I compare the multiwavelength spectrum of NGC4594 with that of luminous 

AGN and with the LINER galaxies MSI (Ho et al. 1996), NGC4579 (Barth 

et al. 1996) and NGC6500 (Barth et al. 1997). Ho et al. (1996), based on 

the multiwavelength spectrum of MSI, suggested that LINER nuclei may 

be X-ray bright when their UV-optical and X-ray emissions are compared 

to those of bright AGN {aox = 0.S6 for MSI). The optical to X-ray spectral 

index for NGC4594 is aox =  0.76 where

_  lo&A/(2 keV) -  log^(2200 Â ) 
logi/(2 keV) — logi/(2200 Â )

while Barth et al. (1996) find aox = 0.92 for NGC4579. Similarly I 

estimate aox 1.0 for NGC6500 based on the H ST  and RO SAT  HRI data 

discussed by Barth et al. (1997). These values are smaller than the average 

value found for quasars, aox =  1.55 and Seyfert 1 galaxies, aox =  15 (Laor 

et al. 1997 and Walter & Fink 1993, respectively). Therefore, the UV/X- 

ray ratio for these LINERs is indeed relatively X-ray bright compared to 

quasars. This appears to be due to the absence of the “big blue bump” 

(BBB) in these LINERs which is commonly found in luminous AGN (e.g. 

Edelson & Malkan 19S6; Elvis et al. 1994). The BBB is not seen in the 

multiwavelength spectrum of any of the four LINERs. Zheng & Malkan 

(1993) suggest that it may be shifted into the unobserved EUV/soft X-ray
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band in LLAGN. However, the high energy tail of the BBB is not observed 

in the soft X-ray data on NGC4594 and neither is the low-energy tail in the 

far UV. In fact, the data are consistent with an underlying power-law which 

joins the UV and X-ray data smoothly. Therefore, the BBB would have to 

be of a low flux to be consistent with the limits set by the data.

The spectral index of the UV continuum of NGC4594 has a slope of 

a  % 0.7 and this extrapolates, within the errors, from the slope and nor

malisation of the X-ray spectrum. There is a break at 2455 Â where the 

UV spectrum becomes much softer, a  % 7.5, due to the underlying galaxy. 

M81, has a slope of a  =  2.0 ±  0.3, which is much softer than the slope of 

NGC4594. The continuum slope of NGC4579 can be characterised by a 

spectral index of a  =  1.0 ±  0.3 over the range 1300 — 2200 Â, while from 

2200 — 3000 Â the slope is o; =  2.4 d= 0.2 which Barth et al. (1996) sug

gest could be due to the “small blue bump” consisting of Fell blends and 

Baimer continuum emission at roughly 3000 Â (Oke et al. 1984). The slope 

of NGC4579 is consistent with that of NGC4594 between 1600 and 2200

Â.

I measure the combined ASCA  and PSPC X-ray spectrum for NGC4594 

to be ax =  0.63 ±  0.05 with a column density of N h =  5.3 x 10^° cm“ .̂ 

This energy index measured for NGC4594 is harder than that of M81 and 

NGC4579 which have energy indices of ax = 0.85di0.04 (Ishisaka et al. 1996) 

and ax = 0.87 ±  0.09 (Serlemitsos et al. 1996) respectively. Serlemitsos et 

al. (1996) find no Fe K a  emission in NGC4579 but they find that the Fe 

KcK line characteristics in M81 are similar to those in Seyfert 1 galaxies in 

that it shows a broad iron line (equivalent width of ^  200 eV). However, 

M81 does differ slightly from Seyfert 1 galaxies as the iron line from M81 

is centered at ^  6.7 keV whereas the iron line from Seyfert 1 galaxies is 

consistent with 6.4 keV.
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2.5.5 Absence of Broad Lines

As noted previously, the main property that distinguishes NGC4594 (and 

NGC 6500) from NGG4579 and M81 is the absence of broad components 

to the emission lines in the former. It is possible that there is a broad 

line region in NGC4594 but that it is hidden from view. However, there 

is no evidence for substantial reddening of the UV/optical spectrum (E(B- 

V)<0.15). I also find no substantial absorption in the X-ray spectrum even 

allowing for the effects of soft extended emission. The upper limit we obtain 

including this extended emission is N h  =  2.9 x 10̂  ̂ cm“ .̂ This is not 

sufficient to completely obscure the broad-line region. Furthermore, the 

constraint on the reddening of the UV spectrum (Section 2.5.1) implies a 

column density of N h  < 7.2 x  10^° cm“  ̂ assuming that the UV emission is 

coming from the nucleus. Thus, the absence of any broad line components 

implies either that there is no AGN-like broad line region in NGG4594 or 

that emission from any broad-line gas is very weak.

2.5.6 Accretion M odels 

“Low-State Accretion Disk”

The most popular model to describe the accretion process that powers AGN 

is the stationary thin disk (Shakura and Sunyaev 1973). In this model there 

is a slow inward drift of material from the accretion disk. This accreting 

material cools efficiently and all the energy is radiated locally. However, 

Siemiginowska, Gzerny & Kostyunin (1996) show that thermal viscous in

stabilities operate in the accretion disks surrounding supermassive black 

holes and affect this process causing evolutionary changes on timescales of 

hundreds of thousands of years.

Disk thermal instabilities in cataclysmic variables and X-ray novae have 

been shown to cause outbursts with frequencies ranging from every few days
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up to a number of years (Meyer & Meyer-Hoffmeister 1982; Smak 1992). 

The conclusion from the study of transient Galactic sources is that neither 

the gas supply rate (which determines the instantaneous accretion rate) nor 

a stationary disk model can account for the observed disk properties (see 

review by Cannizo 1993). Siemignowska et al. (1996) propose that because 

there is a strong similarity between Galactic X-ray sources and AGN, both 

in spectral behaviour and in overall variability (Fiore & Elvis 1994; Tanaka 

h  Lewin 1995), a similar accretion disk behaviour would be expected in 

AGN but on a much longer timescale. They use modelling to calculate the 

evolution of disks and find that thermal-viscous instabilities depend on the 

accretion rate and the viscosity. They find that the spectrum of an accretion 

disk is not that of a stationary model and the black hole does not always 

have to be in an active state. Therefore, many LLAGN may contain an 

accretion disk in quiescence. They also find that large-amplitude outbursts 

can occur and that the emitted optical-UV spectra are quite different from 

that of a stationary disk.

If there is a lO^M© black hole at the nucleus of NGC4594 (Kormendy 

et al. 1996) and the emission is powered by accretion onto a black hole, the 

X-ray luminosity (Fabbiano & Juda 1997) implies that we are in a highly 

sub-Eddington regime, ^  S x 10~^L e - In turn this may imply very low 

accretion rates and make NGC4594 a candidate for a “low-state accretion 

disk” (Siemiginowska et al. 1996). The spectral energy distribution of 

NGC4594 fits this model as it lacks fiux in the UV.

“Advection-Dominated” disk model

Another model that would explain the low luminosity is an “advection- 

dominated” disk model. Advection-dominated flows occur when the cool

ing timescale becomes longer than the accretion timescale, so that most of 

the dissipatively liberated energy is advected inward with the accreted gas
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rather than being radiated. The result is that the gas temperature becomes 

almost virial and the luminosity of the system falls well below the standard 

GMM/R that is normally expected from accretion (Narayan & Yi 1994, 

1995a,b). Lasota et al. (1996) have used this to model the observed prop

erties of the continuum emitted by the nucleus of the LLAGN, NGC4258. 

They discuss the model’s application to other LLAGN and NGC4594 is in

cluded in their discussion. The accretion flow in the model consists of an 

inner advection-dominated flow and an outer “standard” geometrically thin 

disk. They flnd that L / L e  is systematically smaller in LINERs than in 

other AGN classes; Seyfert galaxies have L /L e  > 0 .1  (Krolik et al. 1986) 

and the LLAGN NGC4258 has L /L e  % Lasota et al. (1996) specu

late that this parameter distinguishes LINERs from other AGN. NGC4594 

fits this picture with L / L e  ~  3xl0~^. The relative strength of the X-rays 

compared to the ultraviolet flux in NGC4594 is also in keeping with the 

predictions of the advection-dominated model.

2.6 Conclusions

The nucleus of NGC4594, the Sombrero galaxy, has been identified as a 

LINER (Heckman 1980). In this chapter I present H ST  FOS, H ST  FOG 

in the UV and ASCA  X-ray data and discuss the multiwavelength data to 

classify the ionizing mechanism in this galaxy.

The UV FOS spectrum of NGC4594 (Figure 2.4) shows narrow line 

emission only (FWHM ~  800 — 1000 km s“ ^), with no evidence of broad- 

line components. I have also analysed the optical FOS spectrum and flnd 

no broad Ho; emission. This is consistent with the ground-based optical 

spectrum and therefore NGC4594 can be classified as a LINER 2 galaxy. 

I compare the UV narrow-line emission spectrum with photoionizaton and 

shock heating models. The best fit among photoionization models is a
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CLOUDY model with an ionization parameter o îU  = 3.2 x 10“ .̂ I deplete 

magnesium by a factor of 2 (the amount expected if there were internal 

absorption by dust) to match the weak MgIIA2800 emission line. However, 

note that the interstellar Mgll absorption could be acting to suppress the 

Mgll emission flux.

Turning to shock heating models, I flnd that fast-shock models are in

compatible with the data. The best fit is found with slow shocks in a denser 

medium as discussed by Shull and McKee. However, the MgIIA2800 line, 

which is weak in the H ST  spectrum, has not been modelled and this is the 

line that causes the most inconsistency with other models.

I measure the FOS continuum flux to be a factor of ten weaker than the 

“core” (< 1" — 2") lUE  spectrum flux taken five years earlier. However, 

the flux of a pre-COSTAR FOG image taken with the F220W filter taken 

10 months earlier is consistent to within 30% of the FOS continuum flux. 

The discrepancy between the lUE  and the FOS flux is most likely due to 

the lUE  spectrum being contaminated by non-nuclear emission. However, 

variability of the nucleus cannot be ruled out.

I find that the X-ray continuum is non thermal in shape, although the 

spectrum is contaminated at least at low energies by other point sources and 

extended emission (Fabbiano & Juda 1997). The best fit for the combined 

PSPC and ASCA  X-ray spectra is a power-law with ax = 0.63 db 0.05. This 

is consistent with that of Seyfert galaxies. The column density for this best 

fit is N h =  5.3 x 10^° cm“  ̂ (the Galactic N h = 3.8 x 10^° cm“^), although 

it is possible that the soft extended emission “fills in” the absorption so 

the column density is greater than that observed. I find an upper limit 

of N h % 2.9 X 10̂  ̂ cm“  ̂ for this absorption. However, this leads to an 

unacceptably large reddening if Case B’ holds true for LINERs. The X-ray 

luminosity is also consistent with the nucleus behaving like a downsized 

version of an AGN.
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The measured FOS UV continuum is of insufficient strength to power the 

emission lines through photoionization. However, narrow emission lines de

cay on timescales of tens to hundreds of years. Therefore, variability includ

ing a “high” state with sufficient photon ratio over the last few hundred years 

would still allow photoionization as the ionization mechanism. Furthermore, 

the nebular gas could also be ionized by the other point sources and the 

extended emission in NGC4594. This would act to increase the strength of 

the emission lines compared to the continuum. Therefore, photoionization 

is still a viable mechanism to power the emission lines in NGC4594.

As noted previously, I only find narrow-line emission in the FOS spec

trum of NGC4594. It is possible that there is a broad-line region but it 

is hidden from view. However, there is no evidence for substantial redden

ing of the UV/optical spectrum and the upper limit to the column density 

derived allowing for contamination by extended soft X-ray emission is also 

insufficient to hide a broad-line region.

The multiwavelength spectrum of the nucleus of NGC4594 differs from 

those of luminous AGN in having a much weaker UV continuum relative 

to X-rays. This is consistent with the Siemiginowska et al. (1996) model 

for a “low-state accretion disk.” “Advection-dominated” disk models which 

have been applied to low-luminosity AGN are also consistent with the data. 

The sub-Eddington accretion luminosity of NGC4594 is compatible with 

this model as is the UV to X-ray spectral shape.

The previous multiwavelength data on NGC4594, as well as the data 

presented in this chapter, favour a LLAGN activity rather than a nuclear 

starburst. The radio data reveal a compact core source with a fiat spectrum 

and a variable continuum (Hummel et al. 1984; Bajaja et al. 1988). The X- 

ray data also show a point-like, possibly variable core source and dynamical 

studies display evidence that the nucleus is a 10  ̂ M© black hole. This leads 

to sub-Eddington luminosities consistent with those seen in other LINERs
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thought to be LLAGN (M81 and NGC4579). NGC4594 differs from these 

LLAGN LINERs by having only narrow-line emission in its UV spectrum. 

However, the UV continuum extrapolates (within errors) to the hard X- 

ray continuum, producing an aox which is similar to M81 and NGC4579. 

This would suggest that the same (non-stellar) mechanism is producing the 

continua in these three LINERs. The lack of broad lines in NGC4594 could 

be due to the absence of a BLR or because the broad-line emission is very 

weak in this LINER.
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Em ission from the LINER  

N ucleus of NG C404

3.1 Introduction

In this chapter I consider the LINER galaxy, NGC404 (UGC 718, 0106+3527) 

which is a Northern galaxy and is classified as type SO. It is a classical 

LINER that fully satisfies the Heckman (1980) criteria. It is at a distance 

of 3.6 Mpc (Tully 1988; assuming Ho = 50 km s“  ̂ Mpc“ ^). It has no broad 

Ho (Ho et al. 1997b) and is therefore classified as a LINER 2. In particular,

I study the UV spectra observed with the HST FOS to characterize the UV 

continuum and determine the fluxes and profiles of the UV emission and ab

sorption lines (Section 3.3). I then compare these results with previous lUE  

data and discuss previous HST  FOG data. I also look at previous near-IR, 

optical and UV observations on this object and produce a multiwavelength 

spectrum (Section 3.4). I compare the UV continuum with the starburst 

knot, NGC1741-B1, to look for spectral signatures in the UV continuum and 

the line profiles are compared with synthetic spectra of massive star pop

ulations (Section 3.5.3). I then consider several shock and photoionization

97
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Table 3.1: H STYO S  observations

Grating Detector Wavelength

Â

FWHM^

Â

Exposure 

Time (s)

G130H FOS/BLUE 1152-1608 2.29 ± 0 .2 2320±2470±1750

G190H FOS/RED 1600-2280 3.23 ± 0 .3 110  ̂±  2020

G270H FOS/RED 2222-3277 4.57 ± 0 .4 540

 ̂ Spectral resolution assuming an aperture filled uniform source. 

 ̂ This exposure is corrupted.

models as a step towards clarifying the ionization mechanism in NGC404 

(Section 3.6).

3.2 Observations and Data Analysis

NGC404 was observed using the H ST  FOS on 1994 December 25-26 UT 

through the 0.86" diameter circular aperture. Three gratings, G130H, 

G190H and G270H were used to cover the wavelength range 1150-3270 Â. 

The data were collected in ACCUM mode with the same read out intervals 

as NGC4594 (Chapter 2). Two exposures were taken with the G190H grat

ing (the shorter exposure is corrupted), one with the G270H grating and 

three exposures with G130H (which were summed for subsequent analysis). 

Details of the observations are summarised in Table 3.1. The data were pro

cessed by the routine H ST  calibration pipeline which includes flat-fielding, 

subtraction of the particle-induced background, and flux and wavelength 

calibration.
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3.3 Results

The FOS spectra of NGC404 taken with the three gratings G130H, G190H 

and G270H are shown in Figure 3.1. To improve the signal to noise the 

spectra have been plotted with binsizes of ~  1, 1.4 and 1.5 Â for the G130H, 

G190H and G270H gratings.

3.3.1 The Emission Lines

Line fluxes, positions, equivalent widths (EWs) and full widths at half max

imum (FWHM) and errors were measured using the same method applied 

to NGG4594 (Chapter 2). Line parameters are listed in Table 3.2 and the 

results are discussed in Section 3.3.

Only narrow emission lines with velocities of 470 -  860 km s~^ are seen 

in the UV spectrum. The strongest line in the UV spectrum is Lyo:A1216 

(Figure 3.2). This profile is complicated as it is likely to contain components 

of geocoronal emission, interstellar absorption and narrow line emission from 

NGC404. Therefore, it is impossible to extract the narrow-line flux of this 

line. I detect strong forbidden CIII]A1909 and CII]A2326 lines which have 

FWHM of 585 km s~^ and 624 km s~^ respectively. There is a also a 

relatively strong HeIIA1640 emission line with a FWHM of 861 km s~^. 

Weaker lines are seen at SiII]A2335 and [NeIV]A2423. SiII]A2335 is affected 

by an FeIIA2344 absorption and so lower limit is given for this line. The 

emission line at 1295-1310 Â is an artifact due to a noisy diode. I do 

not detect any emission at MgIIA2800 as strong absorption lines are seen 

at this wavelength (see Section 3.5.1). The positions of the emission-lines 

are consistent with the redshift of NGG404 (z=0.0001). The SiIIA2335 is 

the exception but the blend with CIIJA2326 and the FeIIA2344 absorption 

means that this line is difficult to measure.
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Figure 3.1: The UV spectrum of NGC404 observed using the HST  FOS 

on 1994 December 26 with the G130H (top), G190H (middle) and G270H 

(bottom) gratings. The spectra have binsizes of ~  1, 1.4 and 1.5 Â for the 

G130H, G190H and G270H gratings to improve the signal to noise ratio. 

The spectra are at the observed wavelength (z= 0.0001). The emission line 

at ~  1305 Â is an artifact due to a noisy diode.
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Table 3.2: UV emission line parameters

Line ID Position^ Flux^ EW FWHM

Â Â km s“ ^

LyaA1216 — — — —

NVA1240 — < 1.8 — —

CIIA1334 c — — —

SilV -f- OIV]A1400 c — — —

NIV]A1486 — < 2.0 — —

CIVA1549 — < 1.6 — —

HeIIA1640 1639.44 0.92 ±  0.5 2.89 860.53

OIII]A1663 — < 1.0 — —

NIIIJA1750 — < 1.0 —

CIII]A1909 1906.8 0.94 ± 0 .3 3.9 584.9

NIIA2140 — < 0.8 — —

CIIJA2326 2325.0 1.00 4.3 623.2

SiII]A2335‘̂ 2336.1 > 0.13 — —

[NeIV]A2423 2421.1 0.43 ±  0.2 1.8 474.8

[OII]A2470 — < 0.75

FellAieiO — < — —

MgIIA2800 — < — —

CIA2967 — < 0.85 — —

 ̂ Positions are measured at the observed wavelength (z=0.0001).

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.

 ̂ Line strengths measured relative to CII] A2326 

(Flux=4.3xl0“ ^̂  erg cm~^s“ )̂

 ̂ There are absorption lines at these wavelengths (see Table 3.3) 

due to scattered light contaminating the continuum.

 ̂ Affected by FeIIA2344 absorption.
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Figure 3.2: UV spectrum of NGC404 showing the LyaA1216 emission line

3.3.2 Absorption Lines

The absorption lines in the spectra of NGC404 are measured using the same 

method applied to the emission lines. In the G130H spectrum, strong nar

row absorption lines are seen at SiIIA1260, CIIA1335 and SiIVAA1394/1403 

with FWHM 430-650 km s“F Weaker narrow absorption lines are seen at 

CIA1277, SiIIA1527 and CIA1561 with FWHM of 100-430 km s“ F It is 

possible that there are also absorption lines at SiIHA1297, OIA1302 and 

SHA1304, however, the emission feature at 1295-1310 Â (see Section 3.3.1) 

masks these lines. There is a broader absorption line at CIV A1549 which 

has FWHM of 733 km s~F In the G270H spectrum we see strong ab

sorption lines at FeIIA2344, MgIIAA2796/2803 (see Figure 3.10), MgIA2852, 

FeIA3000 and A1IA3093. There is also strong absorption features at 2600 Â 

with FWHM of 1221 km s~  ̂ which may due to FeIIA2609. Another feature 

at 3098 A with FWHM of 744 km s~  ̂ may be to a blend of Fel lines and 

A1A3093. The absorption lines in NGC404 are consistent with the redshift 

of the galaxy (z=0.0001).
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Table 3.3: UV absorption line parameters

Line ID Position^ Flux^ EW FWHM

A A km s“ i

NVA1240 > 7.45 — —

SiIIA1260 1259.91 -1.32 439.29

CIA1277 1276.80 -0.82 442.48

CIA1280 — > 6.99 — —

SiIIIA1297 c — — —

OIA1302 c — — —

SIIA1304 c — — —

CIA1329 — > 7.95 — —

CIIA1335 1334.43 -3.85lJ;i? -1.46 452.54

SiIVA1394 1392.91 -2.3811;% -0.94 380.11

SiIVA1403 1402.54 -0.3712;% -0.14 431.26

SiIIIA1417 — < 7.51 — —

CIIIA1427 — <  8.02 — —

SVA1502 — <8.41 — —

SiIIA1527 1526.98 -0 .6 9 i; :« -0.27 151.37

CIVA1549 1549.53 - i - 2 9 i i j ; -0.53 622.59

CIA1561 1560.47 -0.37i5;?J -0.16 103.61

FellAieiG — < 10.39 — —

CIA1657 — < 4.39 — —

NIVA1720 — < 4.36 — —

FeIIA2344 2344.34 -1.541!;% -1.50 730.46

MgIIA2796 2794.27 -2.411!;% -2.25 582.52

MgIIA2803 2802.13 -2.721!;% -2.49 574.31

 ̂ Positions axe measured at the observed wavelength (z=0.0001).

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.

 ̂ In units of 10“ ^̂  erg cm“^s“ .̂

 ̂ There is an emission line here which is an 

artifact due to a noisy diode (1295-1310 A).



Chapter 3 104

3.3.3 The Continuum

The observed spectrum of NGC404 from log 3.1 — 3.5 Â is shown us

ing the G130H, G190H and G270H gratings of the FOS (Figure 3.3; left). 

Figure 3.3 (right) shows the spectrum after correcting for a Galactic ex

tinction of E(B-V)=0.13 mag (see Section 3.4.4). Gorrecting for a slope of 

E(B-V)=0.13 mag, produces a bump at 2200 Â (Figure 3.3; right). Calzetti 

et al. (1996) deduce that starbursts have a flatter extinction law than the 

Galactic law and it lacks the 2200 Â feature (as discussed in Chapter 2; 

Section 2.5.1), therefore. Case B’ may not be appropriate for LINERs. Due 

to the uncertainty in the amount of extinction correction required I will give 

values for the uncorrected spectrum when measuring the UV continuum flux 

as well as the flux with a maximum correction of E(B-V)=0.13 mag. This 

will give upper and lower limits to the flux.

I have measured the power law slope of these spectra with all the emis

sion and absorption features removed. The best fit slope for the uncorrected 

spectrum is a  = 1.57. When the spectrum is corrected for a reddening of 

E(B-V)=0.13 mag the slope steepens to a  =  1.12 (Figure 3.4).

I measure the 2200 Â continuum flux from the H ST  spectrum to be

1.2 X 10“ ^̂  erg s“ ^cm“^Â”  ̂ (uncorrected for reddening). When the spec

trum is corrected for a reddening of E(B-V)=0.13 mag the 7f5Tflux rises to 

3.5 X 10“ ^̂  erg s“^cm“^Â”  ̂ . Note that from examining FOS target acqui

sition records, NGC404 is found at the edge of the peak up scans, possibly 

compromising its photometric accuracy.
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Figure 3.3: The FOS UV spectrum of NGC404 measured in log f \  vs. log 

A (left). Note that the emission line at log A=3.1 is an artifact and the 

feature at log A~ 3.2 is noise at the join of the G130H and G190H spectra. 

The right hand plot shows the spectrum corrected a Galactic extinction of 

E(B-V)=0.13 mag.
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Figure 3.4: The FOS UV spectrum of NGC404 measured in log f \  vs. log 

A with the best fit power law slope overlayed. The bottom spectrum has 

been corrected for a Galactic extinction of E(B-V)=0.13 mag. The spectra 

have all the emission and absorption features removed. This best fit power 

law slope is a  =  1.57 for the left hand spectrum (uncorrected for reddening) 

and a = 1.12 for the dereddened spectrum (E(B-V)=0.13 mag; right).
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Figure 3.5: spectrum of NGC404. Unseparated SWP fluxes are plotted

with the core and total LWP emission for NGC404 (Reichert et al. 1990b)

3.4 Previous Observations of NG C404

3.4.1 lUE data

NGC404 has been observed previously with lUE. The spectrum has been 

analysed by Reichert et al. (1990b) and is shown in Figure 3.5. They flnd 

that NGC404 has a similar shape spectrum to NGC5102 which has been 

found to contain blue stars (Deharveng et al. 1997) and is described as 

a “star forming” galaxy by Dressier & Gunn (1983). I measure the 2200 

Â continuum flux from the HST spectrum of NGC404 to be 1.2 x 10“ ^̂  

erg s~^cm“^Â“  ̂ (uncorrected for reddening). I have also measured the lUE 

2200 Â core flux of NGC404 from the Reichert et al. spectrum and find 

it to be a factor of 2.43 higher (~ 2.8 x 10"̂ ^̂  erg s“ î cm“^Â“  ̂ ) than the 

flux of NGC404 (also uncorrected for reddening). However, as discussed in
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Figure 3.6: HST  FOC images of NGC404. The left-hand image shows the 

orientation in the image in the North and East direction where the arrow is 

in the Northerly direction. The right-hand image shows a contour map and 

the celestial coordinate grid overlayed on the image. Note that the left-hand 

image is slightly magnified for clarity.

Chapter 2 (Section 2.3.1) the IUE\i^s a much larger aperture and although 

Reichert et al. (1990b) have attempted to separate the spectrum of the 

“core” from the underlying galaxy, the large size of the entrance aperture in 

the dispersion direction could mean that the lUE spectrum may well remain 

contaminated by non-nuclear emission.

3.4.2 HST FOC data

NGC404 has also been observed with the pre-GOSTAR FOC in a study of 

compact UV nuclear emission in LINER galaxies (Maoz et al. 1995). One 

exposure of 597 seconds was taken using the pre-GOSTAR f/96 F220W 

configuration on 1994 July 20 UT. Maoz et al. (1995) find that the bright 

UV source in NGC404 is unresolved with a FWHM ~  0.11" (1.9 pc) and
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Figure 3.7: Flux calibrated near-IR J and K spectra of NGC404 (Larkin et 

a l 1998).

a flux of f),(2200À) = 1.8 x 10“^̂  erg s“^cm“^Â~  ̂ with an error of > 20% 

due to flat flelding and background uncertainties. The diffuse emission in 

NGC404 also meant they could not fit it properly with the PSF. As discussed 

previously, the HST FOS flux may be compromised by the fact that it is 

found at the edge of the peak-up scans. Therefore, this is flux is consistent 

with the FOS flux.

3.4.3 Near-Infrared data

Near-IR data can also give leverage on the problem of understanding the ul

timate origin of the LINER phenomena (see Chapter 1). NGC404 has been 

observed in the near-IR using the 200 inch Hale telescope at the Palomar 

Observatory on 1994 August 19 UT (Larkin et al. 1998). The near-IR spec

tra, measured line fluxes and equivalent widths from Larkin et al. (1998) 

are shown in Figure 3.7 and Table 3.4. For details of the observations and
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Table 3.4: Near-IR line fluxes and equivalent widths from Larkin et al. 

(1998)

Line ID Position Flux EW

(pm) (xlO “ ^ êrg s“ ^cm“^Â“  ̂ ) (A)

[Fell] 1.2567 7.8 ±  0.2 3.1 ± 0.3

Pa/? 1.2818 -1 .3  ± 0 .3 —

H2 2.1218 2.4 ± 0 .7 3.1 ± 0 .3

Br7 2.1655 0 ± 1 * —

< Pa/? — 3.1c, 2.7d —

< Br7 — 0.55^0.49^^ —

[Fell]/ <  Pa/3 > — 2.7 ± 0 .3 —

H2/  <  Br7 > — 5 ± 2 —

For details of observations and data reduction see Larkin et al. (1998) 

® Although a small bump or wiggle appears near Br7 , 

it is probably noise or residual from the calibration star.

 ̂ Line strengths measured by extrapolating from the 

optical recombination lines to estimate the IR 

recombination lines strengths 

 ̂ Using optical line strengths from Ho et al. (1993).

 ̂ Using optical line strengths from Keel et al. (1983).
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data reduction see Larkin et al. (1998). The J band spectrum shows very 

prominent [Fell] emission and is therefore classified a “strong” Fell LINER. 

The [Fell] luminosity is 1.1x10^^ ergs s“  ̂ which is only a few times the ex

pected luminosity for a SNR (Moorwood and Oliva, 1988). The K spectrum 

shows a strong detection of H2 . The Pa/? and Br7  lines are not detected in 

emission. However, in order to obtain line ratios with [Fell] and H2 , Larkin 

et al. (1998) extrapolate from the optical recombination lines to estimate 

the IR recombination lines strengths (see Table 3.4). The expected Pa^ 

fiux (measured from the extrapolated Ha fiux) is much higher than that 

observed. Larkin et al. (1998) suggest that the absorption correction could 

be too small and this could be due to an increase in the amount of Baimer 

absorption from a significant population of young stars in NGC404.

3.4.4 Optical D ata on NGC404

NGC404 has been observed in the optical by Keel (1983). He considers it a 

peculiar member of the LINER class due to the presence of a blue continuum 

and strong Balmer absorption lines. Data have also been obtained from the 

Palomar Observatory on 1982 July 18th UT and 1986 February 26th UT 

(see Figure 3.8). Details of the observations and the data reduction can be 

found in Ho et al. (1995). Ho et al. (1995) classify NGC404 as a LINER 2 

due to its lack of broad Ha emission (see Figure 3.8).

I have measured the ratio of Ha and H/? from the Palomar spectrum 

and obtain Ha/H ^=3.51. Using the extinction curve of Cardelli et al. 

(1989) assuming Case B’ where, Ay=3.1 E(B-V) (as described in Chap

ter 2; Section 2.3.2). I thus estimate the reddening to be E(B-V)=0.13 

mag. However, as discussed in Chapter 2; Section 2.5.1, Case B’ may not 

be appropriate for LINERs. A reddening of E(B-V)=0.13 mag is also simi

lar to the value found using the relationship between reddening and column
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Figure 3.8: Optical spectrum of NGC404 obtained from the Palomar Ob

servatory on 1982 July 18th UT and 1986 February 26th UT. Details of the 

observations and the data reduction can be found in Ho et al. (1995).
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Table 3.5: Ground-based optical emission lines from Ho et al. 1997b.

Line ID Flux^

H^A4861 0.27

[OHI]A5007 0.34

[OI]A6300 0.17

[NH]A6583 0.44

[SII]A6716 0.55

[SH]A6731 0.44

 ̂ Line strengths measured relative to Ha 

where Ha =  6.16 x 10“ '̂̂  erg s“ ^cm“^Â“  ̂ .

density N h / E ( B  — V) =  4.8 x lO^i atoms cm“^mag“  ̂ (Bohlin, Savage & 

Drake 1978) where the N h  =  5.15 x 10^° cm“ .̂ This gives E(B-V)=0.11 

mag.

Ho et al. (1995) find that the spectrum of NGC404 has atypically narrow 

emission lines that are unresolved in their spectra. Their 2-D data show ex

tended circumnuclear emission lines which have the spectral characteristics 

of HII regions. They also find a very young underlying stellar population. 

These observations suggest that that the emission lines may be produced 

by starburst-driven winds (see Chapter 1).

3.4.5 M ultiwavelength Spectrum

Figure 3.9 shows the multiwavelength spectrum of NGC404 plotted from the 

IR to X-ray band. IRA S  data from the point source catalogue are plotted as 

upper limits (squares) due to the unknown galaxy contribution. Also plotted 

is the near-IR spectra from Larkin et al. (1998) and the optical spectra
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Figure 3.9: Multiwavelength spectrum of NGC404 plotted from the IR to 

X-rays. IRAS data from the point source catalogue are plotted as upper 

limits (squares) due to the unknown galaxy contribution. Also plotted is the 

near-IR spectra from Larkin et al. (1998) and the optical spectra from Ho 

et al. (1995). The FOS data from this paper are plotted with the emission 

lines removed. The X-ray luminosity measured by ARCA is plotted as an 

upper limit as the analysis is ongoing. The median of radio loud and radio 

quiet quasars (Elvis et al. 1994) are plotted normalised to the FOS data.
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from Ho et al. (1995). The FOS data from this paper are plotted with the 

emission lines removed. The X-ray luminosity measured by ASCA  is plotted 

as an upper limit as the analysis is undergoing (Ho; private communication). 

The median of radio loud and radio quiet quasars (Elvis et al. 1994) are 

plotted normalised to the FOS data.

3.5 Discussion

3.5.1 The Emission Lines

The Æ9T spectrum of NGC404 shows only narrow line emission with FWHM 

of 474 -  860 km s“ .̂ There are clear emission lines at HeIIA1640, CIII]A1909, 

CII]A2326 and weaker lines at SiIIA2335 and [NeIV]A2423 (see Section 3.3.1. 

The spectrum shows similar line ratios to the UV spectra of other LINER 2 

galaxies (see Chapter 4). The width of the emission lines is slightly nar

rower than the other LINER 2s studied in this thesis (800 -  1000 km s“  ̂ for 

NGC4594 and 700 -  1260 km s~^ for NGC6500; see Chapter 4) but similar 

to the narrow components of the emission lines in M81 (242 -  890 km s~^) 

which is a LINER 1 (again see Chapter 4).

MgIIA2800

The MgIIA2800 emission line is not present in the spectrum of NGC404. 

This is frequently one of the strongest UV emission lines seen in LINER 

spectra (e.g. M81; Ho et al. 1996, NGC4579; Barth et al. 1996, NGC6500; 

Barth et al. 1998 and see Figures 2.16, 2.17 and 2.18 in Chapter 2). How

ever, the MgIIA2800 emission-line can be affected by stellar and interstellar 

absorption which can erode any overlying emission (see Chapter 2; Sec

tion 2.5.1). When the MgIIAA2796, 2803 doublet is fit with two Caussians 

we find interstellar lines with FWHMs of 582.52 km s~^ and 574.31 km s~^
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Figure 3.10: Fit to the MgIIAA2796/2803 absorption lines.

which are equivalent to the other interstellar absorption lines in NGC404 

(Section 3.5.3). The positions are at rest wavelengths of 2794.55 Â and 

2802.41 Â which would suggest they are slightly blue shifted but as the 

lines do not fit exactly with Gaussians the position is consistent with the 

redshift of the galaxy within errors.

The MglIA2800 emission-line could also be affected by stellar absorp

tion. The spectrum of NGC404 is consistent with that of O to A stars (as 

discussed in Section 3.5.3). These young stars have an absorption feature at 

MgIIA2800 and this may also be eroding the MgIIA2800 emission-line (see 

Figures 3.13 and 3.14).

3.5.2 The Continuum

I have also measured the ionizing photon flux (Nion/Nna) as in Maoz et 

al. (1995) and Chapter 2 (Section 2.5.1). The flux measured from the HST 

spectrum (1.2 x 10“ ^̂  erg s”^cm“^Â“  ̂ ; uncorrected for reddening) gives 

a Nion/Nua photon ratio of 6.14. Therefore, there is sufficient strength to
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power the emission lines in NGC404 through photoionization. Correcting 

the spectrum for reddening produces a higher flux which in turn increases 

the Nion/Nna ratio.

The slope of the UV continuum fits roughly to a power law slope of 

a  =  1.12 (correcting for a Galactic extinction of E(B-V)=0.13 mag) and a 

slope of a  =  1.57 when it is not corrected for reddening (Section 3.3.3 and 

Figure 3.4). This is much softer than the intrinsic spectra of unreddened 

massive stars which have a  =  —0.5 to 0 (Leitherer & Heckman 1995) and 

slightly softer than that of typical Seyfert 1 AGNs which have UV slopes of 

O' =  0.5 to 1. However, the slope of NGC404 spectrum is in keeping with 

other LINER galaxies which have slopes with a range of o  =  0.4 — 2.0 (see 

Chapter 4, Table 4.4).

3.5.3 Spectral Signatures in the U V  Continuum

The UV continuum of NGC404 shows clear spectral signatures. To in

vestigate this I have compared the G130H spectrum with one of the two 

star-forming centres (or starburst knots) in the Wolf-Rayet (W-R) galaxy, 

NGG1741 (Mrkl089, Arp 259; Knuth & Schild 1986). W-R galaxies are a 

subset of starburst galaxies that contain a large number of W-R stars and 

show broad stellar HeIIA4686 emission in their spectra (Knuth & Sargent 

1981). Note that, NGC404 shows only narrow lines in its optical spec

trum  and there is no evidence for broad HeIIA4686 emission. Therefore, the 

emission lines in NGC404 are unlikely to be produced by W-R stars (see 

Chapter 1 for discussion on these objects).

The starburst knot in the W-R galaxy NGG1741 is named NGC1741-B1 

and has been observed in the UV with the HST  Goddard High Resolution 

Spectrograph (GHRS) at a better spectral resolution and signal-to-noise ra

tio than any other previously observed starburst. The best fit for the age of
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Figure 3.11: The FOS spectrum of NGC404 taken with the G130H grating 

(top), the spectrum of the starburst galaxy, NGC1741-B1 and the two spec

tra overlayed with the NGG1741-B1 scaled by 0.49 to match the spectrum 

of NGG404. Note that the emission line at 1300 Â is an artifact.
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Figure 3.12: Profiles of CIVA1550 and SiIVA1400 in the spectrum of 

NGC404.

the starburst is 4-5 Myr (Conti et al. 1994). Figure 3.11 shows the spectrum 

of NGC404 taken with the G130H grating, the spectrum of NGC1741-B1 

and the spectrum of NGC404 overlayed with NGC1741-B1 (scaled by 0.49 

to match the spectrum of NGC404). The emission line at 1300 Â in the 

NGC404 spectrum is an artifact, as noted previously (Section 3.3.1).

The absorption lines in NGC1741-B1 at CIVA1549, SilVAHOO and NVA1240 

are P Cygni line profiles and are the signatures of winds produced by mas

sive stars, predominantly O stars (main sequence and supergiants; Leitherer, 

Robert & Heckman 1995). In these stars, the stellar wind is driven by the 

star’s own radiation field and the motion of the material also influences the 

radiative transport. This causes lines in the spectrum to show strong emis

sion shifted slightly to the red of the stellar rest wavelength and modest 

absorption centered slightly to the blue side of the rest wavelength (Collins 

1989). P Cygni profiles are seen in the spectrum of NGC404 at CIVA1549 

and SiIVA1400 (see Figure 3.11 and 3.12). CIVA1549 is almost always the 

strongest line in star-forming galaxies and this is the case for NGC1741-
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Bl. However, the CIVA1549 line in the spectrum of NGC404 is not the 

strongest line in the G130 spectrum of NGC404 and is very weak compared 

to the strong CIVA1549 P Cygni profile in NGC1741-B1 (Figure 3.11). The 

SiIVA1400 line in NGG404 is stronger than GIVA1549 although it is still 

not as prominent as the P Cygni profile of SiIVA1400 seen in NGG1741-B1. 

The NVA1240 is not detected in the spectrum of NGC404, however, this 

could be due to the nearby strong Lya emission-line.

The spectrum of NGC404 also shows a good match with NGC1741-B1 

in having strong absorption lines at SIIA1260 and CIIA1335. The SiIIA1527 

absorption line is present in NGC404 but is weaker than the one seen in 

the spectrum of NGC1741-B1. There are relatively strong Cl absorption 

lines at 1277 Â  and 1561 A in the spectrum of NCC404 (although the 

Cl absorption lines at 1280 A, 1329 A  and 1657 A  are not present). The 

Cl absorption lines are not detected in the spectrum of NCC1741-B1 and 

are not generally seen in starburst spectra. Cl absorption lines have been 

detected in the spectra of other LINERs (e.g NCC4569; Maoz et al. 1998) 

and may be a signature of a particular type of environment, although the 

nature of this is unknown. The spectrum of NCC1741-B1 also has narrow 

absorption lines at SiIIIAA1294/1297, SiIIIA1417, CIIIA1502 and NIVA1720. 

These absorption lines cannot be interstellar as they are not resonance lines 

and are further evidence for the photospheres of hot stars (Heckman & 

Leitherer 1997). Although I do not detect these lines in the spectrum of 

NCC404, it is possible that SiIHAA1294/1297 is present but is masked by 

the emission feature at this wavelength (see Section 3.3.1).

The C130H spectrum has a similar spectrum to NCC1741-B1 which has 

P Cygni profiles produced predominately by O stars. Therefore, I have 

compared the spectrum of NCC404 at longer wavelengths with the spectra 

of young stars (O to A stars) in the lUE  UV spectral atlas (Wu et al. 1991). 

Figure 3.13 shows the spectrum of NCC404, the spectrum of an 0 7  star and
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Figure 3.13: NGC404 compared to stars with spectral types O and A. The 

spectrum of NGC404 (top), the spectrum of an 07  star (middle) and the 

spectrum of an A3 star (bottom) are plotted between 1800 Â and 3200 

Â. The spectrum of the A star matches most closely to the spectrum of 

NGC404.
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Figure 3.14: The spectrum of NGC404 (top) and an 07  star (bottom) 

plotted between 2400 Â and 3200 Â. The absorption lines in the O star are 

consistent with the spectrum of NGC404.
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the spectrum of an A3 star between 1800 Â and 3200 Â. The overall shape 

of the spectrum and the absorption lines fit best with the early A star. 

It is possible that this part of the spectrum is produced by A stars alone. 

However, the spectral signatures of O stars seen shorter wavelengths suggest 

that may also make some contribution at longer wavelengths. Figure 3.14 

shows the magnified spectrum of NGC404 and the 0 7  star in the 2400 Â 

to 3200 Â region and the absorption lines in the spectra are consistent. 

Therefore, the UV continuum at longer wavelengths may originate from a 

young stellar population with spectral types from O to early A-type stars.

Comparison of the Line Profiles w ith Synthetic Spectra

I compare the line profiles of CIVA1549 and SiIVA1400 in NGC404 with 

synthetic UV spectra of massive star populations modelled by Leitherer et 

al. (1995). They have produced synthetic spectra for instantaneous bursts, 

where a gas mass of 1 0 ®M© is converted instantaneously to stars (with 

no subsequent star formation), and continuous star formation where the 

conversion rate is IM© yr“ ,̂ with no time dependence. The initial mass 

function (IMF) of the stellar population is parameterized as

dN
(j){m) = - — =  C m  “ (3.1)

dm

between the upper and lower cutoff masses of the stars, Mup and Miow, 

respectively. Miow is IM© and Mup ranges from 30 M© to 100 M©. They 

use IMF slopes ranging from a = 1.50,2.35,3.00 and 3.75 and an age range 

of 1 to 9 Myr is considered. I show the profiles produced by Leitherer et al.

(1995) for the CIVA1550 profile and SiIVA1400 in Figures 3.15 and 3.16. 

The profiles of CIVA1550 and S1IVA1400 from the spectrum of NGC404 are 

shown in Figure 3.12. The CIVA1549 profile for continuous star formation 

(Figure 3.15; bottom plots) has strong profiles for all parameters. The
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Figure 3.15: Synthetic spectra of the CIVA1550 profiles (Leitherer et al. 

1995). The top figures are for an instantaneous burst and the bottom are 

for continuous star formation. The figures all have vertical axis of age 

increasing from 1 to 9 Myr. On the left the figures have horizontal axis of 

IMF slopes of O! =  3.75 — 1.50 with M„p =  80M@ in all cases. The right 

hand figures have a fixed IMF slope of a  =  2.35 and Mup increasing from 

30 — IOOM0  along the horizontal axis.
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Figure 3.16: Synthetic spectra of the SiIVA1400 profiles (Leitherer et ah 

1995). The top figures are for an instantaneous burst and the bottom are 

for continuous star formation. The figures all have vertical axis of age 

increasing from 1 to 9 Myr. On the left the figures have horizontal axis of 

IMF slopes of o; =  3.75 — 1.50 with Mup = SOM© in all cases. The right 

hand figures have a fixed IMF slope of a  =  2.35 and Mup increasing from 

30 — lOOM© along the horizontal axis.
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CIVA1549 profile in the spectrum of NGC404 (Figure 3.12) is too weak 

to fit with the continuous star formation models and fits better with the 

instantaneous burst models (Figure 3.15; top plots) that have an age > 6  

Myr. It is more difficult to differentiate between the instantaneous burst 

and continuous star formation from the SiIVA1400 profile (Figure 3.16). 

However, the SiIVA1400 profile in the spectrum of NGC404 (Figure 3.12) 

is also consistent with an instantaneous burst model with an age > 6  Myr. 

The data is not of good enough quality to confirm the IMF or get an upper 

limit age of the stars. Note that the age determined from this comparison 

of the spectrum with the synthetic spectra assumes that the continuum is 

of stellar origin. However, it is still possible the weakness of the lines could 

also be due to the emission being diluted by a non-stellar continuum.

3.6 Narrow-Line Region Diagnostics

I will compare the narrow emission lines in the spectrum of NGC404 to 

various shock and photoionization models from the literature. This follows 

the method in Chapter 2 (Section 2.5.2), which includes a more in depth 

discussion of the models.

3.6.1 Shock M odels

I compare my spectrum with the DS models discussed in Chapter 1  and 

Chapter 2; Section 2.5.2. The model which is least deviant from spectrum 

of NCC404 is that with Vg =  500 km s~^ and no =  1 cm“  ̂ (see Table 3.6). 

However, this model produces a HeIIA1640 which is 1.5 times larger than 

the 3-sigma error for the line in NCC404. Therefore, it is incompatible with 

my data.

I also compare NCC404 with the SM models which model slower shocks 

(100-130 km s"i) incident on a denser medium (uq =  10 — 100 cm“ )̂ (see
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Section 2.5.2). The lower post shock temperatures produce a lower exci

tation model than the DS models. The slowest shock (100 km s~^) model 

with the densest medium Uq =  100 cm“  ̂gives the best fit of the SM models. 

However, this model under-predicts the HeIIA1640 line by a factor of 5.7 

below the error.

3.6.2 Photoionization M odels

I also compare the narrow-line spectrum of NGC404 with the photoion

ization models of HFS. The model which deviates least from our data has 

U = 3 x l0 “ '̂  and n  ̂=  10  ̂cm“ .̂ This model also over-predicts the HeIIA1640 

line in the spectrum of NGC404, but not as severely as the DS model.

To try to improve on this fit I ran CLOUDY and input an ionization 

parameter of U 3.2 x 1 0 ~  ̂which is consistent with the optical [GUI] line 

strengths relative to B./3 and [OIJA6300 for NGC404 and is a value typical for 

LINERs (Barth et al. 1996). As with HFS and previous CLOUDY models 

(Chapter 2; Section 2.5.2), I used a range of densities n  ̂=  10 '̂  ̂—10® cm"®.

I input the CLOUDY ACN table data points for the multiwavelength 

continuum of NCC404. This differs from the CLOUDY model I ran for 

NCC4594 (Chapter 2; Section 2.5.2) where I input the average observed 

flux from the multiwavelength plot from which CLOUDY interpolates the 

continuum. I choose to not use this method as the multiwavelength plot 

for NCC404 is not as comprehensive as that of NCC4594. I have no radio 

data for NCC404 and if I input only the UV to X-ray data CLOUDY would 

extrapolate this and produce an unphysically large amount of photons at 

low energies. However, the continuum produced by CLOUDY is similar to 

that of a typical radio quiet ACN and the multiwavelength spectrum of 

NCC404 is consistent with this spectrum from the UV to the X-rays. I 

find the best fit with a density of n  ̂ =  10® cm"® (see Table 3.6). However,
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Table 3.6: UV line parameters compared with model predictions

Line ID Flux^ DSb

500

SM®

H

HFSd

-3/4.0

pe

M4

CL3f CL4g

HeIIA1640 0.92 ± 0 .5 1.97 0.09 1.58 0.20 0.46 1.20

OIII]A1663 < 1.0 0.34 0.41 0.07 0.07 0.04 0.02

NIII]A1750 < 1.0 0.08 0.13 0.03 0.04 0.02 0.01

CHI]A1909 0.94 ±  0.3 0.64 0.79 0.78 0.73 0.60 0.42

NHA2140 < 0.8 — 0.07 0.07 0.06 0.09 —

CH]A2326 1.00 1.00 1.00 1.00 1.00 1.00 1.00

SiII]A2335 > 0.13 — — — — 0.27 0.28

[NeIV]A2423 0.43 ±  0.2 0.26 — 0.02 — 0.01 0.002

[OH]A2470 < 0.75 0.23 0.13 0.47 0.19 0.72 0.52

MgIIA2800 i 2.93 — 3.67 0.10 2.63 3.00

CIA2967 < 0.85 0.22

 ̂ Line strengths measured relative to CII]A2326 

(Flux=4.3xl0“ ^̂  erg s~^cm“^Â“  ̂ ).

 ̂ DS =  Dopita and Sutherland (1996): B/n^/^ =  1 /zGcm^/^. 

no =  lcm “  ̂ and Vghock =  500 km s“ .̂

 ̂ SM =  Shull and McKee (1979), model H is no =  100cm“ ,̂

Vshock =  100 km s~  ̂ and Bo =  1 pG.

 ̂ HFS =  Ho, Filippenko & Sargent (1993), with a  =  1.5 

and (logU/logne) =  (-3/4.0).

® P =  Pequignot (1984), composite model M4 and an 

inner radius of 3 parsecs.

 ̂ CL3 =  Cloudy model with U =  3.2x10“  ̂ and ng =  1x10® cm~^ 

and CLOUDY AGN data points.

® CL4 =  Cloudy model with U =  3.2x10“ '̂  and ng =  10^cm“  ̂

for a radius of 0".05 and ng =  10"̂  cm~^ for a radius of 1" 

and CLOUDY AGN data points.

* Contribution from SiIVA1397 not included.

® This emission line is absorbed by stellar and interstellar absorption 

(see Section 3.5.1).
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this model under-predicts the CIIA1909 line. I can increase the strength of 

the line in this model by increasing the density but this has the affect of 

also decreasing the HeIIA1640 line strength. I also tried using a CLOUDY 

model similar to CL2 (Chapter 2; Section 2.5.2) but did not deplete the 

magnesium and again used the CLOUDY AGN table data points. This 

model estimates the densities at different radii, ng =  1 0  ̂ cm“  ̂ for a radius 

of 0".05 and n  ̂ =  10  ̂ cm“  ̂ for a radius of 1 ". It does not improve the fit 

to the emission lines.

3.7 M ultiwavelength Data

The near-IR data on NGC404 are compatible with both X-ray heating and 

fast shocks. The K spectrum shows strong H2 emission which is thought 

to originate in slow shocks, UV fluorescence and X-ray heating. However, 

Larkin et al. (1998), comment that shocks from SNRs are more efficient at 

[Fell] production, and are better able to explain the “strong” Fell LINERs 

(i.e. NGC404). In fact, the near-IR emission in NGC404 could be generated 

by a single supernova remnant (SNR) in a high density medium. Strong 

[Fell] LINERs can also show evidence of recent star formation and it is 

possible that NGC404 has a Seyfert-like core, but also has a surrounding 

star formation region where supernova remnants enhance the [Fell] emission 

(Larkin et al. 1998).

Ho et al. (1995) compare their optical data with the UV FOG image 

(Maoz et al. 1995). The FOC image shows a bright unresolved UV source 

with FWHM of ~  0.1" and some surrounding structure (see Section 3.4.2). 

Ho et al. (1995) suggest that the unresolved LINER lines in the optical 

spectrum could come from the bright unresolved source and the strong 

young stellar features may come from the surrounding structure.

The available data for the multiwavelength spectrum of NGC404 (Fig
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ure 3.9) have unknown amounts of galaxy contribution. I have measured 

the optical to X-ray spectral index of NGC404 (using equation 4.2; Chap

ter 2) to be aox =  1.37 if the spectrum is uncorrected for reddening and 

Œox =  1.55 with E(B-V)=0.13 mag. This is similar to the average value 

found for quasars, Œqx =  155 and Seyfert 1 galaxies, aox = 15 (Laor et al. 

1997 and Walter h  Fink 1993, respectively) and spectrum of NGC404 fits 

with the overlayed spectrum of a radio quiet quasar between the UV to X- 

ray bands. However, this is much softer than that of other LINER galaxies 

(see Section 2.5.4 and Chapter 2) which have aox = 0.76 — 1.00. There

fore, NGC404 differs from these other LINERs (discussed in Chapter 2 and 

Chapter 4) which are all relatively X-ray bright compared to quasars. These 

“X-ray bright” LINERs all have possible ionizing photon deficits (discussed 

further in Chapter 4; Section 4.4.5). Conversely, the measured photon ion

izing flux in NCC404 is sufficient to power the lines through photoionization 

and therefore the UV continuum can provide enough ionizing photons for 

the optical emission line ffux.

3.8 Conclusions

The nucleus of NCC404 has been identified as a LINER 2 (Ho et al. 1997b). 

In this chapter I have studied multiwavelength data and in particular, HST  

EOS data to try to distinguish between starburst and ACN type activity in 

this LINER 2. NCC404 appears to fit best with starburst activity although 

contribution from an ACN cannot be totally ruled out.

The EOS spectrum of NCC404 shows narrow line emission only with 

EWHM of 470 -  860 km s“ .̂ I have compared the line ratios with several 

shock and photoionization models, though it is impossible to rule out either 

shock or photoionization models.

The UV continuum has clear spectral signatures. In the C l30 range (~
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1230 Â to 1590 Â), the spectrum of NGC404 resembles the starburst knot, 

NGC1741-B1. This suggests the UV continuum is produced by massive, 

young stars, predominately O stars. Comparison with synthetic spectra 

yields a best fit with an instantaneous starburst model of massive stars 

with an age of > 6  Myr (assuming the UV continuum is entirely due to a 

stellar population). The UV continuum also has enough ionizing photons 

to power the optical lines through photoionization. The UV FOG image 

of NGC404 shows a bright unresolved source (FWHM ~  0.1") with some 

diffuse emission which is also consistent with a nuclear starburst. Further, 

evidence for star formation has been found in the near-IR spectrum due to 

the strong Fell emission. The optical spectrum also has a young underlying 

stellar population and 2-D data show extended circumnuclear emission lines 

which have the spectral characteristics of HII regions. The optical emission 

lines of LINERs can be produced by photoionization of very hot young O 

stars (Filippenko & Terlevich 1992, Sheilds 1992; and see Chapter 1 ). The 

starburst that produced these O stars may have generated a high veloc

ity wind that in turn produced the circumnuclear emission lines seen in 

NGC404.

It is possible that the nuclear source found in the UV FOG image is 

an AGN and the diffuse emission is a surrounding star formation region 

which produces the young stellar features. Moreover, the AGN may be 

powering the emission-lines in NGC404. However, we only see narrow-line 

components in the optical and the UV spectra and no sign of any broad-line 

components. It is possible that the BLR in NGC404 is obscured from view, 

or the BLR could simply be absent. However, so far we have no strong 

evidence suggesting AGN activity in NGC404 and the ionizing mechanism 

is most likely due to a starburst.
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Comparison of the U ltraviolet 

Em ission of LINERs

4.1 Introduction

In this chapter I will compare the LINER galaxies NGC404, M81 (NGC3031), 

NGC4579, NGC4594 and NGC6500. These galaxies are all included in a 

program to study LINER galaxies using H ST  FOS observations. M81 and 

NGC4579 have broad Ho emission and are therefore classified as LINER 1 

galaxies (Ho et al. 1997b). No broad Ho emission has been found in 

NGC404 and NGC6500 and NGC4594 and these are therefore classified as 

LINER 2 galaxies (Ho et al. 1997b for NGC404 and NGC6500 and Chap

ter 2  for NGC4594). The H STYO S  data on NGC4579, NGC6500 and M81 

have been discussed in detail by Barth et al. (1996), Barth et al. (1997) and 

Ho et al. (1996) respectively. I have discussed the multi wavelength proper

ties of NGC4594 and NGC404 in this thesis (Chapter 2; also Nicholson et 

al. 1998 and Chapter 3).

In this chapter I compare the UV characteristics of these five LINERs. I 

measure the UV continua and the strengths and profiles of the UV emission

131
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Table 4.1: LINERs in comparative study

Source RA DEC Redshift Distance*

(Mpc)

NGC404 01 09 26.99 +35 43 03.32 0.0001 3.6%

M81 (NGC3031) 09 55 33.38 +69 03 55.16 0.0001 3.6°

NGC4579 12 37 43.56 +11 49 07.30 0.005 27.8^

NGC4594 12 39 59.43 -1 1  37 22.84 0.004 18.0°

NGC6500 17 55 59.79 +  18 20 17.95 0.01 46^

 ̂ Assuming Hq = 50 km s~^Mpc -1

Tully (1988)

 ̂ Freedman et al. (1994)

 ̂ Pierce & Tully (1988)

® Sandage & Tammann (1981)

 ̂ for Ho =  65 km s“ ^Mpc“  ̂ (Barth et al. 1997).

lines. I search for non-thermal (or stellar) photoionizing continua and for 

UV absorption lines from hot young stars. I discuss previous UV images 

of the LINERs to look for compact or diffuse sources and UV variability. 

I then use the UV HST  data and X-ray data to produce a comparative 

multiwavelength spectrum of the LINERs. I consider each individual galaxy, 

incorporating previous multiwavelength observations to try to discover the 

ionizing mechanism in these LINERs. Table 4.1 shows the LINERs studied 

in this chapter along with their coordinates and redshifts.

4.2 Observations

The five LINERs discussed in this chapter have been observed with the 

H STF O S  using the G130H (1152-1608 Â; 1 . 0  A diode-^), G190H (1600-
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2280 Â; 1.5 Â diode“ )̂ and G270H (2222-3277 Â; 2 . 1  Â d i o d e ' gratings. 

The exception is MSI where no observation was taken with the G190H 

grating. A circular aperture with a 0.86" diameter is used for NGC404, 

NGC4594 and NGC6500. M81 and NGC4579 were observed with 0.3" and 

0.46" diameter circular apertures, respectively. The data were collected in 

ACCUM mode and were processed by the routine H ST  calibration pipeline 

(as with NGC4594 and NGC404; Chapter 2 and 3, respectively).

4.3 Results

The HST  FOS UV spectra of the five LINERs can be seen in Figures 4.1, 

4.2, 4.3, 4.4 and 4.5. All figures show the HST  FOS spectra taken with 

the G130H, G190H and G270H with two exceptions, M81, where no G190H 

spectrum was taken (as previously mentioned) and NGC4594, where the 

G130H spectrum is completely dominated by scattered light. The G130H 

spectrum of NGC6500 is also affected by scattered light and Barth et al.

(1996) note that the spectrum is unreliable below 1600 Â. The LINER 1 

galaxies (NGC4579 and M81) have broad and narrow components which 

are clearly visible in their spectra (Figures 4.3 and 4.2 respectively). The 

LINER 2  galaxies (NGC404, NGC4594 and NGC6500) have narrow com

ponents only (Figures 4.1, 4.4 and 4.5 respectively).

4.3.1 The Emission Lines

Line fluxes, positions, equivalent widths and FWHM for NGC4594 and 

NGC404 are presented and discussed in detail in Chapter 2 (see also Nichol

son et al. 1998) and Chapter 3, respectively. M81, NCC4579 and NCC6500 

are analysed and discussed in Ho et al. (1996), Barth et al. (1996) and Barth 

et al. (1997). However, in order to compare the line strengths of the five 

LINERs, I have re-measured the line fluxes of M81, NCC4579 and NCC6500
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Table 4.2: UV emission line parameters

Line ID NGC4594

Flux^

NGC404

Flux^

NGC6500

Flux*

NGC4579

Flux*

(narrow*))

NGC4579

Flux*

(broad*))

M81

Flux*

(narrow*))

M81

Flux*

(broad*))

Lyo:A1216 — — 7.61 5.84 3.30 0.92 1.08

NVA1240 — — — — — < 1.03 b

CIIA1334 — — — < 1.52 b — —

SilV -H OIV]A1400 — — — — — <1.27 b

NIV]A1486 — — — — — < 0.32 b

CIVA1549 — — — < 1.97 b 0.24 0.95

HeIIA1640 — 0.92 0.54 < 0.44 b c c

0III]AA1661,1666 — — — < 0.32 b c c

NIII]A1750 — — — < 1.43 b c c

SiIIAA1808,1817 — — — < 0.65 b c c

SiII]A1882 — — 0.21 — — c c

CIII]A1909 1.20 0.94 0.75 1.42 3.22 c c

NIIA2140 — — — < 0.2ld b c c

CII]A2326 1.00 1.00 1.00 1.00 1.00 1.00 1.00

SiII]A2335 — 0.13 — e — e —

Fell (2344-2430) — — — < 0.46 b < 4.04 b

[NeIV]A2423 — 0.43 — — — f —

[OII]A2470 0.30 — 0.25 < 0.36 b < 0.50 b

Fell (2575-2654) — — — < 0.57 b < 10.05 b

Fell (2655-2685) — — — — — < 1.36 b

Fell (2725-2760) — — — — — < 0.79 b

MgIIA2800 — — 0.89 2.43 3.19 4.03 3.48

CIA2967 — — — — —

 ̂ Line strengths measured relative to CII] A2326. The flux of CII]A2326 is 2.7 x 10“ ®̂ erg s“ ^cm“^

for NGC4594 and 4.3 x 10“ ®̂ erg s“ ^cm“  ̂ for NGC404 and NGC6500. The flux of the narrow

component of CII]A2326 for NGC4579 and M81 are 1.7 x 10“ “̂* erg s“ ^cm“  ̂ and

5.5 X 10” '̂* erg s“ ^cm“  ̂ respectively. The broad components are 2.4 x 10“ ^̂  erg s“ ^cm“ ^

for NGC4579 and 8.9 x 10“ ^̂  erg s“ ^cm“  ̂ for M81

 ̂ For lines where the broad and narrow component cannot be separated an upper limit

for the narrow component is shown. This is the total flux of the broad and narrow component.

There is no G190H spectrum for M81.  ̂ Contaminated by a noisy diode.

® Blended with CII]A2326.  ̂ Blended with Fell (2344-2430) .
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Table 4.3: Line widths of the LINERs

Source FWHM FWHM

(km (km s"i)

(narrow components) (broad components)

NGC404 470-860 —

M81 242-890 ~  2500

NGC4579 810-1250 -6 6 0 0

NGC4594 800-1000 —

NGC6500 700-1260 —

using the same method applied to NGC4594 and NGC404 so that the analy

sis is consistent. Table 4.2 shows the UV emission line parameters. The first 

three columns contain results on the LINER 2 galaxies which have narrow- 

line components only. The line strengths are measured relative to GII]A2326. 

The flux of the CII]A2326 emission-line is 2.7 x 10~^  ̂ erg s~^cm~^ for 

NGC4594 and 4.3 x 10“ ^̂  erg s“^cm“  ̂for NGG404 and NGC6500. The next 

four columns show the line strengths for the LINER 1 galaxies which have 

broad and narrow components. When the broad and narrow components 

could not be separated I have given an upper limit for the narrow compo

nent. This is the flux of the combined broad and narrow component relative 

to the flux of the narrow component of the GII]A2326 emission line. The flux 

of the narrow component of the GII]A2326 emission-lines in NGC4579 and 

M81 are 1.7 x 10“ ^̂  erg s“ ^cm“  ̂ and 5.5 x 10“ ^̂  erg s“ ^cm“  ̂ respectively. 

The flux of the broad components of GII]A2326 are 2.4 x 10“ ^̂  erg s“^cm“  ̂

for NGC4579 and 8.9 x 10“ ^̂  erg s“^cm“  ̂ for M81. Table 4.3 shows the 

FWHM of the broad and narrow components of the LINERs.
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Figure 4.1: The UV spectrum of NGC404 observed using the HST  FOS 

on 1994 December 26 with the G130H (top), G190H (middle) and G270H 

(bottom) gratings. The spectra have binsizes of ~  1, 1.4 and 1.5 Â for the 

G130H, G190H and G270H gratings to improve the signal to noise ratio. 

The emission line at 1305 Â is due to a noisy diode. The spectra are at the 

observed wavelength {z= 0 .0 0 0 1 ).
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Figure 4.2: UV spectrum of M81 using the HST FOS. The figure shows the 

G130H spectrum and the G270H spectrum with binsizes of ~  1 and 2 Â 

respectively. The spectra are shown at the rest wavelength (radial velocity 

is -28 km s~^). M81 has not been observed with the G190H grating.



Chapter 4 138

4 0

G130HL ya30

E

L ya
SilVGC NV?

CIVE OIV] NIV]

1200 1300 1400
W a v e len g th  (Â )

1500

8

CIII] G190H _

L  H ell4b
Silll]

E N il
on NIII] Sill2

0
2000 

W a v e len g th  (Â )

4

G270HM gll

CII]

2

FellSill]
E FellFell1

0
2 6 0 0  2 8 0 0  3 0 0 0  3 2 0 0

W a v e le n g th  (Â )

Figure 4.3: UV spectrum of NGC4579 using the HST FOS. The figure shows 

the G130H, G190H and the G270H spectra with binsizes of ~  1 , 1.5 and 2  

Â respectively. The spectra are shown at the observed wavelength.
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Figure 4.4: The UV spectrum of NGC4594 observed using the HST FOS on 

1995 January 12 UT. The figures shows the G190H and G270H spectra with 

a binsize of ~  2 Â. The G130H spectrum is not plotted as it is completely 

dominated by scattered light (see Ghapter 2 ; Section 2.3.1). The spectra 

has been redshifted into the rest-frame of the LINER (z=0.0036).
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Figure 4.5: The UV spectrum of NGC6500 observed using the HST  FOS. 

The figure shows the G130H, G190H and the G270H spectra with binsizes 

of ~  1, 1.5 and 2.1 Â respectively. The G130H spectrum is affected by 

scattered light, therefore, the spectral shape below 1600 Â may well be 

inaccurate (Barth et al. 1996).
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4.3.2 The Continua

The observed spectra of the LINERs are all affected by different degrees of 

reddening. However, the amount they should be corrected by is uncertain. 

Table 4.4 gives the estimate of the reddening along the line of sight of the 

galaxies from Burstein & Heiles (1984). To derive E(B-V) for NGC4594, I 

use the Stark et al. (1992) measurement of the Galactic N h (3.8x10^° cm“ )̂ 

and use the relationship A^^/E(B — V) =  4.8 x 10̂  ̂ atoms cm”  ̂ mag~^ 

(Bohlin, Savage k, Drake 1978). This yields an E(B-V) of 0.08 mag. The 

table also lists the Galactic reddening plus the internal reddening of the 

narrow-line region (NLR) for each LINER. This value is derived by assuming 

an intrinsic Case B’ Baimer decrement of 3.1. The observed Baimer decre

ment (Ho;/H/0) is measured from the Palomar spectra (Ho et al. 1997b) and 

compared with the Galactic extinction curve of Cardelli, Clayton & Mathis 

(1989) (Av=3.1 E(B-V)) to estimate the total reddening (as with NGC4594, 

Chapter 2; Section 2.3.2).

Table 4.4 and Figure 4.6 show the UV power-law slopes auv of the five 

LINERs which is measured after all the emission and absorption features 

have been removed from the continuum. Column (1 ) has auv with the con

tinuum uncorrected for reddening, column (2 ) has a ^  corrected for Galactic 

reddening along the line of sight and column (3) has auv corrected for Galac

tic and internal reddening of the NLR. Note that NGC4579 has an upper 

limit for the total E(B-V) (Barth et al. 1996). This is due to a severe 

cosmic-ray hit on the H^ line in the Palomar spectrum (Ho et al. 1997a), 

rendering it unmeasurable. All the slopes are measured between ~  1260 

Â and 3200 Â, with the exception of NGC4594 which is measured between 

1500 Â  and 2600 A. This is due to the G130H spectrum being dominated 

by scattered light (Chapter 2 ; Section 2.3.1) and the sharp rise longward 

of 2500 A due to late-type stars (see Chapter 2 ; Figure 2.4) which would
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Table 4.4: Observed fluxes and slopes of the LINERs

Source A(2200Â)^

FOS

Nion/Nna^ (auv)c

(1) (2)

0%wv)c

(3)

E(B-V)

Galactic^

E(B-V) 

Gal. -1- int.®

NGC404 12 6.1 1.6 1.3 1.2 0.055^ 0.13

M81 12S 2.0 2.3 2.0 1.5 0.035^ 0.094

NGC4579 2.7 1.0 1.1 1.1 0.2 0.035? < 0.19h

NGC4594 1.2 0.3 0.7* 0.9* 0.9* 0.08i 0.08

NGC6500 2.8 0.8 0.5 0.4 0.1 0.093? 0.16

(1) Uncorrected for reddening.

(2) Corrected for Galactic reddening.

(3) Corrected for Galactic and internal reddening.

 ̂ The observed flux in units of 10“ ®̂ erg s~^cm~^Â“  ̂ ,

 ̂ Ho! fluxes from Ho et al. (1997b).

 ̂ All UV slopes are measured as a best fit power law between ~  1260Â -  3200Â, where 

a  is defined throughout as U oc v~°‘.

 ̂ Galactic reddening along the line of sight of the galaxy.

® The Galactic reddening plus the internal reddening of the NLR based on the Balmer 

decrement measured from the Palomar spectra Ho et al. 1997b) and the Galactic 

extinction law given by Cardelli et al. (1989).

 ̂ Burstein & Heiles (1984).

® This is measured by extrapolating the slope of the G130H spectrum to the G270H 

spectrum.

 ̂ The Palomar spectrum of NGC4579 (Ho et al. 1997a) contains a severe cosmic-ray hit 

on the H/) line. Barth et al. (1996) therefore give an upper limit for the E(B-V).

* auv is measured between ~  1500Â and 2500 Â due to the scattered light 

problem in the G130H spectrum and the sharp rise after 2500 Â due to late type stars 

(see Chapter 2; Figure 2.4). 

j Using N h  from Stark et al. (1996); see text.
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substantially alter the gradient of the slope. Due to the lack of a G190H 

spectrum for M81, auv is measured by extrapolating the G130H spectrum 

to the G270H spectrum.

To measure the slope of the UV continua, I plot the continuum in log 

space. I then fit the continuum with a straight line to find the best fit slope. 

When the continua of the LINERs are corrected for the total reddening large 

bumps are produced at 2200 Â. This causes the slopes of the LINERs to 

change substantially. Figure 4.6 shows the best fit power law slopes with 

the continua corrected for Galactic reddening only. This gives a range of 

auv — 0.4 -  2.0. However, this may not have removed all the effects of 

extinction from the continua. Correcting for internal reddening of the NLR 

as well as Galactic reddening steepens the slopes (auv = 0.1 -  1.5).

The continua of the LINERs often fit better with two or more slopes 

rather than by a single power-law. This could be due to stellar and non- 

thermal components contributing to different parts of the spectrum. For 

example, NGC4579 fits better with auv =  1.0±0.3 over the range 1300-2200 

Â and auv = 2.4 it  0.2 from 2200 to 3000 Â (Barth et al. (1996)). Barth 

et al. (1996) suggest that longward of 2200 Â the underlying power-law 

becomes affected by the “small blue bump” composed of Balmer continuum 

emission and blends of Fell lines which occur in quasars and Seyfert galaxies 

at roughly 3000 Â (e.g. Oke et al. 1994).

The uncertainty in the extinction correction required for each LINER 

makes it difficult to compare the continua directly. Futhermore, (as dis

cussed in Chapter 2 ; Section 2.5.1) the Galactic extinction law may not be 

appropriate for the internal extinction in LINERs. If this were so, the total 

Galactic and internal extinction could be corrected for without producing a 

large bump at 2 2 0 0  Â and therefore the gradient of the slope would not be 

altered. However, the UV spectra of the LINERs all have different shapes 

even when they are corrected for Galactic extinction only and this will be
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Figure 4.6: The UV slopes fit with a single power-law. The continua are 

corrected for Galactic reddening only.
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discussed in Section 4.4.5

Table 4.4 also shows the observed flux, /a (2200Â ), of the continuum 

for each of the LINERs and the ionizing photon flux ratio (Nion/NHa)- 

This is measured using the method described in Chapter 2 (Section 2.5.1). 

I have used the observed fluxes in Table 4.4 and H a fluxes from Ho et al. 

(1997b). All but one of the LINERs (NGC404) has a photon ionizing deflcit 

{Nion/^Ha < 2 .2 ) and this will be discussed in Section 4.4.5.

4.3.3 U V  Images

All flve of the LINERs in this study have been previously imaged in the UV 

and have been found to be “UV bright” which made them good candidates 

for UV spectroscopy. As well as flnding candidates for UV spectroscopy, 

UV imaging can also help to further constrain the emission mechanism in 

these LINERs (see Chapter 1).

NGC404

NGC404 has been imaged with the pre-COSTAR FOG using the f/96 F220W 

conflguration. The image was taken on 1994 July 20 UT with an exposure 

time of 597 seconds. The UV image is shown in Figure 4.7, the left-hand 

image shows the orientation in the image in the North and East direction 

where the arrow is in the Northerly direction. The right-hand image shows a 

contour map and the celestial coordinate grid overlayed on the image. Maoz 

et al. (1995) find that the bright UV source in NGC404 is unresolved with 

a FWHM ~  0.1" (1.9 pc) with some surrounding diffuse emission (as dis

cussed in Chapter 3; Section 3.4.2). The UV source has a flux of 1 . 8  x 10“ ®̂ 

which is 1.5 times greater than the UV H STYO S  measured flux. However, 

given the problems with the pre-COSTAR PSF and the fact that NGC404 

is found at the edge of the peak-up scans I do not regard this difference as
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Figure 4.7: HST FOC images of NGC404. The left-hand image shows the 

orientation in the image in the North and East direction where the arrow 

is in the Northerly direction. The right-hand image shows a contour map 

and the celestial coordinate grid overlayed on the image.

significant (see Chapter 3; Section 3.4.2 for discussion).

M81

Figure 4.8 shows a WFPC2 image of MSI observed through the F160N15 

filter (mean wavelength 1600 A; effective width 900 A) for 1 0 0 0  seconds on 

1996 January 1 UT (Devereux et al. 1997). The image shows the central 

57.5" X 40.3" region of M81. Devereux et al. (1997) find no diffuse emission 

and no point sources in the image apart from the nucleus. This indicates 

that massive stars are not responsible for exciting the Ha emission observed 

in M81. Devereux et al. (1997) also have optical HST  images of M81 and 

find that the optical nucleus is unresolved with an upper limit of 0.042" 

(0.73 pc) at 5100 A.
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Figure 4.8: HST WFPC2 image of the central 57.5" x 40.3" region of M81 

(Devereux et al. 1997). The orientation of the image in the North and East 

direction is shown where the arrow is in the Northerly direction.

NGC4579

NGC4579 has been imaged with the pre-COSTAR HST  FOC through the 

F220W filter. The image was taken on 1993 May 19 UT with an exposure 

time of 597s. Figure 4.9 shows the UV image along with a contour map and 

the celestial coordinate grid overlayed on the image. Maoz et al. (1995) 

find that the nucleus is unresolved with a FWHM < 0.1" (13.5 pc) and 

find a UV flux of 1.1 x 1 0 “ ^̂  which is ~  3 times higher than observed with 

the HST FOS flux. This is the first LINER where UV variability has been 

observed.

NGC4594

The pre-COSTAR HST FOC F220W image of NCC4594 is shown in Fig

ure 4.10. The image was taken on 1994 March 14 UT with an exposure time 

of 1796s. The image has been analysed in Chapter 2  (Section 2.3.1) and 

the radial profile (Chapter 2 ; Figure 2.7) suggests that much of the 2 2 0 0  A 
emission is resolved on a sub-arcsecond scale. I find the flux in the FOC im

age to be ~  30% higher than in the HST FOS spectrum but not inconsistent
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Figure 4.9: HST  FOC images of NGC4579. The left-hand image shows the 

orientation in the image in the North and East direction where the arrow 

is in the Northerly direction. The right-hand image shows a contour map 

and the celestial coordinate grid overlayed on the image.
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Figure 4.10: HST  FOC F220W image of NGC4594. The image shows 

the orientation in the North and East direction where the arrow is in the 

Northerly direction.

when taking account of systematic errors (Chapter 2 ; Section 2.3.1). 

NGC6500

Figure 4.11 shows the UV images of NGC6500 which I have obtained from 

the HST  archive. These are /fS'TWide Field Planetary Camera 2 (WFPC2) 

images, observed through the F218W filter (mean wavelength 2190 Â, effec

tive width 390 Â) on 1995 February 4/5 UT. The nucleus was placed on the 

Planetary Camera CCD (pixel scale 0.046", field of view 35" x 35"). Two 

exposures of 1100 seconds were taken. Bias subtraction and flat-fielding 

were performed by the standard HST data calibration pipeline.

The top left-hand image in Figure 4.11 is severely contaminated by 

cosmic-ray hits. The two exposures aid cosmic-ray removal and I have 

combined the two images and used the CCDREJECT task in IRAF to ob

tain a cosmic-ray free image (Figure 4.11; top right). To check the position 

of the nucleus of NGC6500 I have compared the UV image with an HST
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Figure 4.11: Optical and UV images of NGC65ÜÜ taken using WFPC2. 

The top left-hand image shows the UV image severely contaminated by 

cosmic-ray hits. The top right-hand image shows the UV image with the 

cosmic-ray hits removed. The left-hand middle image is the optical image 

of NGC6500 and the right hand image is the magnified UV nucleus. The 

bottom two images show the optical (right) and the UV (left) with the 

celestial coordinate grid overlayed on the image.
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F547M optical image of NGC6500. The bottom two images in Figure 4.11 

shows the optical (left) and the UV image (right) with the celestial coor

dinate grid overlayed. Comparison of these two images shows that there 

is very faint UV emission at the position of the optical nucleus. This is 

difficult to see in this image and therefore, I have magnified the region to 

show the faint nucleus (Figure 4.11; middle right). This is a diffuse source 

with a diameter of ~  0.46" (^  100 pc). The middle left image is the optical 

image. Barth et al. (1998) find the UV fiux in the WFPC2 to be 2.7 x 10~̂ ® 

erg s“ ^cm“^Â“  ̂ which is consistent with the H ST  FOS fiux. Barth et al. 

(1998) also comment that at most 7% of the UV emission from the nuclear 

region could be due to a single unresolved point source.
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4.3.4 M ultiwavelength Spectrum

Figure 4.12 shows the multiwavelength spectra of the five LINERs plotted 

from the UV to X-ray bands. The UV H ST  and X-ray data of NGC404 

and NGC4594 are from Chapter 3 and Chapter 2, respectively. The UV 

H ST  data of NGC4579 are from Barth et al. (1997), the X-ray Einstein 

Observatory data are from Reichert et al. (1990b) and the X-ray ASCA 

data are from Serlemitsos et al. (1996). The M81 and NGC6500 data are 

from Ho et al. (1996) and Barth et al. (1997), respectively (see Chapter 2; 

Section 2.5.4). Note that M81 shows variability in the X-rays over long and 

short timescales (e.g. Petre et al. 1993 and Ishisaka et al. 1996). I have 

plotted the X-ray data from the multiwavelength plot in Ho et al. (1996) 

when M81 was in a high state.

Table 4.5 gives the X-ray slopes (0 ;̂ ) for the LINERs. For M81, I quote 

ĉ x = l-2i§;?5 from Ho et al. (1996) measured from B B X R T  (0.6 -  10 keV). 

Note that M81 has also been measured with ASCA  (0.5 -  10 keV) and 

this produces ax =  0.85 ±  0.04 (Ishisaki et al. 1996). For NCC4579, I 

quote the ASCA  measurement of ax = 0.85 ±  0.04. NCC4579 has also 

been measured with the Einstein Observatory (0.1 -  4.5 keV) and this 

produces ax =  0.47 ±  0.14 (Reichert et al. 1990). For NCC4594, I have 

quoted the best fit for the combined ASCA  and PSPC data (see Chapter 2; 

Section 2.5.4). There is no X-ray spectral data for NCC404 and NCC6500.

The aox for NCC4579 and M81 are from Ho et al. (1996) and Barth et 

al. (1996). I have measured aox for the other LINERs using

^  log ^(2keV) -  log /y(2200Â) 
log i/(2keV) — log z/(2200Â)

except for NCC6500 where I use the 0 . 1 - 2  keV fiux band as discussed 

above. NCC4579, NCC4594, NCC6500 and M81 all have very similar slopes 

OLox =  0.76 — 1.00. NCC404 differs from these LINERs in having a much
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Figure 4.12: The multiwavelength spectra of the five LINERs plotted from 

the UV to X-ray bands. The UV and X-ray data of NGC404 and NGC4594 

are from Chapter 3 and Chapter 2, respectively. The UV data of NGC4579 

are from Barth et al. (1997), the Einstein data are from Reichert et al. 

(1990) and the ASCA data are from Serlemitsos et al. (1996). The M81 

and NCC6500 data are from Ho et al. (1996) and Barth et al. (1997), 

respectively.
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Table 4.5: Observed slopes of the LINERs

Source ax aox Lbol/L>E

NGC404

M81

NGC4579

NGC4594

NGC6500

0.87 ±  0.09(d) 

0.63 ±  0.05(®)

1.37(b)

0.86(c)

0.92(c)

0.76(f)

l.OO(s)

~  (2 -  10) X 10-4 (®) 

~  1 X 10-3 (c)

~  2 X 10-6

 ̂ Ratio of the bolometric luminosity and the Eddington luminosity 

 ̂ From Chapter 3; Section 3.7.

 ̂ Ho et al. 1996.

 ̂ Serlemitsos et al. 1996.

® Barth et al. (1996).

 ̂ Combined ASCA and PSPC data.

 ̂ Using ROSAT HRL point (see text).

softer slope (aox = 1.37). Table 4.5 also shows the ratio of the bolomet

ric luminosity to the Eddington luminosity and this will be discussed in 

Section 4.4.3.
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4.4 Discussion

4.4.1 Strengths of the Emission Lines

The relative strengths of the narrow emission lines in the five LINER galax

ies show similarities. All have strong emission lines at CII]A2326 and 

CIII]A1909. Note that, although the CIII]A1909 line has not been mea

sured for M81 due to there being no G190H spectrum, a strong CIII]A1909 

line is seen in the lU E  spectrum (Kinney et al. 1993). Strong MgIIA2800 

is also seen in the spectra of NGC6500, NGC4579 and M81 but is not de

tected in NGC4594 and NGC404. This will be discussed in Section 4.4.2. 

A weaker line is seen at HeIIA1640 in the spectra of NGC404, NGC4579 

and NGC6500. This line is not seen in the spectrum of NGC4594 but the 

spectrum is dominated by scattered light at this wavelength. HeIIA1640 is 

also not seen in the lUE  spectrum of M81 but the large lU E  aperture may 

cause the line to be contaminated by stellar absorption. A weak [OIIJA2470 

emission line is seen in NGC4594, NGC6500, NGC4579 and NGC4594. This 

line is not detected in the spectrum of NGC404.

4.4.2 The MgIIA2800 line

The measurement of the MgIIA2800 line is complicated. It is often one of 

the strongest lines in the UV spectra of LINERs but the emission can be 

eroded by stellar and interstellar absorption.

NGC404

The MgIIA2800 emission line is not detected in the spectrum of NGC404 

(Figure 4.13 and see Chapter 3; Section 3.5.1). The spectrum has absorption 

lines at the position (within errors) of the MgIIAA2796, 2803 doublet lines. 

NGC404 has a very low redshift (z=0.0001) and therefore the lines could be
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Figure 4.13: Fit to the MgIIAA2796, 2803 doublet absorption lines in 

NGC404. The spectrum is plotted in the observer frame (z=0.0001).

due to interstellar absorption intrinsic to our Galaxy or intrinsic to NGG404. 

NGC404 is also affected by stellar absorption consistent with O to A stars 

and the MgIIAA2796, 2803 absorption seen in NGG404 is consistent with 

the spectra of these young stars (see Ghapter 3; Figures 3.13 and 3.14).

M S I

The MgIIA2800 emission line in M81 is the strongest line in its UV spectrum. 

However, measurement of the line is complicated as there are broad and 

narrow components to the line, strong absorption lines at MgIIAA2796, 2803 

and the blue side of the line is blended with the Fell (2735-2760) complex 

(Figure 4.15). The absorption lines are likely to be interstellar lines due to 

our Galaxy or M81 itself as strong stellar signatures are not seen in the UV 

spectrum. Ho et al. (1996) write that they cannot determine the narrow-
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Figure 4.14: The MgIIA2800 line in M81 is very complicated. It has broad 

and narrow components to the line, strong absorption lines at MgIIAA2796, 

2803 and the blue side of the line is blended with the Fell (2735-2760) 

complex. I have fit these lines with Gaussians and the continuum is fixed at 

9 X 10“ ^̂  erg s~^cm“^Â“  ̂ . The spectrum is plotted in the observer frame 

(z=0.0001).
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line contribution to this line. I have tried a decomposition by first fixing the 

continuum to be a straight line with a flux of 9 x 10“ ®̂ erg s“^cm“^Â“  ̂ . 

This was derived by removing all the lines from the G270H spectrum and 

fitting a straight line to the continuum. I then fitted Gaussians to the Fell 

complex, the broad component, the narrow component and the MgIIAA2796, 

2803 absorption lines. This gives a good fit to the line with a FWHM of 3187 

km s“  ̂ and 1370 km s“  ̂ for the broad and narrow components, respectively 

(Figure 4.14). This is slightly larger than the FWHM of the other broad and 

narrow components measured but this could be due to the blend with the 

Fell complex. The absorption lines have a FWHM of ~  440 km s~^ which 

is consistent with the width of the MgIIAA2796, 2803 interstellar absorption 

lines seen in NGC6500. The flux relative to CHJA2326 for the broad and 

narrow components is 4.03 and 3.48 respectively.

NGC4579

Figure 4.15 shows the MgIIA2800 emission line in the spectrum of NGC4579 

plotted in the observer frame(z=0.005). It has broad and narrow compo

nents and MgIIAA2796, 2803 interstellar absorption lines. The interstellar 

lines have positions of ~  2796 Â and 2803 Â and therefore, must be in

trinsic to our Galaxy and not to NGC4579 which has a redshift of 0.005. I 

have fixed the continuum at 4 x 10“ ®̂ erg s“ ^cm“^A“  ̂ which is the level 

determined when the emission lines are removed. I have then fit Gaus

sians to the broad and narrow components and to the MgIIAA2796, 2803 

doublet. The interstellar absorption lines have a FWHM of ~  260 km s~^ 

and ~  190 km s“  ̂ for 2796 Â and 2803 Â which is narrower than the 

MgIIAA2796, 2803 interstellar absorption lines in the other LINERs. This 

fit gives FWHMs of 7392 km s~^ and 2137 km s“  ̂ for the broad and narrow 

lines, respectively. This is slightly broader than the other measured broad 

and narrow components seen in the spectrum but this could be due to the
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Figure 4.15: The MgIIA2800 line in NGC4579 has broad and narrow com

ponents to the line. It also has interstellar absorption lines at the observed 

wavelength MgIIAA2796, 2803 which are due to our Galaxy and the blue side 

of the line is blended with the Fell (2735-2760) complex. I have fit these lines 

with Gaussians and the continuum is fixed at 4 x 10“ ^̂  erg s~^cm“^Â“  ̂ . 

The spectrum is plotted in the observer frame (z=0.0001).
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Figure 4.16: Magnified spectrum of the region surrounding the MgIIA2800 

lines in NGC4594. The spectrum is shown in the observer frame and 

shows the expected MgIIAA2796, 2803 doublet emission lines when the line 

strength is fixed at a MgII/CII]A2326 of 1.33 (the lower limit for the Mgll 

line in NGC4579) with FWHMs fixed at ~  800 km s“F Interstellar ab

sorption lines due to our Galaxy are also overlayed on the plot to show the 

expected positions of these lines in the spectrum.

blend with the Fell (2735-2760) complex on the blue side of the line. The 

flux relative to CII]A2326 for the broad and narrow components is 2.43 and 

3.19 respectively.

NGC4594

Only a very weak structure is observed at MgIIA2800 in the spectrum of 

NGC4594. This can be seen at ~  2810 Â in Figure 4.16 which is plotted 

in the observer frame (z=0.0036). The absence of a strong MgIIA2800 line
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has been discussed in Chapter 2 (Section 2.5.1). The G270H spectrum of 

NGC4594 is consistent with that of early K stars, the youngest of which 

have absorption features at MgIIA2800. However, these absorption features 

are always very broad and therefore, a narrow emission component due to 

the nuclear region of NGC4594 should be visible superimposed on any such 

broad stellar absorption. Interstellar MgIIAA2796, 2803 absorption lines 

are also not visible in the spectrum of NGC4594. The expected position 

of these lines is shown in Figure 4.16. The expected profile of the Mgll 

emission doublet scaled from CIIJA2326 using the lower limit to the flux 

of the narrow Mgll component in NGC4579 (MgII/CII]A2326 < 1.33) is 

also shown in this figure. It is possible, that interstellar MgIIAA2796, 2803 

absorption lines intrinsic to NGC4594 erodes the MgIIAA2796, 2803 emis

sion producing the fiat spectrum observed with only the weak structure at 

MgIIA2800 remaining.

NGC6500

Figure 4.17 shows the region surrounding the MgIIA2800 line in NGC6500 

plotted in the observer frame (z=0.01). The redshift of this galaxy means 

that the MgIIAA2796, 2803 interstellar absorption lines due to our Galaxy 

are clearly removed from the MgIIA2800 emission line. However, the MgIIA2800 

emission line is also affected by MgIIAA2796, 2803 absorption intrinsic to 

NGC6500 which could be stellar in origin or due to the interstellar medium 

of NGC6500 itself. I have fit Gaussians to the MgIIA2800 emission line, the 

MgIIAA2796, 2803 absorption lines due to our Galaxy and the MgIIAA2796, 

2803 absorption lines intrinsic to NGC6500. This yields FWHMs of 500 km 

s~^ and 405 km s“  ̂ for the MgIIAA2796, 2803 absorption lines due to our 

Galaxy and FWHMs of 547 km s“  ̂ and 506 km s“  ̂ for the MgIIAA2796, 

2803 absorption lines intrinsic to NGC6500. The FWHM of the MgIIA2800 

narrow emission line is 1262 km s~^ with a fiux of 0.89 relative to CII]A2326.
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Figure 4.17: The MgIIA2800 lines in NGC6500 with the spectrum plotted in 

the observer frame (z=0.01). The MgIIA2800 emission line in NGC6500 is 

not affected by interstellar MgIIAA2796, 2803 absorption due to our Galaxy 

as the emission line is redshifted to longer wavelengths. However, inter

nal MgIIAA2796, 2803 absorption intrinsic to NGC6500 erodes the narrow 

MgIIA2800 emission line. The MgIIAA2796, 2803 absorption lines intrinsic 

to our Galaxy and to NGC6500, as well as the narrow MgIIA2800 emission 

line are fit with single Gaussians.
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4.4.3 W idths of the Emission Lines

NGC404 and M81 have slightly narrower line widths (242 - 890 km s“ )̂ 

than the other three LINERs which have FWHM of 700 - 1260 km s~^ (see 

Table 4.3). However, the narrowness of the lines in M81 may be due to 

the difficulty in separating the broad and narrow components. NGC4579 

and M81 have broad lines with FWHMs of ~  6600 km s~^ and 2500 km 

s"i, respectively, and the full width at zero intensity (FWZI) is ~  10,000 

km s“  ̂ for both NGG4579 and M81. Assuming the emission is produced 

by accretion onto a black hole, Barth et al. (1996) and Ho et al. (1996) 

work out the central mass of the nucleus of the LINER. This was done by 

approximating the three-dimensional velocity dispersion by FW ZI/4 (e.g. 

Wandel & Yahil 1985) and using the relation M  % v‘̂ rf2G  where a rough 

approximation of the radius of the broad-line region (BLR) is r  =  0.004 pc 

for NGC4579 and r =  0.001 — 0.004 pc for M81. These distances are derived 

from estimates of the ionization parameter and the density by comparing 

the observed line ratios with those predicted by photoionization models. 

This gives a rough estimate of the mass as M % 4 x 10^Mq for NGG4579 

and M  % (0.7 — 3) x 10®M© for M81. The bolometric luminosities of 

Lboi % 5 X 10̂  ̂ erg s~^ for NGC4579 and Lboi ~  9.3 x 10̂ ® erg s“  ̂ for M81 

(Barth et al. 1996 and Ho et al. 1996, respectively) yields sub-Eddington 

luminosities of Lboi/Le  % 10“  ̂ for NGG4579 and Lboi/L e  % (2 — 10) x 10“  ̂

for M81. NGG4594 also has a highly sub-Eddington luminosity of L ^ /L e  % 

3 X 10“ .̂ This luminosity uses only the X-ray flux so I have integrated the 

UV to X-ray continuum flux to estimate a lower limit to the bolometric 

luminosity. This yields a bolometric luminosity of L^oi > 2.7 x lOÂ  erg s~^ 

and a highly sub-Eddington luminosity of Li,oi/Le % 2 x 10“®. If I assume 

an accretion efficiency 0.1, the accretion rate for these LINERs is small 

% 1.7 X 10“® yr“ i for M81, % 1 x 10“^M@ for NGG4579 and
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% 4.7 X  10~^Mq yr“  ̂ for NGC4594. An AGN with a luminosity of 1 x 

10^  ̂ erg s“  ̂ has an accretion rate of 0.02 Mq yr” .̂ These low accretion 

rates are consistent with the “advection-dominated” disk model discussed 

in Ghapter 2; Section 2.5.6.

4.4.4 Narrow Emission Line Diagnostics

The narrow emission-lines in the spectra of the five LINERs all have low- 

excitation characteristics as the CII]A2326 and GIII]A1909 lines are very 

strong in the spectra compared with the CIVA1549 emission line. The 

MgIIA2800 emission line is also strong in the majority of the LINERs. The 

narrow emission line ratios of these LINERs have all been compared with 

various shock and photoionization models from the literature (see Chapter 2; 

Section 2.5.2 for a discussion of these models). It is difficult to rule out any 

of the models for NGC404 (see Ghapter 3; Section 3.6). However, it has 

been possible to constrain the models for the other four LINERs.

Ho et al. (1996) have found that photoionization by a non-stellar con

tinuum is likely to be the dominant energy source in M81. The narrow 

emission lines fit best with a CLOUDY photoionization model with a range 

of densities at different radii {rie = 10 ,̂ 10  ̂and 10  ̂cm“  ̂for r =  7.4, 2.3 and 

0.7 pc respectively) and an ionization parameter of U =  5 x 10“ .̂ NGG4594 

also has a good fit with a CLOUDY model with a single ionization param

eter (U =  3 X  10“ )̂ and a range of densities at different radii (rig =  10  ̂ and 

10  ̂ cm“  ̂ for r =  4 and 87 pc). However, an equally good fit is found with 

Tie = 10  ̂ cm“  ̂ at all radii. Barth et al. (1996) find that NGC4579 must 

contain clouds with a range of values of U in order to fit both the optical 

and the UV line ratios and a best fit is found with a composite CLOUDY 

photoionization model (U =  3 x 10“  ̂for rig =  3 x 10  ̂cm~^ and U = I x  10“  ̂

for rig =  1 X  10® cm“^). A photoionization model with a range of ionization
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parameters is also required to fit the optical and UV ratios of NGC6500 

(Barth et al. 1997).

NGC4579 (Barth et al. 1996), NGC4594 (Nicholson et al. 1998 and 

Chapter 2; Section 2.5.2), NGC6500 (Barth et al. 1997) and MSI are all 

incompatible with the fast shock models (150 < V s<  500 km s“ )̂ of Dopita 

and Sutherland (DS; 1996) as discussed in Chapter 1 and Chapter 2; Sec

tion 2.5.2. This is because the DS models produce a much higher excitation 

spectrum than is observed. All these LINERs fit much better with slower 

shock models (ug =  100 — 130 km s“ )̂ that are incident on a denser medium 

(rio =  10 — 100 cm“^).

4.4.5 The Continua

Section 4.3.2 has shown that the UV continua of the five LINERs all have 

different slopes (a^u =  0.4 — 2.0; corrected for Galactic reddening only). 

However, Maoz et al. (1998) find that the LINERs have slopes of auv =  1 — 2 

and conclude that the LINERs have similar slopes. The reason for the 

discrepancy in our results is due to the different method used to measure 

the slopes. I use a “best-fit” method with the emission and absorption 

features removed (as described in Section 4.3.2). Maoz et al. (1998) plot 

the spectra in log space (without removing the emission and absorption 

features), and overplot power-law slopes of auv =  0 — 2. They estimate 

Œuv of the LINERs by comparing the slope of the UV continuum with the 

power-law slopes.

Maoz et al. (1998) suggest that because the LINERs have a similar auv 

they may all have the same stellar origin. Therefore, I have looked for stellar 

signatures in the far-UV spectra of these LINERs. Note that, to produce 

the emission lines seen in the spectra of these LINERs requires photoion

ization by very hot stars. Therefore, the stellar population suggested by
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the early K star signature seen in the G270H spectrum of NGC4594 (Chap

ter 2; Section 2.5.1) are not of sufficient strength to power the emission 

lines. NGC404 has clear spectral signatures (see Chapter 3; Section 3.5.3) 

most noticeably from the P Cygni profiles of CIVA1549 and S1IVA1400 (see 

Chapter 3; Figures 3.11 and 3.12) suggesting the continuum is produced 

by massive, young stars with an age of > 6 Myr. NGC6500 has a possi

ble CIVA1549 absorption (see Figure 4.5) although better signal to noise 

is needed to confirm this. Barth et al. (1996) also observe a tentative 

HeIIA4686 emission line in the optical spectrum of NGC6500. If this is con

firmed then W-R stars could be contributing to the stellar continuum (see 

Chapter 1 for discussion on W-R stars). No spectral signatures are seen in 

the far-UV spectra of NGC4579, M81 and NGC4594.

Of the five LINERs, I find that only NGC404 shows clear spectral signa

tures of hot, young stars in its far-UV spectrum. NGC6500 also has possible 

stellar signatures of hot, young stars but these are not confirmed. It is pos

sible that these spectral signatures are “hidden” in the far-UV continua of 

the other three LINERs. The lack of P Cygni absorption lines in G130H 

spectrum of NGC4594 could be because it is dominated by scattered light 

and the P Cygni profiles in M81 and NGC4579 could be hidden by the 

broad emission lines seen in their spectra. However, NGC404 is the only 

LINER whose continuum is clearly of stellar origin. Clues in the UV data 

(and other multiwavelength data) may help to establish the origin of the UV 

continua in the other four LINERs. The featureless continuum and broad 

emission lines in M81 and NGC4579 as well as the UV variability found in 

NGC4579 point towards more AGN-like activity in the nucleus. Note that, 

even if spectral signatures of hot, young stars are found in the UV continua 

of these LINERs, this does not rule out a non-stellar nucleus.

If I presume that the UV continua of NGC404 and NGC6500 have a 

stellar origin and NGC4579, NGC4594 and M81 have a non-stellar UV con-
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Table 4.6: Continuum luminosities and CIIJA2326 luminosities.

Source L(2200Â)* L(CII])'’

NGC404 1.87 0.07

MSI 1.87 0.85

NGC4579 25.0 15.7

NGC4594 4.67 1.05

NGC6500 71.0 10.9

 ̂ Continuum luminosity in units if 10̂ ® erg s  ̂ Â .

 ̂ Luminosity of CII]A2326 in units of 10®® erg s .

tinuum I would expect the LINERs with the same origin to have similar 

UV slopes. However, they have clearly different slopes. Thus, LINERs may 

have more than one mechanism contributing to the UV continuum. The 

slope of LINERs with strong a non-stellar continuum may not be signifi

cantly distorted by a stellar continuum contribution. However, a weaker 

non-stellar UV continuum may be more greatly affected by a stellar con

tribution. The non-stellar and stellar components may also contribute in 

different proportions to the different parts of the UV continuum (as dis

cussed in Section 4.3.2).

NGC404 and M81 have the same continuum luminosity but the CH]A2326 

luminosity of M81 is an order of magnitude higher than the L(CH]) of 

NGC404 (see Table 4.6). If the UV continuum is the predominant ioniza

tion mechanism that powers the narrow emission lines in these LINERs, a 

correlation between the continuum and emission line luminosities might be 

expected. This lack of correlation suggests that UV continuum may not the 

predominant ionization mechanism that powers the narrow emission lines
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and this is the conclusion of Maoz et ah (1998). However, NGC404 is likely 

to be stellar in origin, whereas, M81 has a featureless UV continuum and 

the ionization mechanism is probably of non-stellar origin. Therefore, as 

different mechanisms are producing the UV continuum in these LINERs 

this lack of a correlation is not surprising.

It is still possible that the UV continuum powers the emission lines 

but stellar and non-stellar continua produce different strength lines. If this 

is the case, we would expect the strength of the emission lines in the non- 

stellar LINERs to correlate with their continuum luminosities. This scenario 

should also be true for the stellar LINERs. The possible non-stellar LIN

ERs, NGC4594, NGC4579 and M81 have UV continuum luminosities and 

emission line luminosities which are roughly correlated with the strongest 

continuum luminosity producing the strongest emission lines and vice versa. 

Therefore, the non-stellar UV continuum in these LINERs may be the emis

sion mechanism for the narrow-lines. The possible stellar LINER, NGC6500, 

has the strongest UV continuum flux and it produces stronger emission lines 

than the other stellar LINER, NGC404. Therefore, this correlation also ap

pears to be true for stellar LINERs.

If the UV continuum is producing the emission lines in these LINERs 

then an ionizing photon ratio of Nion/Nna >  2.2 is required. NGC404 has 

Nion/^Ha =  6.1. However, the four other LINERs have insufficient strength 

to power the emission lines through photoionization. Variability of the UV 

continuum can increase the Nion/Nffa ratio when the LINER is in a high 

state. The flux of NGC4579 from the FOG measurement (Maoz et al. 1995) 

is 3.3 times higher than the FOS flux producing Nion/Nna — 2.8 (as dis

cussed in Chapter 2; Section 2.5.1). If this variability is real, the high state 

continuum flux is enough to power the lines through photoionization. The 

fluxes I have used are the observed fluxes and correcting for reddening will 

also increase the measured continuum fluxes along with the Nion/Nua ra
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tios. M81 has only a slight ionizing deficit and correcting for Galactic and 

internal reddening would increase Nion/Nna sufficiently to power the lines 

through photoionization. NGC4594 and NGC6500 have severe photon ion

izing deficits and the amount of reddening required to yield Nion/Nffa ~  2.2 

produces an unacceptably large bump at 2200 Â. However, if the extinction 

curve does not follow the Galactic extinction curve (as discussed in Ghap

ter 2; Section 2.5.1) then a larger E(B-V) may be acceptable. An alternative 

explanation could be that extended emission or other point sources in the 

LINER may increase the strength of the UV line emission compared to the 

continuum.

If none of these scenarios hold true, then four out of the five LINERs 

have ionizing photon deficits. Maoz et al. (1995) suggest that a component 

which emits primarily in the X-rays, which is not directly related to the 

observed UV source, may be the main ionizing agent in these LINERs. 

However, aox measured from the multiwavelength spectrum is similar for 

the four LINERs with photon deficits (See Table 4.5). This would suggest 

that the UV and X-ray continua are related and therefore must be produced 

by the same mechanism.

4.4.6 M ulti wavelength Spectrum

The three non-stellar LINERs (M81, NGG4579 and NGC4594) have very 

similar optical to X-ray slopes {aox = 0.76 — 0.92; see Table 4.5). As 

mentioned in Section 4.4.5, this suggests that the UV and X-ray emission 

is produced by same mechanism. The aox of these LINERs is much harder 

than the average value found for quasars, aox = 155 and Seyfert galaxies, 

aox =  1.5 (Laor et al. 1997 and Walter & Fink 1993, respectively). These 

LINERs are therefore all X-ray bright compared to Seyferts and this is 

probably due to the absence of the BBB (Ho et al. 1996).
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The possible non-stellar LINER NGC6500 is also X-ray bright com

pared to Seyferts [aox ^  1.00). This would suggest that the emission in 

NGC6500 is produced by the same mechanism as the non-stellar LINERs. 

However, this LINER has possible stellar signatures (although these are 

not confirmed) and the UV image reveals diffuse emission. Furthermore, 

the emission lines in NGC6500 are not as strong as those in NGC4579 al

though they both have the same strength continuum. This suggests that 

the ionizing mechanism is stellar. These conflicting results make the ioniz

ing mechanism in NGC6500 difficult to constrain and this will be discussed 

in Section 4.5.5.

NGC404 has a much softer otox than the other LINERs {aox =  1.37) and 

is the only one of the LINERs which fits with the mean multiwavelength 

spectrum of a radio loud quasar (see Chapter 3; Figure 3.9). However, the 

main ionizing mechanism in NGC404 is likely to be of stellar origin (see 

Chapter 3 and Section 4.5.1).

4.5 Individual Objects

4.5.1 NGC404

NGC404 is a LINER 2 galaxy which shows only narrow-line emission in its 

UV spectrum. The far-UV spectrum of NGC404 has clear spectral signa

tures suggesting the UV continuum is produced by young, massive stars 

which have an age of > 6 Myr. The ionizing photon flux of this stellar 

continuum is also sufficient to power the emission lines through photoion

ization. The UV FOG image of NGC404 shows a bright unresolved source 

(FWHM ^  0.1") with some diffuse emission. This central source could be 

a central star cluster. However, it is possible that the central source is an 

AGN which produces the emission lines and the diffuse emission produces
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the young stellar features. The multiwavelength spectrum from the UV to 

the X-rays fits with the mean spectrum of a radio loud quasar. This differs 

from the other LINERs in this study which lack flux in the UV compared 

to the X-rays.

4.5.2 M81

M81 is a LINER 1 galaxy and is probably the best candidate for a low- 

luminosity AGN (LLAGN). Previous observations have shown a compact 

radio source (Bientenholz et al. 1996), a point-like X-ray source (Petre 

et al. 1993), probable X-ray variability (Barr et al. 1985) and broad Ho; 

emission which classifies it as a LINER 1 (Ho et al. 1997b). The UV 

emission also points towards the nucleus being a LLAGN. The UV spectrum 

has broad and narrow components in its line emission and a featureless 

continuum. Devereux et al. (1997) find from UV images of M81 that the 

nucleus is unresolved with a radius of < 0.73 pc. Their results also indicate 

that massive stars are not exciting the extended Ho; emission and that 

the broad lines are best explained by accretion onto a massive black hole. 

Ho et al. (1996) use the width of the broad lines to find a mass of the 

nucleus (assuming the emission is produced by accretion onto a black hole) 

and find M  % (0.7 — 3) x 10^M q .  This mass leads to a sub-Eddington 

luminosity of L ioi/L e  % (2 — 10) x 10“  ̂ and a low mass accretion rate. The 

multiwavelength spectrum of M81 differs from luminous AGN as the flux in 

the UV is weak compared to the X-rays and this produces a low aox- Both of 

these factors fit with the “low-state accretion disk” model (Siemiginowska et 

al. 1996) and the “advection-dominated” disk model (Narayan & Yi 1995, 

1995a,b) discussed in Chapter 2; Section 2.5.6.
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4.5.3 NGC4579

NGC4579 is also a LINER 1 galaxy and is another good candidate for a 

LLAGN. Radio observations show a flat-spectrum radio core (Hummel et 

al. 1987). It has a hard X-ray spectrum and broad Ho; which classifies it 

as a LINER 1. The UV emission shows many similarities to MSI. It has 

broad and narrow components in its UV line emission and a featureless UV 

continuum. As with MSI, the mass has been derived from the width of the 

broad lines (M % 4 x 1 0 ^ M q )  and this leads to a sub-Eddington luminosity 

of L i,oi/L e ~  10“  ̂ and a low mass accretion rate. The multiwavelength 

spectrum of NGC4579 has a low aox which fits with the same accretion disk 

models as MSI. NGC4579 has been imaged with FOG and the image shows 

a compact nuclear source with FWHM ^  0.1" (1.35 pc). The FOG flux is 

stronger by a factor of 3.3 than the flux measured from the UV continuum. 

This is the only LINER where UV variability has been observed. The UV 

data therefore adds to the likelihood of the nucleus of NGC4579 being a 

LLAGN.

4.5.4 NGC4594

In Chapter 2 (Section 2.4), NGC4594 is classified as LINER 2 galaxy by its 

lack of broad Ha emission. This makes it a weaker candidate for a LLAGN 

than the LINER 1 galaxies, NGC4579 and MSI. However, previous obser

vations point towards more AGN-like activity than starburst activity. For 

example, Kormendy et al. (1996) found spectroscopic evidence for a black 

hole of 10  ̂M q at the nucleus. The radio emission also shows a compact core 

source with a fiat spectrum and a variable continuum. Furthermore, the X- 

ray data show a point-like nucleus which is possibly variable (Fabbiano & 

Juda). Chapter 2 has shown that the X-ray spectrum is non-thermal in 

shape with a steep slope, although the spectrum is contaminated at least at
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low energies by other point sources and extended emission. The UV spec

trum  shows only narrow-line emission and a continuum that extrapolates 

within errors to the slope and normalisation of the X-ray spectrum. The 

shape of the UV to X-ray continuum of NGC4594 is similar to M81 and 

NGC4579 in that it has a low aox and is lacking in flux in the UV. The 

luminosity is also highly sub-Eddington luminosity Li^oi/Le =  2 x  10“®. 

Again, the low accretion rate that this implies makes NGC4594 a candi

date for a “low-state accretion disk” (Siemiginowska et al. 1996) and an 

“advection-dominated disk” (Narayan & Yi 1995, 1995a,b).

4.5.5 NGC6500

NGC6500 is a LINER 2 galaxy which has strong narrow emission lines in its 

UV and optical spectra. Many of the observations of this LINER suggest 

that the nucleus is a starburst. For instance, the radio observations show a 

compact, flat spectrum nuclear source which has extended lobes of emission 

emerging perpendicular to the galactic major axis. These are consistent 

with the type of wind-driven outflows seen in weakly active galaxies and 

could be caused by a nuclear starburst (Unger et al. 1989). UV images of 

NGC6500 show a ^  100 pc region of diffuse emission and at most ^  7% 

of this emission is due to a single unresolved point source (Barth et al. 

1998). Furthermore, an off-nuclear spectrum reveals low-ionization emission 

lines out to a radii of ^  1 kpc (Gonzalez Delgado & Perez 1996). These 

emission line ratios are not dependent on the projected radial distance from 

the galactic nucleus which would also suggest a cooling flow (Filippenko 

1984). Circumnuclear emission lines are also seen in the “stellar” LINER, 

NGC404. The narrow emission lines from the other three probable non- 

stellar LINERs is from the central inner few hundred parsecs. The UV 

spectrum of NGC6500 has a possible CIVA1549 absorption line and the
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optical spectrum has a tentative HeIIA4686. These are both signatures of 

a stellar origin, however, the signal to noise is too poor for their presence 

to be convincing. If these observations are confirmed this would also point 

towards NGC6500 having a nuclear starburst. Barth et al. (1997) find that 

the stars would be ~  100 Myr if the UV continuum were due to starlight. 

However, NGC6500 has a severe photon ionizing deficit (A^on/AF^a=0.8) 

so massive stars alone cannot provide the power to ionize the NLR. The 

Œox of NGC6500 is also more consistent with the non-stellar LINERs (see 

Section 4.4.6) but slightly softer than the other LINERs. However, with 

the data available at present it is difficult to uncover the main ionizing 

mechanism in this LINER.

4.6 Conclusions

In this chapter I have studied the UV H ST  spectrum of the LINER galaxies, 

NGC404, M81 (NGC3031), NGC4579, NGC4594 and NGC6500. M81 and 

NGC4579 have broad and narrow components in their emission-lines and 

have a featureless UV continuum suggesting a non-stellar origin. NGC404, 

NGC4594 and NGC6500 show only narrow components in their emission 

lines. NGC404 has clear stellar signatures in its far-UV continuum and the 

emission lines are likely to be produced by massive, young stars. Its stellar 

continuum also has enough strength to power the emission lines through 

photoionization. NGC6500 has possible stellar features but better signal 

to noise data is required to confirm this. No stellar signatures are seen in 

the far-UV spectrum of NGC4594, although it is badly contaminated by 

scattered light.

The UV continuum luminosity appears to be related to the UV emission- 

line luminosity in M81, NGC4579 and NGG4594 with the LINER with the 

strongest continuum luminosity producing the strongest lines (M81) and
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vice versa. The main problem with all the LINERs (except NGC404) is 

that the UV continuum does not produce enough ionizing photons to power 

the emission lines. I have produced a multiwavelength spectrum from the 

UV to X-rays to see if an energy source in the X-rays, which is not directly 

related to the UV, can produce the emission lines (as suggested by Maoz 

et al. 1998). I find that all the LINERs (except NGC404) are X-ray bright 

compared to the UV and therefore could be the main ionizing mechanism. 

However, the LINERs all have a very similar Œqx which implies that the UV 

and X-ray emission is related. The ionizing photon deficit can be solved if 

the UV continuum is variable (as in NGC4579) or if the Galactic extinction 

law does not hold true for LINERs. Alternatively, extended emission or 

point sources increase the strength of the UV emission lines compared to 

the UV continuum.

As well as UV data, I have looked at previous multiwavelength data of 

the individual galaxies. The combination of these observations leads me to 

the following conclusions. Of the five galaxies, three (MSI, NGC4579 and 

NGC4594) show indications of having a non-stellar UV continuum and the 

activity being due to a LLAGN. The UV continuum of NGC404 has the 

signatures of a stellar continuum and the activity is likely to be due to a 

starburst nucleus. NGC6500 has possible stellar signatures and a similar 

(but slightly softer) aox to the non-stellar LINERs. The ionizing mechanism 

in this galaxy is difficult to constrain without further observations.
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A Search for X-ray Variability  

in the LINER G alaxy —

Arp 185

5.1 Introduction

5.1.1 X-ray Variability of LINERs

X-ray variability is potentially a useful diagnostic for distinguishing between 

the processes that may power LINERs. Variability has been observed in 

LINERs on timescales of weeks to years (eg. M81; Petre et al. 1993, 

NGC3628; Yaqoob et al. 1995, Dahlem et al. 1995). This implies that 

in these LINERs, a significant amount of the emission is originating from 

a compact (< <  1 pc) region, most likely due to a single object such as 

a LLAGN. A lack of variability in the LINER, may suggest that another 

mechanism is responsible for the bulk of the X-ray emission such as radiation 

from hot gas associated with a region of rapid star formation (Petre, 1993).

However, because of the requirement to have reasonable S/N for these 

observations, variability studies of LINERs have concentrated on brighter

176
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objects. Furthermore, relatively few LINERs have been studied intensively 

over long timescales. Satellites with imaging X-ray optics such as ROSAT 

are able to probe much deeper and with these it should be possible to study 

the variability characteristics of fainter LINERs. However, it is rare for 

a given field to be observed many times in a way that is suited for long

term variability studies. One exception is the white-dwarf binary system 

RE J1629-I-781 which has been observed regularly with ROSAT as a calibra

tion target for the EUV-sensitive Wide Field Camera (WFC) instrument. 

As part of the ROSAT International X-ray Optical Survey (RIXOS) pro

gramme (Mason et ah, 1998), a total of eight serendipitous sources have 

been identified in this field including the LINER galaxy, Arp 185 (122-16; 

Table 5.1).

5.1.2 The LINER galaxy - Arp 185

The RIXOS source, 122-16 is identified with the galaxy Arp 185 (NGC6217). 

Arp 185 is an SBbc galaxy which has strong and extended IR emission. 

VLA radio observations have shown the presence of both an unresolved 

nuclear source and also extended emission (Vila et al. 1990). Arp 185 

has also been observed with lUE  and the UV spectrum shows strong UV 

emission and the presence of deep absorption features, which is evidence of 

strong star formation activity (Kinney et al. 1993). Calzetti et al. (1994) 

characterised Arp 185 as a starburst galaxy. However, based on the optical 

spectrum obtained as part of the RIXOS survey, Arp 185 has been classified 

by line ratio measurements as a weak [01] LINER (Romero Colmenero; 

1998) with a redshift of z=0.005. It is the brightest of the NELGs found in 

the RIXOS survey { f\ = 13.15 x 10“ ^̂  ergs~^cm“ )̂ and has a luminosity 

of La; =  2.1 X 10^° ergs“ .̂ The X-ray energy index of Arp 185 (0.7 ±0 .1 ; 

Mittaz et al. 1998) is somewhat softer than the slope of the 2-10 keV X-
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ray background (o;a;=0.4±0.1; Gendreau et al. 1995) and softer than the 

mean slope of NELGs in ROSAT deep survey observations (a;a:=0.44±0.11; 

Romero Colmenero et al. 1996), but well within the dispersion of slopes 

found for individual objects in this broad class.

A total of 25 observations of the field of RE J1629+781 were made with 

the RO SAT  PSPC detector over a period of 2.5 years. These data thus 

provide a unique opportunity to assess the long term variability of Arp 185. 

The variability characteristics of Arp 185 may help to distinguish between 

low-level Seyfert activity and types of starburst activity in this galaxy.

5.1.3 Other Identified Sources in the Field

As mentioned previously, eight sources have been identified as part of the 

RIXOS survey (Mason et al., 1998) in the field of RE J16294-781. The other 

sources in this field are four AGN (with redshifts between 0.3 and 1.1), a 

probable cluster of galaxies, a dMe star, and a G1.5V star (see Table 5.1). 

X-ray observations made with the Ariel- E, HEAO-1 and EXO SAT  satellites 

have demonstrated that X-ray variability is a common property of the emis

sion from AGN (see review paper by Mushotzky, Done and Pounds, 1993). 

However, as with LINERs these studies have concentrated on bright, nearby 

sources. Therefore, these data give an insight into the long term variability 

of AGN at moderate redshifts. The variability of the AGN and the other 

identified sources will be also be a useful test for the method used and an 

interesting survey of the variability characteristics of ‘typical’ RO SAT  field 

sources.
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Table 5.1: Sources identified in the RIXOS programme in the RE J1629 

+781 field

Fid-Src ID RA

(2000)

DEC

(2000)

Off-

axis

Flux

(xlO -14)

Mag®' z Luminosity^ 

(0.5-2 keV)

Average

Counts

(ksec~i)

122-1 AGN 16 28 34.1 +78 19 24 14.30 2.369 17.77 (E) 1.134 3.2 Xl0<4 2.92

122-10 dMe Star 16 29 44.1 +78 11 29 6.60 3.152 15.51 0.000 5.29

122-13 AGN 16 30 54.6 +78 11 03 7.40 4.856 19.29 0.358 3.7 xlO<3 4.13

122-14 AGN 16 31 40.9 +78 12 38 10.10 7.204 18.89 0.380 6.3 xl043 7.44

122-16 LINER 16 32 39.0 +78 11 52 11.80 13.146 11.23 0.005 2.1 xl040 11.47

122-21 AGN 16 34 27.5 +78 10 02 15.90 3.920 19.24 0.376 3.4 xl043 2.93

122-31 G1.5V Star 16 32 16.2 +77 54 07 13.70 7.416 11.95 0.000 8.36

122-552 Cluster 16 26 22.9 +78 17 03 15.70 3.741 — ~  0.04 2.6 X 1041 3.55

 ̂ R magnitude unless otherwise stated 

 ̂ iïo  =  50 km sec"i Mpc“  ̂ and go =  0
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Table 5.2: Exposure times

Time-48000

(MJD)

Exposure

Time(s)

Time-48000

(MJD)

Exposure

Time(s)

Time-48000

(MJD)

Exposure

Time(s)

380 1417 836 8182 1151 446

547 21831 884 1230 1153 2686

600 757 992 3066 1153 3229

632 448 1038 1272 1187 3189

634 1029 1038 2563 1223 2391

702 4084 1068 1554 1256 3049

704 1336 1097 3154 1291 2870

733 733 1099 248

836 5344 1125 4047

5.2 Observations and Data Analysis

5.2.1 Exposure Times

The field of RE J1629+781 was observed regularly with the PSPC detector 

giving a total exposure time of 87350 seconds. This is made up of twenty- 

five individual exposures spread over 2.5 years with each exposure being 

typically about 3000 seconds in duration. The longest of the exposures is 

21831 seconds. Details of the observations are listed in Table 5.2.

5.2.2 Analysis

The RIXOS work used data within 17' of the centre of the PSPC field 

of view where the positional resolution and background characteristics are 

optimal. The counts recorded in each individual observation from the 8  

RIXOS sources have been extracted in the 0.1-2.0 keV band (channels 8 - 

200). Times of high charged-particle background are first excluded from the 

observation and the field is corrected for telescope vignetting. The source
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counts are then obtained by summing all the counts in an extraction circle 

of radius 54 arc seconds, sized to maximise the signal to background ratio 

in these relatively weak sources, which was centred on each source. To 

estimate the residual background signal I first masked out all the sources 

in the field (including those below the detection threshold). The remaining 

data were then summed within an annulus centered in the field with an inner 

and outer radius of 0.08° and 0.17° respectively. This procedure yields the 

mean background count per pixel. The large number of pixels used provides 

a background estimate of high statistical precision which maximises the S/N 

of faint sources.

5.3 The X-ray Lightcurves

The X-ray lightcurves for each of the identified RIXOS sources is plotted in 

Figure 5.3, where each data point corresponds to one observation as listed in 

Table 5.2. The mean countrates of the eight sources are between 2.9 and 1 1  

counts per ksec (Table 5.2). Given the average exposure time, the majority 

of the source signals will be described by Poisson statistics. The 1-sigma 

error bars have been determined from the square of the total counts plus 

background. Points are plotted as 1-sigma upper limits on the count-rate 

(e.g. Kraft et al. 1991) in observations where a source is not detected at 

greater than 3-sigma above the background.
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Figure 5.1: Lightcurves of corrected countrate against time for the sources 

identified by RIXOS in the field RE J 1629+781. The lightcurves contain 

upper limits for sources that have a detection significance of less than 3 

sigma; the error bars are 1  sigma.
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5.4 Variability Analysis

5.4.1 Statistical M ethod to D etect Variability

The methods generally used for variability analysis of weak sources are of 

the hypothesis-testing type, i.e. the distribution of the data are compared 

with that expected for a constant source and the deviation from constancy 

is measured by means of an appropriate statistic. The most commonly used 

statistic is but this is inappropriate in the Poisson regime.

5.4.2 Searching for Variability in the Poisson Regim e

To search for variability in the RIXOS sources, a Monte Carlo method 

(e.g. Knuth, 1981) is used to generate a statistic based on the Poisson 

distribution that will describe variability at these low count rates. The 

technique I use generates a large number of simulated time series for each 

source on the assumption that it has a constant countrate eg. each bin in 

the simulated dataset will have a mean of

Mi = (Countrate) • exp.timei 4 - backgroundi (5.1)

Prom these means, simulated values Si are then generated for each bin 

under the assumption of Poisson statistics. This provides a large number of 

randomly generated lightcurves based on the assumption that the source is 

constant. For each of these datasets a statistic is generated which enables 

me to compare the simulated datasets with the real data. The statistic 

chosen is the log of the product of the probabilities of getting the simulated 

counts in each of n datapoints based on the model, M. ie.

P  = Yllogio{Prob{Si,Mi)) (5.2)
i=l
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The value of P can also be determined for my real dataset in a similar 

way. The probability of the source being constant is then simply given by 

the proportion of simulated datasets which have a P value in excess of the 

value determined for the real dataset.

5.4.3 Illustrating the Validity of the M ethod

To illustrate the validity of the method, I have generated 100 trial datasets 

using a constant artificial source with an assumed count rate of 2.92 counts 

per ksec (corresponding to the weakest source in my sample) on a typical 

background. Figure 5.4.3 shows the distribution of the probability that 

the source is constant. The distribution will be fiat if the hypothesis that 

the source is constant is true, as in the top panel of the figure. I also 

show this distribution for simulated data with a sinusoidal variability of 1  

counts per ksec and 2  counts per ksec, respectively, superimposed on the 

simulated source counts. The distribution is increasingly skewed towards 

zero probability of being constant as the amount of variability is increased. 

The period of the injected variability is chosen to give a reasonable number 

of cycles within the total observation length of 2.5 years. The result is 

insensitive to the exact choice of the trial period, provided it is above the 

Nyquist frequency, since the analysis concerns the scatter in the data only, 

and does not know how they are ordered.
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Figure 5.2; Histogram of the number of cases of simulated lightcurves with 

an average countrate of 2.92 cts/ks that show a probability of being con

stant. The 3 plots are of a constant source (top), a sinusoidal variability of 

1 count/ks and a sinusoidal variability of 2  counts/ks.
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Figure 5.3: The Monte Carlo technique of testing variability applied to each 

of the sources identified by RIXOS in the field RE J1629+781. The plots 

show the probability of the source being constant vs. the binsize. The bin 

size corresponds to successive data points added together.



Chapter 5 187

Table 5.3: Variability of the sources.
Source Fid-Src Variability^

Amplitude

Variability^

Amplitude

(Counts)

Sensitivity^ Max

Timescale^

(months)

Average

Counts

(/ksec)

AGN 122-1 — 47% - 2.92

dMe Stax 122-10 79 ±40 % 4.18 ± 2 .1 0 20% 5 5.29

AGN 122-13 92 ±30 % 3.80 ±  1.24 25% 5 4.13

AGN 122-14 74 ±13 % 5.51 ± 0 .96 20% 5 7.44

LINER 122-16 — 14% - 11.47

AGN 122-21 142 ±52 % 4.16 ±  1.52 44% 3.5 2.93

Star 122-31 — 15% - 8.36

Cluster 122-552 — 26% - 3.55

 ̂ Intrinsic r.m.s variability of the source.

 ̂ The variability amplitude at which 95% of the trials indicate a probability 

of being constant of less than 5%.

 ̂ The upper limit on the binning time scale at which variability is detected.
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5.4.4 Binning and Re-phasing the D ata

To constrain the time scale of the variability, each m  successive data points 

in a lightcurve have been combined with m  = 2,3, ...rritot/^ and the Monte- 

Carlo comparison repeated. For each bin size, m  (except 1 for obvious 

reasons), the procedure was repeated with the binning started at consecutive 

data points in the unbinned data so as to sample all phases of the possible 

variability equally (cf. Collura et al., 1987). The data from all the phases 

within each bin were then averaged. In the absence of variability, each 

phase within a bin is effectively an independent trial, so I expect the number 

distribution of the trials as a function of probability to be flat (cf. Fig. 5.4.3), 

and the mean to tend to 0.5.

The probability that the source is constant is plotted as a function of 

binsize in Fig. 5.3 for each of the eight identified sources in the ROSAT  

field. There is clear evidence of variability on time scales less than about 4 

months in the dMe star 122-10, and the 3 AGN 122-13, 122-14 and 122-21.

5.4.5 The Am plitude of the Variability

To estimate the amplitude of variability I have run further simulations of 

each dataset injecting artificial variability at a range of amplitudes on top 

of that which occurs due to Poisson counting statistics. The best estimate 

of the variability amplitude of each source is that which gives trial datasets 

which best match the characteristics of the data. The uncertainty is set at a 

level where 95% of the trials are incompatible with the data. I use Gaussian 

distributed noise as the form of the artificially generated variability, and 

quote the variance of the noise about the mean as a measure of the source 

variations (see Table 5.3). Similar results are obtained if I use, for example, 

a periodic signal, however.

The remaining sources, 122-1, 122-16,122-31 and 122-552, are consistent
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with having constant flux at more than 5% probability for all time scales. 

An upper limit to the variability in these sources is computed in the same 

way as described in the previous paragraph, by increasing the variance of 

the injected noise until 95% of the trials indicated a probability of being 

constant of less than 5%. This sensitivity threshold is quoted for all the 

sources in Table 5.3.

5.5 The LINER Arp 185

I do not flnd 122-16 (Arp 185) to be variable, on any time scale sampled by 

my measurements. Moreover, given that Arp 185 is relatively bright, the 

upper limit to variability is relatively constraining at less than 14% of the 

intrinsic r.m.s deviation from the mean. Given that variability is almost 

ubiquitous among AGN believed to be powered by massive accreting black 

holes, this result suggests that this mechanism is not likely (at least directly) 

to be responsible for the bulk of the X-ray emission seen from Arp 185. 

Moreover, the detection of the source in the lowest energy channels of the 

PSPC detector implies little indication of a turnover due to absorption and 

suggests that the observed emission is not heavily scattered (as may be the 

case in Seyfert II galaxies).

The implications of the lack of variability in Arp 185 will be discussed 

more fully in Chapter 6 .

5.6 The AGN in the field - RE J1629+781

5.6.1 Variability of the AGN

Four of the eight RIXOS sources in the fleld of RE J1629-I-781 are broad- 

line AGN. Three of these lie in a narrow redshift band between 0.35 and
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0.38. All three are found to have significant intrinsic variability with an rms 

amplitude which ranges between ~0.5 and ^^1.5 times the mean count-rate 

(Table 5.3). In each case variability is only detected when the data are 

binned on time scales of less than 3-5 months. The fourth AGN, 122-1 at a 

redshift of 1.1, does not vary with an rms amplitude of more than ~  0.45 

(95% confidence) of its mean count-rate over the 2-year time scale of the 

observations.

5.6.2 Am plitude vs. Luminosity Trend

There is an inverse trend between the amplitude of variability detected 

and the luminosity of the AGN. Specifically the most luminous system in 

my sample of four, 1 2 2 -1 , is the only one where variability is not detected 

while the second most luminous, 122-14 has the next smallest variability 

amplitude. Though based on a small sample of objects, this is consistent 

with the relationship reported by other workers (e.g. McHardy 1989; Barr 

and Mushotsky 1986; Green and McHardy 1993; Lawrence and Papadakis 

1993)

5.6.3 Comparison with Grandi Sample

I can also compare my results with those of Grandi et al. (1992) who used 

archival EXOSAT  observations to study the long-term X-ray variability of 

AGN catalogued in the Piccinotti et al. (1982) survey. In common with 

most previous work, the Grandi et al. study was confined to relatively 

nearby, bright objects. The 2-10 keV luminosities of AGN in their survey 

lay in the range 2 x 10^  ̂ to 8.5 x 10'*̂  erg s~^ although the majority of 

the AGN with multiple EXOSAT observations in the Grandi sample had 

luminosities less than ~  3  x 1 0 ^̂  erg s“ L This is similar to the luminosity of 

the objects in the field studied here but I sample higher redshifts. Grandi
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et al. found that ^70% of the AGN they studied were variable in the soft 

(0.05-2 keV) band, but the number, frequency and spacing of the EXOSAT 

observations precluded any comment on the time scale of the variability in 

most cases.

5.6.4 X-ray and Optical Properties

Putting the results of the variability analysis in context, the four AGN that 

are contained in the RE J1629-1-781 field exhibit a range in their X-ray and 

optical properties, as summarised in Table 5.4. The X-ray slopes have been 

derived by fitting the RO SAT  data in 3 energy bands corresponding to PH A 

channels 8-41, 52-90 and 91-201 respectively (Mittaz et al. 1998) assuming 

a (fixed) Galactic absorption corresponding to N h = 4.12 x 10̂ ® H atoms 

cm“ .̂ Optical continuum and emission line parameters have been obtained 

as described by Puchnarewicz et al. (1996b).

The source 122-1 (z=1.13), which I do not find to be variable, and 122-14 

(z=0.38) are ‘typical’ UV-excess objects at longer wavelengths. Both have 

a blue optical continuum {aopt ^  0.4) and a relatively soft X-ray spectral 

slope for AGN detected in the ROSAT  band (an X-ray energy index of 

ax ~  1.5; cf. a mean slope of ^  1.0 for RIXOS AGN). In contrast the 

optical continuum spectrum of 122-21 and especially 122-13 are both redder 

while their X-ray spectra are harder (e.g. aopt =  3.2 and CK* =  0.0 for 122- 

13). The ratio of H/? to [OIII]5007 is also low in 122-13 consistent with an 

explanation of these slope differences in terms of overall absorption of the 

spectrum by material surrounding the central engine (Puchnarewicz et al. 

1996a). Though my data are limited, I find no evidence to suggest that 

the variability characteristics of the AGN in my sample are related to their 

X-ray to optical spectral distribution.

I also note in passing that the optical line widths of 122-21, reported in
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Table 5.4: Data on AGN identified by RIXOS in the RE J1629+781 field
Fid-Src ID z Hbeta

FWHM

(km/s)

Halpha

FWHM

(km/s)

[GUI]

FWHM

(km/s)

Mgll

FWHM

(km/s)

GUI]

FWHM

(km/s)

Hbeta/

[oirqc

122-1 AGN 1.134 1.4±0.2 0.4±0.5 — — 9200 7200 —

122-13 AGN 0.358 0.0±0.3 3.2±0.5 2200 — 780 — — 2.9

122-14 AGN 0.380 1.6±0.1 0.4±0.5 3100 — 490 2500 — 6.3

122-21 AGN 0.376 0.2±0.3 1.0±0.5 1600 680 — 2.3

122-16 LINER 0.005 0.7±0.1 — 200 340 — — —

X-ray Energy Index (0.1-2 keV), where a  is defined such that f v  oc v~ °‘ 

 ̂ Optical Energy Index, where q is defined such that cx 

 ̂ Flux Ratio

Table 5.4, mark this out as a narrow-line Seyfert 1 galaxy (NLSl). Boiler 

et al. (1996) (see also Puchnarewicz et al. 1992) find that as a class, 

NLSl have generally steeper soft X-ray continua than normal Seyfert Is. 

However 122-21 has a significantly harder spectrum (0 % =  0.2) than the 

NLSls sampled in the Boiler et al. (1996) study. This suggests that the 

X-ray spectra of NLSls are not exclusively soft.

5.7 Other identifications

Of the remaining sources in the RE J1629+781 field, one is a probable 

cluster at a redshift of 0.04, an identification which is consistent with the 

lack of detected variability in my data. The other identifications are stars. 

The source 122-10 is a R=15.5 magnitude dMe star whose spectral colour 

suggests a classification of dM5.5e (Wonnacott et al., 1998). It is active, 

with Lx/Lboi=(5.7 ±  1 .1 ) x 1 0 ~  ̂ (saturation of magnetic activity occurs at
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L x/L b o i= l-0  X 10“^). I find the X-ray flux to be variable on timescales less 

than 5 months, with a full amplitude which is similar to the mean count rate. 

The other star, 122-31, is an R=12th magnitude object whose spectral type 

is G1.5V with Lx/Lboi=(lT ±0.15) x 1 0 “ .̂ No X-ray variability is detected 

in 122-31 with an upper limit on the intrinsic rms variance of ~  0.15 of the 

mean count rate.

5.8 Conclusions

I have used a Monte Carlo technique based on Poisson statistics to search 

for long-term X-ray variability over a time interval of 2.5 years in the LINER 

galaxy, Arp 185. This field also contained four AGN, two stars and a prob

able cluster of galaxies. I have used these sources the verify the validity of 

the method and also to look at the variability characteristics of “typical” 

ROSAT  field sources. The method has also been tested using simulated 

datasets and this illustrates how useful information on variability can be 

extracted from sources that are close to the detection threshold of imaging 

X-ray instruments. No variability is detected in the LINER galaxy, Arp 185, 

at a level which suggests that the source of the X-ray emission in this object 

is probably not a “dwarf” AGN or due to accretion onto a compact object. 

Variability is detected in three of the four broad-line AGN in the field RE J 

1629+781, on timescales less than 3-5 months; the fourth at high z and 

high luminosity shows no evidence for change. This is consistent with ear

lier studies which suggest that the degree of variability in AGN is inversely 

related to their luminosity. Of the stars, one is of type G 1.5V and does not 

vary significantly in X-rays; the other is a dMe star and exhibits substantial 

activity. The candidate cluster does not vary.



Chapter 6 

X-ray Spectral Properties of 

Arp 185

6.1 Introduction

In the previous chapter I looked for variability in the weak [01] LINER 

galaxy, Arp 185 (Figure 6.1). No variability was detected, suggesting that 

the X-ray emission in this galaxy was not probably not a “dwarf” AGN 

or due to accretion onto a black hole. The radio data of Arp 185 shows 

an unresolved nuclear source and extended emission (Vila et al. 1990). 

Furthermore, the lUE  UV spectrum (see Figure 6 .2 ) has deep absorption 

features which show contributions from O to mid-A stars and point towards 

starburst-Iike activity (Kinney et al. 1993). To further constrain the emis

sion mechanism in this galaxy, I will look at its X-ray spectral properties 

and the radial distribution of the X-ray emission. I will also use multiwave

length data of Arp 185 to examine its overall spectrum.

194
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Figure 6.1: Optical R band image of Arp 185 as observed by the RIXOS 

team (Mason et al. 1998). The field of view is 2.6' x 2.6'.
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Figure 6.2: The UV lUE spectrum of Arp 185 taken from Kinney et al. 

(1993). The spectrum has deep absorption features which shows contribu

tions from O to mid-A stars.
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6 . 2  Observations and D ata Reduction

As discussed in the previous chapter, Arp 185 has been observed 25 times 

with the ROSATPSFC  (0.1 -  2.0 keV) over a period of 2.5 yrs. The longest 

exposure (21,831s) was obtained on 1991 October 17 UT. I use this exposure 

to study the spectral properties of Arp 185. First, I created an image of the 

central 17' of the PSPC field of view and corrected for times of high charged- 

particle background and telescope vignetting using ASTERIX programs. I 

then extracted the source data from a radius of 54” . The background was 

extracted from a source free region close to the source. The background data 

was then subtracted from the source data and the spectrum was binned with 

a minimum of 20 counts per bin to justify the use of Gaussian statistics. I 

fit the data using the standard XSPEC software.

6.3 Results

The data have been fitted with power-law, bremsstrahlung, black-body and 

Raymond-Smith models. Table 6.1 has a summary of the spectral results 

for these model fits. The errors are 6 8 % for two interesting parameters. 

Figures 6.3, 6.4, 6.5 and 6 . 6  show the data and folded models of the fits and 

their confidence contours for a free N h  and N h  fixed at the Galactic value 

{Nh =  4.12 X 10^° cm“^). The contours are 6 8 %, 90% and 99% confidence 

errors and the cross shows the best fit for the model. The power-law model 

gives a very poor fit when the N h  is fixed at the Galactic value with a 

X^(dof) of 78.1(14). This is consistent with the result found in Mittaz et al. 

(1998) who use the same model (see Chapter 5; Section 5.1.2). The fit is 

improved when the N h  is allowed to go free, however, this produces a very 

large and unphysical energy index {ax = I I . I 4 I 4 1 4 ). The bremsstrahlung 

and black-body models also give poor fits when the Galactic value is fixed.
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Figure 6.3: Arp 185 fitted with a power-law model. The top two figures 

show the fit when the N h is fixed at the Galactic value (4.12 x 10 °̂ cm“ )̂. 

The bottom figures show the fit when the N h is allowed to vary. The 

contours are the 68%, 90% and 99% confidence errors and the cross shows 

the best fit for the model.
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Figure 6.4: Arp 185 fitted with a black-body model. The top two figures 

show the fit when the N h is fixed at the Galactic value (4.12 x 10̂  ̂ cm“ )̂. 

The bottom figures show the fit when the Nh is allowed to vary. The 

contours are the 68%, 90% and 99% confidence errors and the cross shows 

the best fit for the model.
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Figure 6.5: Arp 185 fitted with a bremsstrahlung model. The top two figures 

show the fit when the N h is fixed at the Galactic value (4.12 x 10 °̂ cm“ )̂. 

The bottom figures show the fit when the N h is allowed to vary. The 

contours are the 68%, 90% and 99% errors and the cross shows the best fit 

for the model.
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Figure 6.6: Arp 185 fitted with a Raymond-Smith model. The top figures 

show the fit when the N h is fixed at the Galactic value (4.12 x 10 °̂ cm“ )̂. 

The middle and bottom figures show the fit when the N h is allowed to vary. 

The abundance is fixed at 0.35. Good fits are found with a low N h and 

a high kT (middle figures) and a high N h and a low kT (bottom figures). 

This is discussed in the text. The contours are the 68%, 90% and 99% 

confidence errors and the cross shows the best fit for the model.



Chapter 6 201

but again the fit is much improved when the N h is allowed to go free. Both 

the bremsstrahlung and blackbody model fits require much higher column 

densities and low kT (see Table 6.1). The Raymond-Smith model is the 

only model that produces a good fit when the N h is fixed at the Galactic 

value. This produces a higher kT (O.SSlJios keV) than the bremsstrahlung 

and black-body models with a low abundance (A/A© =  0.35l§;i?) and a 

X^(dof) of 10.21(13). When the N h is allowed to go free the fit is improved 

giving N h =  O.Sl îE for a %^(dof) of 9.96(13). For this fit I have fixed the 

abundance at the best-fit found with the N h fixed at the Galactic value. 

Another minimum is found for the Raymond-Smith model with a high 

N h and a low kT {Nh =  9.2lQ g cm~^ and kT= O.Mlo gg keV) and this gives 

a slight improvement to the fit with a %^(dof) of 9,25(13). To check whether 

the improvement in the between the good fits (ie. reduced < 1.0) is 

significant or if the statistics are too poor to distinguish between the fits I 

have used the /-test. I find that the the difference between the fits is not 

significant below 95%. This is also the case when I let the abundance go 

free.
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Table 6.1: Summary of spectral results

Model Nh^

(lOficni-S)

Fixed Nh*̂ 

(IGficni-S)

ax'" kT

(keV)

X^(dof)

Power-law 14.1±“ » — n . u t l i l — 9.3(13)

— 0.41 — 78.1(14)

Bremsstrahlung 4.8±I:| — — 0.19lg;g? 11.5(13)

— 0.41 —
1 qq+l-25 1.00_o.28 63.7(14)

Black-body 2 .9 i|: î — — o.i4lg;Sl 12.0(13)

— 0.41 — o.2o±g:S^ 21.6(14)

Raymond — Smith‘d o.5±g:E — — 0 .8 3 in ? 9.96(13)

— — 0.14±S:S| 9.25(13)

— 0.41 — 0.83±g;g| 10.21(13)

 ̂ Uncertainties are at the 68% confidence for 2 interesting parameters.

 ̂ Fixed at the Galactic value N h  =  4.12 x 10^° cm“ .̂

 ̂ X-ray energy index, where a  is defined such that oc Uncertainties as for Nh - 

 ̂ When the N h  is fixed at the Galactic value the abundance is A/A© =  O.SSlo'i?- 

When the N h  is free the abundance is fixed at this best fit value.
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Figure 6.7: Radial distribution of Arp 185 (top) and the AGN, 122-13 

(bottom) compared to the expected point source distribution of the HRL

6.3.1 Radial Distribution

The field of RE J1629+781 has also been observed with the ROSAT  HRI 

in parallel with WFC calibration observations. To look for extended X-ray 

emission in Arp 185 I have retrieved the longest HRI exposure of Arp 185 

from the ROSAT  archive. This was taken on 1992 September 19 UT for 

16001 seconds. The HRI has a better spatial resolution than the PSPC, 

the FWHM of a point source is ~  5" for the HRI and ~  50" for the PSPC. 

The image was reduced with the same method used for the PSPC images
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in Chapter 5 (Section 5.2.2) using the standard ASTERIX software. I have 

produced a radial distribution plot of the X-ray emission from the central 

0.02° of Arp 185 (Figure 6.7) with the expected point source distribution 

of the HRI overlayed. This shows that the X-ray emission of Arp 185 is ex

tended. This could be due to the off-axis angle of the galaxy in the field of 

view which can produce a spurious extensions (Walter 1997). However, ex

amination of bright point sources observed off-axis by Hasinger et al (1995) 

reveals asymmetry in the distribution of the source counts becomes notici- 

ble once the source is observed outside the central ring of the PSPC (i.e. 

greater than 20 arcmin off-axis). Arp 185 is within this ring at ~  13' off- 

axis so is unlikely to be affected by this problem. However, to confirm that 

the extended emission is real I look at the radial distribution of a point-like 

source with a similar off-axis angle. The field of RE J16294-781 contains 

a source with a slightly larger off-axis angle than Arp 185. This source is 

122-13 which is classified as an AGN (see Chapter 5). AGN have point-like 

X-ray emission and should therefore fit the expected point source distri

bution of the HRI. Figure 6.7 shows the radial distribution of this AGN 

compared to the point spread function of the HRI. The AGN is slightly 

extended above the expected point source distribution. However, Arp 185 

shows a much more deviant distribution from the point source distribution 

than the AGN, 122-13. This confirms the X-ray emission of Arp 185 is 

indeed extended by ^  0.01° (36", 5.2 kpc).

6.3.2 M ulti wavelength Spectrum

Figure 6.8 shows the multiwavelength spectrum of Arp 185 from the radio 

to the X-rays. The lUE  spectrum is from Kinney et al. (1993) and the 

optical spectrum is from Mason et al. (1998). The lUE  spectrum is taken 

with a large aperture (10" x 20") so the nuclear region will be contaminated
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Figure 6.8: Multiwavelength spectrum of Arp 185. The lUE data are from 

Kinney et al. (1993), the optical points are from De Vaucouleurs et al. 

(1991), the optical spectrum is from the RIXOS project (Mason et al. 1998) 

and the radio to IR data points are from Schmitt et al. (1997; and references 

therein). The median of radio loud and radio quiet quasars (Elvis et al. 

1994) are plotted normalised to the optical data.
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by the galaxy. A slit was used for the optical observation (4' x 1") and a 

spectrum was obtained of the central ^  5" (~  580 pc) radius of the galaxy. 

This has been sky subtracted and reduced by the RIXOS team (Mason 

et al. 1998). Romero Colmenero (1998) has done a study of the optical 

emission lines in Arp 185 and finds narrow emission lines up to a radius of 

~  4.5". The data is too noisy at larger radii to confirm or deny the presence 

of emission lines. I have plotted the X-ray data using the Raymond-Smith 

model fit from XSPEC with the N h consistent with the Galactic value, a 

kT of 0.8 keV and an abundance of 0.35 (see Section 6.4.1 for a discussion 

of this model). The radio to IR data points are from Schmitt et al. (1997; 

and references therein)). The median of radio loud and radio quiet quasars 

(Elvis et al. 1994) are plotted for comparison normalised to the optical data. 

The multiwavelength spectrum of Arp 185 clearly is very different to that of 

quasars. However, the aperture size used for each measurement differs and 

the observations of the nuclear region are all contaminated by extended 

emission. Although, the exact spectral energy distribution of the central 

nuclear source is impossible to determine from this plot it is still possible 

to get rough idea of the UV to X-ray region of the spectrum compared with 

other LINERs. The X-ray fiux of Arp 185 is very weak compared to the UV 

flux. Weak X-ray fiux relative to the UV fiux is also seen in the starburst-like 

LINER, NGC404 (see Chapter 5). This differs from the AGN-like LINERs 

which are all X-ray bright compared to the UV (see Chapter 4).

6.4 Discussion

6.4.1 The X-ray Emission

The power-law, bremsstrahlung and black-body models all give poor fits 

when the N h is fixed at the Galactic value. The fits improve when the N h
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is allowed to go free and the power-law model produces the best (see 

Table 6.1). However, this gives a large N h and a unphysically large energy 

index. The bremsstrahlung and blackbody models do not require such a 

large N h but the best fit temperature is very low. I tried fitting the data 

with an optically thin thermal Raymond-Smith model. This gives a good 

fit with an N h of 5 x 10^° cm“  ̂ and a kT of ~  0.8 keV. Another 

minimum is found with a higher N h and a low kT. The statistics are too 

poor to distinguish between the fits that produce a reduced < 1.0.

Serlemitsos et al. (1996) have studied ASCA observations of nearby 

LINER and starburst galaxies. They find that the soft component of these 

galaxies is most likely produced by a warm gas with kT 0.6 — 0.8 keV. 

This gas is may be from a SNR-heated ISM or starburst driven winds. The 

lack of variability and the extended X-ray emission point towards Arp 185 

having starburst-like activity. If this is so, the X-ray spectrum should have 

a temperature similar to the nearby starburst and starburst-like LINER 

galaxies. This would suggest that the optically thin Raymond-Smith model 

with the N h consistent with the Galactic value and a kT of ^  0.8 keV is 

the most appropriate model for the X-ray data of Arp 185.

6.5 Conclusions

In this chapter I have looked at the X-ray spectrum of Arp 185 and the 

radial distribution of the X-ray emission. I have included the X-ray data in 

a multiwavelength distribution which also contains photometric data from 

the radio to the optical. An lUE  spectrum (Kinney et al. 1993) and an 

optical spectrum (Romero Colmenero, 1998) of Arp 185 are also included.

I find that the poor statistics of the X-ray data mean that it can be 

fit equally well with power-law, bremsstrahlung, black-body and Raymond- 

Smith models. However, the power-law model requires a very large and
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unphysical energy index and the bremsstrahlung and blackbody models need 

a much lower kT than that seen in other LINER and starburst galaxies. 

The Raymond-Smith model has a good fit with an N h consistent with 

the Galactic value, a kT of ^  0.8 keV and an abundance of 0.35. These 

parameters are realistic and furthermore, the kT for this fit is similar to 

that found for the soft component of other X-ray observations of nearby 

LINER and starburst galaxies 0.6 — 0.8 keV) (Serlemitsos et al. 1997). 

This emission could be produced by a warm gas from a SNR-heated ISM 

and starburst driven winds. I therefore conclude that the Raymond-Smith 

model is the most suitable fit to the X-ray data. The radial distribution 

of the X-ray emission of Arp 185 suggests it is extended and this emission 

shows no variability (Chapter 5). The multiwavelength plot is weak in the 

X-rays compared to the UV which is similar to the starburst-like LINER, 

NGC404 (see Chapter 5). These observations lead me to conclude that the 

nucleus of Arp 185 has starburst-like activity.
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Conclusions

In this thesis I have studied the astrophysics of LINER galaxies. These 

objects are ubiquitous in nearby galaxies and 40% of early-type galaxies 

are classified as LINERs (Ho 1996). Although LINERs are common the 

emission mechanism which powers them is controversial. This thesis studies 

a number of LINERs to try to understand their nature. I have concentrated 

primarily on the UV and X-ray emission from LINERs. Multiwavelength 

data has also been incorporated to produce a wider picture of the physical 

nature of these phenomena.

In Chapters 2 to 4, I have studied the UV properties of LINERs using 

HST  data. The HST  has provided new insights into the characteristics of 

LINERs, making it possible to study the nuclei of LINERs without much 

of the contamination from the host galaxy which has hampered previous 

observations. It has revealed for the first time, a featureless UV continuum 

in two LINER 1 galaxies, M81 and NGC4579. This, as well as broad Ha 

emission, and a narrow-line spectrum which is consistent with photoioniza

tion by a non-stellar continuum, yields strong evidence that at least some

209
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LINERs are genuine AGN. However, the nature of the emission mechanism 

in LINERs is not always so clear-cut and this thesis bears out previous work 

that LINERs are a heterogeneous class of objects.

In Chapter 2 I discussed the LINER galaxy, NGC4594. The multiwave

length data on this LINER show properties consistent with a LLAGN. The 

radio data reveal a compact, variable source with a flat spectrum (Hummel 

et al. 1984; Bajaja et al. 1988). Furthermore, the X-ray data show a point

like, possibly variable core source and dynamical studies provide evidence 

that the nucleus contains a 10  ̂ M© black hole. I find narrow emission lines 

only in the UV spectrum and I classify it as a LINER 2 due to its lack of 

broad Ho; emission. If this LINER 2 is a LLAGN, the lack of broad emission 

lines may be due to obscuration by dust, analogous to Seyfert 2 galaxies. 

However, there is no evidence for substantial reddening in the UV/optical 

spectra, furthermore, the X-ray column density is also insufficient to hide 

a BLR. The reason for the lack of broad emission lines therefore remains 

unclear.

In Chapter 3 it was shown that the LINER galaxy, NGC404 is more 

consistent with a starburst origin. NGC404 has previously been classified 

as a LINER 2 galaxy (Ho et al. 1997a) and H ST  UV spectroscopy shows a 

narrow emission line spectrum. The UV spectrum of this LINER also reveals 

absorption lines which have the signatures of hot, young stars. Comparison 

with synthetic spectra show the line profiles are consistent with a starburst 

with an age of > 6 Myr. Furthermore, the UV continuum has sufficient 

ionizing photons to power the emission lines.

NGC6500 (Chapter 4) may have a number of mechanisms contributing to 

the emission lines. This LINER 2 has extended lobes consistent with wind- 

driven outflows caused by a nuclear starburst. However, no clear stellar 

signatures are seen in the UV spectrum and the UV continuum does not 

have enough fiux to power the emission lines. Therefore, another component
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is required to power them.

In fact, four out of the five LINERs in this thesis (Chapter 4) studied 

using the H ST  have a photon ionizing deficit. This may suggest that a 

mechanism not related to the UV (possibly in the X-rays) is producing the 

emission lines. However, these four LINERs have a similar UV to X-ray ratio 

suggesting that the UV and X-ray emission are related. The photon ionizing 

deficit can be resolved if the UV continuum is variable. This is the duty 

cycle hypothesis which proposes that 20% of LINERs are UV bright because 

the UV source is turned “on” only 20% of the time (Eracleous et al. 1995). 

The low-ionization emission lines decay on timescales of centuries so the 

emission-line spectrum is not affected. Therefore, the emission lines can be 

strong when the UV source is in its “off” cycle resulting in a photon ionizing 

deficit. The deficit can also be resolved if the Galactic extinction law does 

not hold true for LINERs. If this were so the reddening estimates for the 

LINERs would be incorrect and the continuum fluxes may be stronger than 

presently deduced from the data.

The UV emission lines of the five LINERs with H ST  spectra were com

pared with various shock and photoionization models from the literature. 

The narrow line spectrum of NGC404 is too weak to constrain the ioniz

ing mechanism. However, the spectra of the other LINERs are compatible 

with slow shock models and also fit well with photoionization models which 

have a low ionization parameter. Multiple density zones are required to 

produce the best fit with the NLR of M81, NGC4579 and NGC6500. The 

narrow emission lines of the LINERs are incompatible with the new fast 

shock models of Dopita and Sutherland (DS; 1996).

In Chapter 5 I study the long-term X-ray variability of the LINER 

galaxy, Arp 185. This source is close to the detection threshold in some 

exposures and a Monte Carlo technique based on Poisson statistics is used 

to search for variability over a time interval of 2.5 years. No variability is



Chapter 7 212

detected at a level which suggests that the source of X-ray emission in this 

galaxy is not accretion onto a compact object.

In Chapter 6, I investigate Arp 185 further by analysing the X-ray spec

trum  and the radial profile of the emission. The data fit with a thermal 

X-ray spectrum and the X-ray emission is extended. This all points towards 

starburst-like activity in the nucleus. Furthermore, the lUE  UV spectrum 

shows deep absorption features which show contributions from O to mid-A 

stars which also suggests a nuclear starburst (Kinney et al. 1993). However, 

neither the UV or X-ray spectral data is of high enough resolution to isolate 

a nuclear core (if present) from the host galaxy.
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7.1 Seyfert/LINER  scenario

The first thing that must be noted is that although LINER Is appear to be 

analogous to the Seyfert 1 classification, LINER 2s are not always consistent 

with the Seyfert 2 classification (when classified as obscured Seyfert 1 nu

clei). Some LINER 2s may be obscured LINER 1 galaxies in direct analogy 

to the Seyfert 2 phenomenon. However, it is clear that emission lines in at 

least some LINER 2s (e.g. NGC404) are powered by starburst activity and 

not by accretion onto a black hole.

The more AGN-like LINERs, have many similarities to Seyfert galax

ies (hence their classification), but there are differences between these two 

phenomena. Similarities between these LLAGN LINERs and Seyferts in

clude compact core sources of which some are variable. Furthermore, they 

both have relatively hard X-ray slopes and UV emission lines which are 

consistent with photoidnization by a non-stellar continuum. However, pho

toionization models for LINERs require lower ionization parameters than 

Seyferts and often need multiple densities. The LINERs also differ from 

Seyferts in their multiwavelength spectrum. LINERs are X-ray bright com

pared to Seyfert galaxies and lack fiux in the UV. This appears to be due 

to the absence of the BBB commonly found in Seyfert galaxies (e.g. Edel- 

son & Malkan 1986; Elvis et al. 1994). Furthermore, the LINERs in this 

thesis (which have estimates for the mass of the central MBH) have highly 

sub-Eddington luminosities. These differences compared to Seyferts could 

be due to LINERs not having a standard thin accretion disk. Furthermore, 

the multiwavelength observations are consistent with a “low-state accretion 

disk” model (Siemiginowska et al. 1996) and an “advection-dominated” 

disk model (Narayan & Yi 1995, 1995a,b). This will be discussed further in 

the following section.
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7.2 LLAGN

The reason for the low-level of activity in LLAGN LINERs is still unclear 

although this thesis has proposed some explanations. The observational 

results also make it possible to discount some theories suggested for the 

low-luminosity, at least for the LINERs studied in this thesis. One expla

nation for this is that the LLAGN contains a black hole with a small mass. 

Based on dynamical studies, NGC4594 has a black hole mass of ^  lO^M© 

(Kormendy et al. 1996) and is therefore inconsistent with this theory. The 

estimates of the size of the black holes in M81 and NGC4579 are also large 

((0.7 — 3) X 10®M© and 4 x 10®M© respectively). Another theory is that 

LINERs may be “dead quasars” , where the low-luminosity is due to a low 

accretion rate (Heckman 1996). These are quasars at the end of their evolu

tion that have formed supermassive black holes which accrete far below the 

Eddington limit. NGC4594, M81 and NGC4579 all have sub-Eddington lu

minosities and MBHs and are therefore good candidates for “dead quasars” . 

One reason for the sub-Eddington luminosity could be due to a lack of ma

terial available for the MBH to accrete. NGC4594, M81 and NGC4579 only 

require very small accretion rates of % 10“  ̂ — 10“® M© yr“  ̂ to maintain 

their current level of activity (see Chapter 4; Section 4.4.3). However, the 

amount of gaseous material needed to sustain Seyfert-like luminosities is 

not much larger. For example, a Seyfert with a luminosity of lO'̂ ® erg s 

requires an accretion rate of ~  10“® M© yr“ .̂ This fueling rate can 

be maintained by a mass loss from normal stars, moreover, the general in

terstellar medium from the gaseous disk must also contribute (Ho et al.

1996). Therefore, the availability of fuel should not be a major factor. An 

alternative explanation is that the accretion process is inefficient which is 

consistent with a “low-state accretion disk” or an “advection-dominated” 

disk which are also compatible with the observed multiwavelength spectra
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of the LINERs (as discussed in the previous section).

7.3 HII Region/ LINER Scenario

Why is it that the LINERs that appear to be powered by vigorous bursts 

of star formation show different properties to HII regions? One suggestion 

is that the enhancement of the forbidden line emission seen in LINERs is 

a general stellar phenomenon in which the nebular properties are modified 

by unusually large interstellar densities in the nuclei (Shields 1992). These 

elevated densities would be a natural consequence of the large interstellar 

pressures that characterize the central regions of galaxies (Spergal & Blitz 

1992; Heifer & Blitz 1993). The relatively high metallicities that are seen 

in the inner regions of galaxies may also modify the emission characteris

tics of the nuclear nebulae. However, HII region models predict that solar 

metallicities or higher decrease the optical forbidden-line emission although 

it has been suggested that higher densities may affect this model (Shields 

& Kennicutt 1996). Interstellar dust can also modify thermal structure in 

several ways. This includes depletion of heavy elements onto grains which 

removes coolants at the atomic level. The combined affect of dust tends to 

increase the electron temperature of the nebula, leading to enhanced optical 

line emission (Shields & Kennicutt 1996). However, there is yet to be any 

observational evidence that the nuclear regions of LINERs are dustier than 

HII regions.

Other more exotic mechanisms such as starburst driven winds, cooling 

flows or shocks may instead be producing the LINER emission ratios (as 

discussed in Chapter 1). Alternatively, the presence of a weak, unresolved 

AGN combined with one or more of the above mechanisms may lead to a 

composite observed spectrum.
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7.4 X-ray Background

As well as the important information that LINERs give us on nearby galax

ies, the study of these objects also has wider implications. For instance, 

one of the outstanding problems in astrophysics is the origin of the X-ray 

background (XRB). The XRB is thought to arise from the integrated flux 

of many individual X-ray emitting sources. It has been found that most 

of the sources contributing at the highest flux levels are broad-line AGN. 

However, the shape of the spectrum of the XRB differs from that of AGN. 

In the 1-2 keV band, the average slope of AGN is = 0.96 ±  0.03 (Romero 

Colmenero et al. 1996), whereas the XRB is ax = 0.4 — 0.5 (Chen et al.

1997). Furthermore, modelling of the X-ray luminosity function indicates 

that AGN contribute less than 45% of the XRB in this band (Page et al. 

1997b).

Deep observations with the PSPC on RO SAT hâ\e led to the discovery 

that NELGs are a major contributor to the X-ray source population at 

fainter fluxes (McHardy et al 1998). LINERs are included in the NELG 

classification which also contains Seyfert 2s and starburst galaxies. In fact, 

a recent study by Romero Colmenero (1998), using RIXOS and the UK 

deep survey, found that of the 36 objects identified as NELGs up to 40% of 

them are LINERs (see Chapter 1). RO SAT  deep survey observations have 

shown that NELGs have a harder mean slope than AGN {ax = 0.44 ±0.11; 

Romero Colmenero et al. 1996) and therefore have the same spectral shape 

as the XRB. Furthermore, luminosity functions of NELGs predict that they 

comprise 15-35% of the 1-2 keV XRB. Therefore, it is likely that LINERs 

make an important contribution.
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7.5 Future Directions

The major constraint on discovering the ionizing mechanism in LINERs is 

the difficulty of separating the LINER nucleus from its host galaxy. The 

UV and X-ray spectra show that LINERs can have contributions from many 

components and it is often unclear if these components are from nuclear or 

extended emission. Separating these components would help us to under

stand the central “power-house” of these objects.

High angular resolution is required to detect the LINER nucleus and 

high spectral resolution is needed to discriminate between different emission 

mechanisms. As this thesis shows, this has been achieved for some LINERs 

in the UV using the E S T  which has isolated the LINER nucleus from the 

galaxy to reveal a featureless UV continuum in some cases and the spectral 

signatures of massive stars in others. However, higher signal to noise UV 

spectra of other LINERs could help to establish whether they too have a 

featureless continuum or if there are absorption lines that are the stellar 

signatures of hot, young stars. To put it in the context of this thesis, 

higher S/N spectra using the G130H grating would resolve this question 

in the LINER galaxies NGC4594 and NGC6500. Furthermore, a high S/N 

G270H spectrum of the nucleus of NGC4594 may help to determine why 

the MgIIA2800 emission line is absent in the current UV spectrum. To date, 

there are no UV E S T  spectral data of Arpl85 and this would be useful to 

look for emission lines which are not revealed in the lUE  spectrum.

High resolution UV imaging of LINERs is required to isolate the nucleus 

and look for extended emission. Furthermore, photometry is needed to look 

for variability in the nucleus. This would be particularly useful for the 

LINER NGC4579 where possible variability has been observed.

Turning to X-ray emission, the next generation of X-ray telescopes (e.g 

XMM and AXAF) will have higher sensitivity and better angular and spec
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tral resolution. This should be enable us to separate the components of 

the X-ray emission in LINER galaxies giving a clearer picture of the emis

sion mechanisms. Again, put in the context of this thesis, higher spectral 

resolution should make it possible to study the emission mechanism of the 

point-like nucleus in NGC4594 without contamination from the other point 

sources and the extended emission in the galaxy, possibly confirming that 

there is a hard X-ray power-law component from the nucleus and that the 

extended emission is relatively soft in comparison. High spectral resolution 

data would also be useful to separate the nuclear core (if present) from the 

extended X-ray emission in Arp 185.
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7.6 Summary

This thesis has shown that LINERs are a heterogeneous class of objects. 

It has been found that a least some LINERs are almost certainly LLAGN 

and should therefore be included in the luminosity function of AGNs. How

ever, the ionization mechanism of some LINERs is more consistent with 

a starburst origin. It is possible that LINER galaxies are a fundamental 

stage in galaxy formation where luminous galaxies form MBHs. The opti

cal luminosity function of classical Seyfert galaxies matches fairly well to 

that of higher redshift QSOs (Marshall 1987) suggesting evolution exists be

tween the high and low luminosity objects. If this extends to LLAGN then 

evolution may occur between AGNs of all luminosities (Filippenko 1996).

This thesis has come closer to understanding the physical nature of a 

few LINERs. However, it is important to understand the nature of this 

whole class of objects given their ubiquity in nearby, bright galaxies and 

the possibility that they could make a significant contribution to the 1-2 

keV XRB.
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Errata
Pgl3, Figure 4.17: Insert “to” ie. “Fit to the
Pgl5, paragraph 2, line 4: Should read “[OI]A6300/[OIII]A5007 > 1/3” . 
Pg22: Top two figures should be reversed.
Pg23, line 7: “... spectra are ...” replaces “... spectra is ...” .
Pg28, line 7: “i?” replaces “r ” .
Pg29, section 1.7.4, line 13: Insert “1985” ie. “(McCall, Rybski & Shields 
1985)” .
Pg29, section 1.7.4, line 19: “supernovae” replaces “supernova” .
Pg33, section 1.8.2, paragraph 2, line 2: Should read “... (lUE). However,

Pg50, Table 2.3: Errors are 3-sigma.
Pg51, line 7: Should read “... G130H spectrum. However, ..” .
Pg55, line 5: Insert “a t” ie. “... rings are at different ...” .
Pg56, line 20: Replace “if” with “of” ie “... uncertain measure of the ...” . 
Pg57: Replace “spectra” with “spectrum” in caption 2.8.
Pg85: Table 2.6 labels incorrect, see new inserted table.
Pg99, section 3.3.1, line 10: Delete “strong” ie. “I detect forbidden ..” . 
Pgl04, line 1: Delete “ Â ” ie. “log A ^  3.1 — 3.5 is ...” .
Pgl05: Insert “for” in caption 3,3 ie “... corrected for a Galactic ...” .
PgllO: Replace second and third sentences of paragraph two in Section 3.4.4 
with “Using the extinction curve of Cardelli et al. (1989) and assuming Case 
B’ (where Ay=3.1 E(B-V); as described in Chapter 2; Section 2.3.2), I esti
mate the reddening to be E(B-V)=0.13 mag.” .
P g ll8 , paragraph 2, line 9: Replace “P Cygni profiles are seen in the spec
trum of NGC404 at CIVA1549 and SiIVA1400 (see Figure 3.11 and 3.12).” 
with “There is evidence, particularly in the CIV line (and possibly the SilV 
line), of blue-shifted absorption and redshifted emission components which 
may indicate the lines are wind-formed as in NGC1741-B1; however the sta
tistical quality of the data is not such that this is conclusive.” .
Pgl22, line 4: Insert “a t” ie. “... seen at shorter ...” .
Pgl27: Label “i” refers to the footnote “This emission line is absorbed by 
stellar and interstellar absorption (see Section 3.5.1)” .
This footnote and the label “i” should both be label “h” .
Pgl27: Delete “ * Contribution from SiIVA1397 not included” .
Pgl28, line 1: Replace “CHA1909” with “CHIA1909”.



Pgl28, line 2: Replace “affect” with “effect” .
Pgl40, line 4: Should read “... scattered light. Therefore, ...” .
Pgl42: Footnote “e” insert “(” ie. “... spectra (Ho et al. 1997b) ...” .
Pgl56: Line 5 in M81 section. Replace “Figure 4.15” with “Figure 4.14” .
Pgl58: Line 4 in NGC4579 section. Insert “,” ie. “... and, therefore...” .
Pgl66, paragraph 2, line 5: Insert “the” ie. “... lines in the G130H ...” . 
Pgl67, line 4: Should read “... LINERs with a strong ...” .
Pgl69, section 4.4.6, line 4: Insert “the” ie. “... produced by the same ... ” . 
Pgl72, section 4.5.4, line 1: Insert “a” ie. “... classified as a LINER 2 ...” . 
Pgl74, section 4.6, line 1: Replace “spectrum” with “spectra” .
Pgl81, section 5.3, line 1: Replace “is” with “are” .
Pgl81, section 5.3, line 6: Insert “root” ie. “... square root of the ...” . 
Pgl93, section 5.8, line 4: Replace “the” with “to” ie. “... sources to verify

55

Pg204, line 6; Delete “a” ie. “... can produce spurious ...” .
Pg206, line 11: Delete extra “)” .
Pg207, line 12: Delete “is” .
Pg208, line 8: Delete “a” .
Pg225: In Krolik et al. (1986) reference, delete “Edelson, R. A., ... 478” . 
Pg226: McCall et al. (1985) reference should be after Mason et al. (1998). 
Pg230: First Publications should read “K . L. Nicholson, J. P. D. Mittaz, 
K. O. Mason. 1997. MNRAS. 285, 831-838” .
Pg230: Replace “Sysyems” with “Systems” .

Data
The principal investigator for the HST  spectroscopic data in this thesis was 
Gail Reichert. I was given the data on NGC4594 as one of her collaborators. 
The remaining H ST  data in this thesis was requested from the data archive 
at the Space Telescope Science Institute (STScI).

The RO SAT  and ASCA  data in this thesis was requested from the Le
icester Database and Archive Service (LEDAS) and the High Energy Astro
physics Science Archive Research Center (HEASARC).

Joint Work
The Monte Carlo technique used in Chapter 5 was written by Jon Mittaz.
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Table 2.6: UV line parameters

Line ID Flux^ DS^ SM" HFS^ pe CLT CL2S

500 H -3/4.0 M4

LyaA1216 < 21.8

NVA1240 < 1.3 0.82 0.00 0.00 — —

CIIA1334 < 0.8 0.63 0.48 0.02 0.22 0.09 0.10

SilV -f OIV]A1400 < 0.6 0.85* 0.22 0.01 — 0.007 0.009

NIV]A1486 < 0.6 0.05 0.03 0.00 0.0002 0.0001

CIVA1549 < 0 .6 1.49 0.89 0.02 0.02 0.005 0.004

HeIIA1640 <0 .5 1.97 0.09 1.58 0.20 0.58 0.88

OIII]A1663 < 0.1 0.34 0.41 0.07 0.07 0.02 0.02

NIII]A1750 < 0.2 0.08 0.13 0.03 0.04 0.01 0.008

CIII]A1909 1.2 ± 0 .5 0.64 0.79 0.78 0.73 0.41 0.37

NIIA2140 < 0.1 0.07 0.07 0.06 — —

CII]A2326 1.00 1.00 1.00 1.00 1.00 1.00 1.00

SiII]A2335 < 0.1 — — — — 0.25 0.26

[NeIV]A2423 < 0.05 0.26 — 0.02 — 0.003 0.003

[OII]A2470 0.3 ±  0.2 0.23 0.13 0.47 0.19 0.59 0.44

MgIIA2800 0.07^ 2.93 — 3.67 0.10 1.43 0.70

CIA2967 < 0.08 0.22

 ̂ Line strengths measured relative to CII] A2326 (Flux=2,7xl0“ ®̂ erg cm“ ^s“ ^Â“ )̂.

 ̂ DS =  Dopita and Sutherland (1996): =  1 pG  no =  1 cm“ .̂

and Vshock =  500 km s“ L

 ̂ SM =  Shull and McKee (1979), model H is no =  100 cm“ ,̂ Vahock =  100 km s~^. 

and Bo =  1 pG.

 ̂ HFS =  Ho, Filippenko & Sargent (1993), with a  =  1.5 and (log U /log ng) =  (-3/4.0). 

® P =  Péquignot (1984), composite model M4 

and an inner radius of 3 parsecs.

 ̂ CLl =  Cloudy model with C7 =  3.2 x 10"'̂  and ng =  1 x 10® cm~^.

® CL2 =  Cloudy model with t/ =  3.2 x 10“  ̂ and ng =  10  ̂ cm“  ̂ for a radius

of 0".05 (4 pc)and Ug =  10  ̂ cm“  ̂ for a radius of 1" (87 pc)

 ̂ See section 2.5.1 for discussion.

* Contribution from SiIVA1397 not included.



p  Cygni Profiles in the  

Spectrum  of NGC404

To quantify the reality of the P Cygni profiles in NGC404 I have cross

correlated the SilV and CIV line profiles in NGC404 with the equivalent P 

Cygni profile in NGC1741-B1. Figure 1 shows the cross-correlation function 

of wavelength offset of the SilV and CIV P Cygni profiles in NGC1741-B1 

with the line profiles in NGC404. It can be seen that there is a significant 

peak at zero lag for both the SilV and CIV profiles showing that the P 

Cygni profiles are significant. I have then compared this with the cross

correlation functions of the line profiles in NGC404 with the equivalent P 

Cygni line profile after removing the emission component so that the line 

profile shows absorption only. The cross-correlation function of the CIV 

profile in NGC404 with the absorption line only is not as significant as with 

the P Cygni profile (Figure 2). Therefore, a P Cygni profile is a more appro

priate fit to the CIV line profile. The cross-correlation function of the SilV 

profile with the absorption profile shows a similar correlation coefficient to 

the cross-correlation with the P Cygni profile (Figure 2). Therefore the sta

tistical quality of the data would need to be improved to show conclusively 

that the SilV line is a P Cygni profile.
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Figure 1: Plot of correlation coefficient versus lag of wavelength offset for 

the template of the SilV (left) and CIV profiles (right) in NGC404 with the 

P Cygni profiles in NGC1741-B1.
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Figure 2: Plot of correlation coefficient versus lag of wavelength offset for 

the template of the SilV (left) and CIV profiles (right) in NGC404 with an 

absorption line profile only.


