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Abstract

This thesis reports on the study of a volume-limited sample of 46 galaxies. It forms part of 
a continuing, multi wavelength program  to assess the prevalence of low luminosity nuclear 
activity in galaxies with a wide range of sizes. X-ray observations are used, together with 
images at other wavelengths from previous work, to  create a list of possible sites of nuclear 
activity. Optical spectra of these targets are analysed. The X-ray and optical properties of 
the nuclear regions, and their relationship with the host galaxies, are investigated. Finally, 
one particular object, NGC4395, is described in detail.

R.OSAT X-ray images were studied for 29 galaxies. Contour maps are presented for all 
galaxies with detected emission and fluxes are given for all observed point sources. Upper 
limits are given for galaxies with no detected nuclear sources. In general, X-ray nuclear 
sources are found to be extremely common. Their fluxes correlate strongly with the host 
galaxy luminosity (the analysis includes results from the literature for another 4 galaxies).

Long slit, high resolution, ~  3600 — 6800 A optical spectra were obtained for all the nu
clear targets identified during careful examination of radio, IR, optical and X-ray images. 
Spectra are presented for each target and emission line fluxes are measured. Emission 
line diagnostic diagrams are used to investigate the nature  of the ionising sources of the 
line-emitting targets. Results are compared with the spectral classification given by ? for 
galaxies common to both surveys and objects without previous observations are classified. 
The fraction of optically identified AGN in the sample is obtained.

Based on the observed correlation between X-ray and host galaxy luminosity, the prop
erties of the nuclear X-ray sources are investigated. Nuclear H a and X-ray luminosities 
are compared with relationships established for more luminous AGN and with predictions 
from starburst models. Correlations are also found between nuclear Lla luminosities and 
host absolute magnitudes for nuclei optically classified as sta.rbursts or AGN. Tentative 
explanations for the observed correlations are explored.

As part of the multiwavelength project, optical spectra and X-ray images of NGC 4395, the 
least luminous known Seyfertl, were obtained. The ROSAT observations show a change 
in the X-ray flux by a factor of ~  2 in 15 days. The spectra show a change in both the



level and shape of the continuum, becoming bluer when brighter. A power law fit to  the 
observations shows th a t the spectral shape changes between a low sta te  (with a  ~  2 ), a 
medium sta te  (a  ~  1), and a high s ta te  (a  ~  0). A week of ground-based optical broad 
band monitoring of NGC4395 has also given evidence of a variation in the flux by ~  20% 
in less than  24 hours.
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C h a p ter  1

Introduction

1.1 H o w  co m m o n  are A G N ?

Just how widespread nuclear activity is amongst galaxies is not well known. Are Active 
Galactic Nuclei (AGN) restricted to a small fraction of galaxies, or is it possible, if we 
look hard  enough, to find signatures of weak nuclear activity in all galactic nuclei? Our 
understanding of the nature of nuclear activity will depend on w hether AGN are found to 
be rare or widespread phenomena.

The luminosity distribution for quasars and luminous Seyfert galaxies in the nearby uni
verse is well established. Their high nuclear luminosity makes it easy to distinguish be
tween AGN and norm al nuclei. Meurs & Wilson (1984) compared the luminosity distri
bution of M arkarian Seyferts with th a t of field galaxies and found th a t active galaxies 
comprised ~  1% of all galaxies in the —19 > M g  > —24 range. This picture has since 
changed with the results from more sensitive surveys showing th a t the fraction of active 
galaxies coidd be as high as ~  40%, with ~  10% being Seyfert galaxies (Ho, Filippenko & 
Sargent 1997d).

Searching for and studying low-luminosity AGN becomes more and more difficult as the 
emission from stars rivals or out-shines the active nucleus. Pioneering work on the de
tection of low-luminosity nuclear activity in galaxies considered otherwise norm al was 
done by Peim bert & Torres-Peimbert (1981) on M 81 and Rose & Searle (1982) on M 51 
who showed th a t Seyfert characteristics with mild absolute strengths can be seen in these 
galactic nuclei.



1 .1 .1  R e c o g n i s in g  A G N

By definition, (Type-1) Seyfert galaxies are objects whose nuclei show strong, broad emis
sion lines which come from a bright sem i-stellar nucleus (Ivhachikian & W eedman 1974). 
However, AGN are also strong radio and X-ray em itters, so surveys conducted a t these 
frequencies can discover the presence of active nuclei th a t have been overlooked in optical 
searches (Phillips, Charles & Baldwin 1983). The presence of active nuclei in galaxies can 
be best assessed, therefore, with multiwavelength data.

The recognition of the presence of Low Ionization Nuclear Emission-line Regions (LINERs) 
in the nuclei of many nearby galaxies has opened the possibility th a t nuclear activity can 
have line properties th a t depart from those seen in classical Seyfert galaxies. This diversity 
in line features could be due to the different physical conditions th a t prevail in galactic 
nuclei.

A re L IN E R s active nuclei?

In 1980 Heckman identified a new class of em itting regions in galactic nuclei th a t did not 
resemble the spectra of I1II regions or classic Seyfert galaxies, and called them  LINERs. 
The main properties of this new class were an optical spectrum  dom inated by emission- 
lines from low ionization species and a preference for early-type spirals as host galaxies. 
Although normally regarded as the faintest expression of nuclear activity, the nature of 
LINERs is still an unsolved puzzle. The optical spectroscopic characteristics of LINERs 
have been successfully explained by a variety of models: a small ionization param eter (U) 
in a model with a power-law pliotoionizing source (Ferland & Netzer 1983; Ho, Filippenko 
& Sargent 1993); ionization by shocks (D opita et al. 1997; Dopita et al. 1996); photoion
ization by extremely hot (T  ~  100,000 °K), metal-rich stars or WARMER.s (Terlevich & 
Melnick 1985); ionization by supernova-driven outflows (Moorwood et al. 1996); and so 
on. This proliferation reflects our poor understanding of the LINER phenomenon.

The m ost probable explanation is th a t LINERs are indeed an heterogeneous class of ob
jects. The detection of broad H a wings in a significant fraction of LINERs (see next 
section and Ho 1998) suggests th a t at least some of these objects are genuine AGN, while 
recent UV observations show the signature of massive stars, indicating a stellar origin for 
the UV continuum in some cases (Maoz et al. 1998).
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B ro a d  em iss io n  lines: r e s u l ts  fro m  th e  P a lo m a r  su rv e y

Ho, Filippenko & Sargent (1995a; 1997a; 1997c; 1997c!) have recently reported on the 
results from the nuclear spectroscopy of a m agnitude-lim ited sample (B  12.5) of ~  500 
galaxies in the northern hemisphere. Based on intensity ratios of several narrow  emission 
lines they classified the galaxies as Seyferts, (pure) LINERs, Transition objects (a  LINER 
nucleus contam inated by I i l l  region emission) and HII nuclei. After careful subtraction 
of the stellar light they also searched amongst the AGN (collectively Seyfert, LINER and 
Transition nuclei) for broad H a emission. Their main results are listed below:

« Emission-line nuclei are detected in 86% of the galaxies in the sample and they 
divide nearly equally between HII nuclei and AGN (with Seyferts, pure LINERs and 
Transition objects detected in ~  10%, 19% and 13% of the to ta l sample, respectively).

• Consistent with previous studies (Heckman 1980; Keel 1983; Stauffer 1982), LINERs 
are found in ~  1/3 of all galaxies and, under the assum ption th a t they are genuine 
AGN, they represent ~  3 /4  of the AGN population.

« Broad H a is detected in ~  10% of the galaxies in the sample (about 20% of the  AGN 
population), about half of which have LINER, nuclei.

D e te c t io n  o f  A G N  at radio and X -ray  w avelengths

The continuum emission of all AGN covers an enormously broad range of frequencies, 
from radio waves (<J 106 Hz) to 7 -ra.ys ( ^  1023 Hz). Based on the relative streng th  of the 
radio emission, an active nucleus can be classified as a ‘radio-quiet’ or ‘radio-loud’ AGN. 
The closest example of a radio-loud object is more than  20 Mpc away (M 87, a massive 
elliptical galaxy located at the centre of the Virgo cluster).

The multiwavelength nature  of AGN is one of their most im portan t properties. The optical 
identification of extragalactic X-ray and radio sources is a successful tool in detecting 
previously unknown AGN. The detection of compact nuclear X-ray and radio sources in 
galaxy nuclei is particularly useful when studying low level AGN activity. Their detection 
gives strong support to classifying objects th a t do not appear to be active galaxies at 
optical wavelengths (see, for example, the discussion in Filippenko 1992 and chapter 4 of 
this thesis).



1.2 R e la tio n sh ip  w ith  h ost ga laxy  p rop erties

The host galaxies of AGN hold clues to several im portant questions about nuclear activity. 
Do all galaxies have the same probability of harbouring an AGN? Or is this probability 
a function of some of the host galaxy properties (morphology, luminosity, environment)? 
Do the central engines correlate with any of these properties? Under the massive Black 
Hole (BIT) paradigm , we would like to understand how such BHs form and how this is 
connected with the galaxy form ation process.

1 .2 .1  C o r r e la t io n  w i t h  h o s t  g a la x y  lu m in o s i t y

In their study of a magnitude-limited sample of nearby galaxies Huchra & Burg (1992) 
compared the absolute m agnitude of the to ta l ‘in tegrated’ galaxy with the nuclear absolute 
m agnitude obtained through a ‘sm all-aperture’. They found a close to linear correlation 
between the two quantities. They noted, however, th a t the procedure was not ideal since 
it did not properly remove the stellar component from the bulge, disk, and nucleus itself.

In their optical and infrared study of a X-ray-selected sample of Seyfert 1 galaxies, Koti- 
lainen & W ard (1994) fitted the galactic radial profiles with three components: an unre
solved nucleus, a bulge following the r 1' 4 law, and an exponential disk. Comparing the 
absolute m agnitudes of the nuclear and host galaxy obtained in this way they found th a t 
the luminosity of the active nucleus was an increasing function of the luminosity of the 
parent galaxy. They argued th a t the lack of detection of faint nuclei in bright galaxies 
was not due to  selection effects because the sample had been defined based on the X-ray 
properties of the galaxies. However, this argum ent applies only if there is no correlation 
between the X-ray luminosity of the Seyfert nuclei and the luminosity of the galaxy.

The first quantitative studies of the properties of the parent galaxies of quasars also 
showed a correlation between the optical luminosity of the active nucleus and the absolute 
m agnitude of the host galaxy (Gehren et al. 1984; Hutchings, Cram pton & Campbell 
1984). From a study of 17 objects Gehren et al. (1984) found th a t ‘the luminosity of the 
quasar nuclei may be loosely correlated with the absolute m agnitude of their host galaxies’. 
Using a larger sample of 78 nearby quasars Hutchings, Cram pton & Campbell (1984) 
found a tight correlation between the absolute m agnitude of the nuclei and the parent 
galaxy. They noticed th a t while selection effects may have prevented the discovery of 
low-luminosity nuclei in luminous galaxies, there was no explanation for the non-detection 
of luminous nuclei in less luminous hosts. They therefore considered th a t the observed
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correlation could be, in fact, an upper bound.

The suspicions of Hutchings, Cram pton & Campbell (1984) have been confirmed as more, 
and better quality, d a ta  have become available. McLeod (1997) has determ ined nuclear 
and host galaxy near-IR  m agnitudes for a sample of low redshift quasars. He found th a t 
for a given host luminosity there is a maximum nuclear luminosity which is an increasing 
function of the luminosity of the parent galaxy. This suggests th a t for each galaxy size 
there is a maximum possible BH mass, and so a maximum AGN luminosity.

Results on the demography of AGN and their connection with the parent galaxy normally 
come from the analysis of magnitude-lim ited samples. In these samples the population of 
small galaxies is ill-represented, biasing our understanding towards big, luminous galaxies.

Hence, it is im portan t to  establish:

• if nuclear activity is really a widespread phenomenon present in all galaxies;

• if the level of activity has a real cut-off towards the faint end of the galaxy distribu
tion;

• if the correlation between host and nuclear luminosity observed in luminous objects 
is also seen for the fainter galaxies.

Ideally, we would like to have a large, unbiased sample of galaxies to determine a bivariate 
luminosity function for AGN and so untangle the connection between host and nucleus.

1 .2 .2  C o r r e la t io n  w i t h  h o s t  g a la x y  m o r p h o lo g y  t y p e

A ‘simple’ picture of the relationship between the nuclear radio loudness of active galaxies 
and the morphological type of their hosts has been inferred from the study of nearby AGN: 
radio-loud AGN are hosted by ellipticals while radio-quiet are hosted by spirals (see, for 
example, the review paper by Lawrence 1987 and references therein).

New evidence has started  to change this view, however. The study of luminous quasars at 
m oderate redshift (0.1 < 2 < 0.35) by McLure et at. (1998) shows th a t the host galaxies 
of all radio-loud and nearly all radio-quiet objects are massive elliptical galaxies. The 
analysis suggests th a t the probability of a radio-quiet AGN having an elliptical host is an 
increasing function of the quasar luminosity. Although this result shows th a t a direct link
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between radio loudness and host morphology no longer holds for high luminosity quasars, 
it is in excellent agreement with the BH-bulge mass relationship found by M agorrian et al. 
(1998) (see discussion below).

Surveys of local galaxies also show th a t most active nuclei reside in early-type bulge- 
dom inated galaxies while nuclei with HII region characteristics prefer late-type disk- 
dom inated hosts (see, for example, Ho, Filippenko & Sargent 1997d and the review paper 
by Lawrence 1987). The fact th a t LINERs and Seyfert galaxies show an indistinguishable 
distribution of host galaxy types gives support to the classification of LINERs as genuine 
AGN.

1.3 C o sm o lo g ica l co n tex t

An im portant part of the current understanding of nuclei activity and its connection with 
host galaxies comes from high redshift studies. The study of the number of quasars versus 
look-back tim e shows an evolution of the luminosity function cp(Lp,z) (the num ber of 
sources with luminosity L y per unit volume at redshift z) with redshift. This is not the 
evolution of individual objects, but a statistical property of the quasar population, and is 
an oversimplification of the actual changes occurring at the individual level. The evolution 
of the luminosity function with redshift shows a decrease in the luminosity of the quasar 
population from z ~  2 to the present (Boyle et al. 1991).

This decline with cosmic time can, in principle, be explained as ‘density evolution’ an d /o r 
‘luminosity evolution’ (which correspond, respectively, to vertical and horizontal shifts in a 
L v versus 4,( L ly) plot). The determ ination of the luminosity function at different redshifts 
for optical and X-ray selected samples of quasars has shown th a t the changing population 
is consistent with pure luminosity evolution (Boyle et al. 1991; Boyle, Wilkes & Elvis
1997).

Luminosity evolution can be explained by two different scenarios. In one case most galaxies 
harbour massive BHs and have short lived active phases, with the luminosity of each phase 
decreasing with time. In the second case only a small fraction of all galaxies have long-lived 
active nuclei and the luminosity of this population has been fading out since z ~  2.

These two scenarios have very different predictions for the local population of active and 
dorm ant AGN. The first case implies th a t many, maybe all, galaxies in the local universe 
harbour a dorm ant or weakly active BH in their nuclei. In the second case the fading
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population of quasars could be seen in the local universe as low redshift quasars and 
Seyfert nuclei. The population of high-redshift quasars could then be directly compared 
with the local space density of AGN.

Soltan (1982) and Cliokshi & Turner (1992) showed th a t the to tal, integrated luminosity 
of high-redshift quasars implies a local mass density of BHs of (1.4 — 2.2) X 10s M0 M pc- 3 , 
assuming a standard  BH accretion model and a quasar radiative efficiency of 0 .1. This 
implies th a t every galaxy could harbour a ~  107M q  BH. If only luminous galaxies (L ;> 
L *) are assumed to host an AGN, then the BH mass for those objects increases by a factor 
~  3.

Using a model th a t assumes the existence of many short-lived quasars, active during 
the first phase of the form ation of a galaxy, Iiaehnelt & Rees (1993) can reproduce the 
luminosity function for quasars at interm ediate and high redshifts. As a consequence, 
rem nant BHs would be expected in any m oderately bright galaxy which has a potential 
well sufficiently deep to retain gas.

1.4 D o rm an t b lack h oles

The great m ajority of galaxies in the nearby universe seem to be inactive or to have 
only low-luminosity active nuclei. If most galaxies harbour massive central BHs then 
something must prevent them  from becoming as active as Seyfert galaxies. Lack of fuel or 
an extremely inefficient accretion processes could be the answer. The detection of dorm ant 
BHs in norm al galaxies is an im portant piece in the nuclear activity puzzle.

In the last few years much effort has been invested in trying to establish the ubiquity of 
Massive Dark Objects (MDOs) in the nuclei of galaxies. The search for MDOs requires 
extremely high spatial resolution in order to determine w hether the m otion of gas and 
stars is consistent with a strong central potential well. So far, there are claims of detected 
MDOs in about a dozen galaxies. Recent review papers of the field can be found in 
Kormendy & Richstone (1995), Van der Marel (1998), Richstone et al. (1998), and Ford 
et al. (1998).

M ethods based on stellar dynamics show th a t a steep increase in the velocity dispersion 
towards the centre of the galaxy is a strong indicator of the presence of a MDO. One of 
the most spectacular results in this area comes from the IR proper motion study of stars 
in the nuclear region of our own Milky Way. Genzel et al. (1997) and Gliez et al. (1998)
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find th a t the d a ta  are consistent with a central MDO with a mass of 2 X 10b M@ within 
0.006 pc of the nucleus.

Methods based on gas dynamics can be more difficult to  in terpret since gas responds to 
other forces apart from gravity, such as shocks, radiation pressure, and magnetic helds. 
However, they can also achieve astonishing resolutions (0 ~  10~4 arcsecs). VLBA studies 
of water masers in NGC4258 have given some of the most compelling evidence yet of a 
massive object in a nearby galaxy (Miyoshi et al. 1995).

A few system atic searches for MDOs have been conducted. A careful dynamical search 
carried out by Kormendy & Richstone (1995) yielded a 20% detection ra te  within a small 
sample of nearby (E-Sb) galaxies. This result should be regarded as a lower limit. Magor- 
rian et al. (1998) studied 36 elliptical galaxies using HST photom etry and ground-based 
spectroscopy. The modelling of the d a ta  shows th a t in all but six galaxies a MDO is 
required at 95% confidence level.

The evidence strongly favors a picture where a large fraction of all galaxies harbour a 
MDO which could be in the form of a massive BIT The observations also show th a t a cor
relation might exist between the mass of the central object and the mass of the spheroidal 
component of the galaxy (Richstone et al. 1998), with the mass of the MDO being a few 
thousandths the mass of the galaxy bulge. This correlation could hold im portant clues to 
how MDOs and galaxies form.

Although the B1I scenario is not the only plausible explanation for the massive objects 
found in galaxy nuclei, it is the most compelling one. Direct proof of the presence of a BH 
would have to come from the detection of signatures of relativistic motions in the vicinity 
of the hole. In this regard, the detection of gravitationally redshifted iron K a  fines at 6.4 
keV in active galaxies is the best evidence so far for the presence of BHs in galactic nuclei 
(Tanaka et al. 1995; N andra et al. 1997).

In summary, results from the search of MDOs are consistent, within the errors, with our 
common knowledge of BII demography, masses and evolution. Also, the MDO-mass /  
bulge-mass correlation and the AGN /  host luminosity relationship seem to show a similar 
trend, where the biggest galaxies can harbour the most massive BHs.

20



1.5 A  n ew  p roject: th e  m u ltiw a v e len g th  s tu d y  o f  a v o lu m e-  
lim ited  sam p le  o f  ga lax ies

1 .5 .1  M o t iv a t io n

Most studies of AGN and tlieir host galaxies have been restricted to large, luminous 
objects. Low luminosity galaxies are under-represented in m agnitude lim ited samples 
and therefore little is known about the occurrence of nuclear activity in them . The few 
examples of known low luminosity active nuclei are hosted by relatively small galaxies, 
like the Seyfert 1 nucleus in NGC4395 and the Seyfert 2 nucleus in G 1200-2038, where 
bo th  galaxies have M b  ~  —18 (see chapter 4 in this thesis and K unth, Sargent & Bothun 
1987). To establish if even smaller galaxies can host an active nucleus a more representative 
sample of objects m ust be studied.

1 .5 .2  T h e  s a m p le

To study the occurrence of nuclear activity in galaxies to the lowest possible level, Professor 
A. Lawrence and Dr. R. A. Johnson defined a distance-limited sample of galaxies. The 
sample contains the nearest examples of various morphological types of galaxies, and a 
representative range of intrinsic luminosities (Johnson 1997).

The starting  point for the selection criteria was the Kraan-Korteweg & Tam m an Catalogue 
(Kraan-Korteweg & Tam m ann 1979; Kraan-Korteweg 1986), with all galaxies with V < 
500 km /s, giving a distance-complete sample within d = 0.35 X c/virgo (after applying a 
virgocentric flow model with an infall velocity of the Local Group equal to  220 km s-1 ). 
W ith dvirgo =  21.5 Mpc, the sample contains all nearby galaxies within 7 Mpc. The 
catalogue is not complete for intrinsically faint galaxies w ithout velocity inform ation, but 
it probably includes all galaxies down to M b  ~  —13. Comparing the distribution of 
absolute m agnitudes of the galaxies in the KKT with the galaxies in the Revised Shapley 
Ames (magnitude-limited) catalogue (Sandage & Tam m ann 1981) it is found th a t the 
RSA sample of galaxies presents a strong peak around M b  — —21 and has less th an  10% 
of the objects below M b  =  —18, while the KKT sample shows a broad distribution with 
a maximum around M b  — —16 and a significant number of galaxies down to m agnitude 
M b  = -1 3 .

The observations in the volume-limited sample were restricted to objects with 6 >  —35°. 
Because the aim was to observe objects with well-formed nuclei, galaxies classified as Sdm,
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Sm and Irr were removed from the sample. This gave a basic subsample of 4-6 galaxies (28 
spirals, 5 E/SO, 12 dwarf E and 1 peculiar). The assumed distances for the galaxies are 
based on the observed recession velocities and a Virgo flow model with an infall velocity 
of 220 km s-1 for the Galaxy (Kraan-Korteweg 1986). The subsample and its properties 
are listed in table 1.1.

To carry out a comprehensive study of the nuclear regions of the volume-limited sample, a 
m ultiwavelength search project was started  in 1993, collecting radio, optical, near-IR and 
X-Ray broad band data . The analysis of these images gave a list of targets regarded as 
candidates for nuclear activity. Long-slit spectroscopy was carried out for most of these 
sources. Table 1.1 lists the available data.

1.6 T h es is  ou tlin e

The project was started  before, and will continue after, this thesis. Johnson (1997) has 
already reported on the main results from the analysis of the broad band IR and optical 
imaging. The research reported here has concentrated mainly on the acquisition, reduction 
and analysis of high resolution X-ray imaging and optical spectroscopy. The contents of 
this thesis are outlined below.

The rest of this introduction reviews the present knowledge on the nature of individual 
X-ray sources and the X-ray emission from nearby galaxies.

Chapters 2 and 3 describe the high resolution X-ray observations and optical spectroscopy, 
respectively, of the galaxies in the sample. The first part of each chapter describes the 
acquisition and reduction of data. The second part of each chapter reports on the main 
results from the observations. C hapter 4 is devoted to the study of NGC 4395, an extremely 
low-luminosity Seyfert 1 galaxy where variability has been observed for the first time. 
C hapter 5 analyses the results from the X-ray and spectroscopic d a ta  for the sample as 
a whole and compares them  with models of nuclear star form ation and AGN properties. 
Finally, chapter 6 summarises the m ajor results and conclusions.

1 .7  S ources o f  X -ray em ission

In this section the various components th a t might contribute to galactic X-ray emission 
will be discussed.
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There are four main types of galactic X-ray sources: stars, cataclysmic variables (CVs), 
high mass and low mass X-ray binaries (XRBs), and Supernova Rem nants (SNRs). A brief 
review of the current knowledge on the characteristics of these sources is given below, with 
an emphasis on the components th a t dom inate galactic X-ray emission. For a description 
of the physical X-ray emission mechanisms see appendix A. The m ain reference sources in 
the next sections are Schmitt (1990) and Linsky (1990) for stars, Cordova (1995) for CVs, 
Lozinskaya (1992) for SNRs, and Van Paradijs & McClintock (1995) and W hite, Nagase 
& P arm ar (1995) for XRBs.

1 .7 .1  S ta r s

The study of late-type stars in the Galaxy shows th a t typical X-ray luminosities in the 
Einstein band-pass are between 1027 and 1030 ergs s_1. It is believed th a t the X-ray 
emission is linked to the stellar dynamo activity. Early-type stars are stronger em itters 
with L x  ~  1032 — 1033 ergs s_1. The physical mechanisms responsible for the  coronal 
emission are thought to be shocks generated in winds (in massive stars) and dissipation 
of energy from acoustic waves generated in the convection zone (in dwarfs).

1 .7 .2  C a t a c ly s m ic  v a r ia b le s

CVs are binary systems in which a low-mass star transfers mass to its compact white dwarf 
companion. The binaries have to be close enough for the low mass star to fill its Roche 
lobe so th a t mass transfer and accretion can take place. CVs are im portan t X-ray em itters 
with luminosities in the soft band pass of lO30 — 1032 ergs s_1. The optical emission from 
CVs originates from energy internally generated in the accretion disk.

1 .7 .3  S u p e r n o v a  r e m n a n ts

Supernova (SN) explosions have a profound effect on their surroundings: the interstellar 
medium is enriched with heavy elements and vast am ounts of energy are pum ped into the 
interstellar medium. Two different processes are responsible for the events.

Type lb and Type II SN are the result of the gravitational collapse of a massive young 
star (M  ^  IOMq ). As these stars exhaust their internal fuel and radiative pressure no 
longer supports their own weight, the internal layers collapse to form a compact rem nant 
(a neutron star or pulsar) while the outer layers bounce outwards and are ejected into the
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interstellar medium.

Type la  SN are believed to correspond to the explosion of white dwarfs in binary systems 
which are accreting m atter from their companion. W hen the white dwarf reaches the 
Chandrasekhar limit (M  ~  1.4M0 ) the star ignites. All the stellar m atte r is ejected into 
the surrounding medium and no compact rem nant is left.

After the initial SN explosion the ejecta expand and interact with the interstellar medium 
and become known as a supernova rem nant (SNR). The evolution of a SNR can be sepa
rated  into the three m ajor stages.

• 0 — 100 years: The ejecta expand freely with velocities of about 10,000 km s- 1 , 
sweeping up the low density interstellar medium. One shock is formed at the leading 
edge of the ejecta and a reverse shock is formed at the back.

• 100 — 1000 years: The shell of expanding m aterial slows as the mass of swept-up 
m aterial becomes larger than the to ta l mass of the ejecta. In the interior of the shell 
a. bubble of hot tenuous gas is formed with tem peratures of rsj 10s K.

• 103 — 105 years: W hen the shocked m aterial cools to about 105 K, the shell collapses 
into a dense layer and recombination between electrons and ions is possible. At this 
point the rem nant becomes radiative. During this phase m ost of the internal energy 
is radiated  away.

Supernova rem nants are strong radio, optical and X-ray sources. The optical emission 
comes from collisionally excited lines of m etal ions at tem peratures below 10s K during 
the final stage in the evolution of the rem nant. Radio and X-ray emission originate from 
hotter m aterial at the interior of the shell and predominate in the earlier stages. The 
X-ray emission is therm al: free-free radiation comes from the shocked m aterial th a t has 
been compressed and heated by the expanding ejecta. The tem perature of this gas can 
be as high as 10 keV. Synchrotron radiation from relativistic electrons moving through 
m oderate magnetic fields are responsible for the radio emission.

As will be discussed in more detail later in chapter 5, the continuous deposition of kinetic 
energy by SNRs during violent episodes of star form ation can form giant bubbles of hot 
low-density expanding gas. The most dram atic examples of this process can be seen in 
starburst galaxies with X-ray extended emission in the form of ‘winds’ or ‘plum es’ well 
below and above the galactic disks.



1 .7 .4  X -r a y  b in a r ie s

Binary systems where the most compact member, a neutron star or a black hole, accretes 
m atte r from the companion are strong X-ray sources. The X-ray characteristics of the 
system depend 011 the nature of the compact star, the strength of the m agnetic held in 
the case of neutron stars, and the regime of m atte r accretion from the companion.

In neutron stars with strong magnetic fields the accretion flow will be disturbed and 
lunelled onto the magnetic poles on the surface of the star. X-ray emission from such a 
system  will come mainly from the magnetic caps. If the magnetic pole does not coincide 
with the ro tating  axis of the star a light house effect occurs and emission is observed 
whenever the active zone includes the line of sight (i.e. a pulsar). For weak m agnetic 
fields the m atter will form an accretion disk around the sta r and the X-ray emission will 
come from the inner parts of the disk and from the surface of the star. A black hole will 
also form an accretion disk which will be the source of radiation.

All X-ray binaries are variable, showing bursts or flares of activity, m any of them  in 
recurrent patterns. Variability is thought to be a result of instabilities in the accretion 
flow an d /o r a m odulation of the emission due to the orbital period or the presence of a 
pulsar. The so-called transient objects show increases in luminosity by 3 or 4 orders of 
m agnitude and their peak luminosities can reach as high as 1039 ergs s_1.

X-ray binaries are normally classified into two broad categories: low mass X-ray binaries 
(LM XRB), where the donor star is a low mass (M  £  1M q ) main sequence s tar, and 
high mass X-ray binaries (IIM XRB), where the companion sta r is a young massive star 
(M  ^  10M q )  which dominates the optical emission of the system.

The massive stars in IiMXRB have extremely strong stellar winds (10-1 ° — 10~8 M q  per 
year) which are captured by the strong potential well of the compact object and then 
accreted. The accretion can be free infall because stellar winds do not carry a significant 
am ount of angular momentum. In contrast, the donor star in a LMXRB system  m ust be 
close enough to the compact object to  fill its critical Roche lobe for transfer of m a tte r to  
occur. The angular mom entum  carried by the m atter will cause it to  circle around the 
neutron star or black hole, forming an accretion disk under the effect of viscosity. The 
main source of optical emission in a LMXRB is the reprocessing of X-rays in the accretion 
disk. Examples of IIMXRB are Cen X-3, Cyg X -l, LMC X-3; LMXRB examples include 
Sco X -l, Her X -l, Cyg X-2.
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HMXRBs are normally sub-divided into two groups: supergiants and Be systems. In 
the first group the donor is a supergiant OB star with a fairly symmetric and constant 
stellar wind. In the second group the donor is a Oe or Be-type star, characterised by 
Balmer emission lines th a t originate in circumstellar m aterial and by asymmetric and 
highly variable winds. Since the mass loss ra te  of the donor star governs the accretion ra te  
of the compact companion in a HMXRB it is not a surprise th a t the X-ray emission from 
supergiant and Be systems show very different properties. Be systems are highly variable, 
with quiescent periods followed by outbursts, reflecting the change in the accretion rate. 
Supergiant systems have a persistent X-ray luminosity comparable to th a t seen in Be 
binaries during their active phases.

The observed X-ray luminosities of LMXRBs can be as high as the Eddington limit for a 
~  1 M q compact object ( L x  ~  1038 ergs s_1). However, IiM XRBs maximum luminosities 
rarely reach this lim it and the quiescent luminosities of Be HMXR.Bs can be as low as 
<; 103° ergs s_1.

1.8 X -rays from  th e  n earest ga lax ies

Most of our detailed knowledge of X-ray emission comes from the study of very nearby 
galaxies. Local Group galaxies allow us to study the distribution of X-ray sources th rough
out the galaxy and examine their correlation with other galactic structures. The best 
studied nearby galaxies are M 31, which is the biggest member of the Local Group and 
has a similar morphology to our own Galaxy, and the Magellanic Clouds, satellite, galaxies 
of the Milky Way.

1 .8 .1  N G C  224  (M  31)

Einstein and ROSAT observations of M31 have detected over 100 individual sources with 
luminosities 5 X 1036 < L x < 1038 ergs s_1. No significant extended emission has been 
found.

The sources are associated with two components, the disk and the bulge, and are strongly 
concentrated towards the centre. The bulge and disk components each account for about 
half of the to ta l X-ray emission. There is no significant difference between the luminosity 
distribution of the disk and bulge sources, which both follow a power law fit w ith index 
~  0.4.
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W ithin the central 5’ the bulge has an X-ray luminosity of ~  1.4 X 1039 ergs s_1 of which 
approxim ately 75% is accounted for by observed discrete sources. The rem aining emission 
is consistent with extrapolating the observed luminosity distribution to objects below the 
detection threshold. Ginga observations have shown th a t this emission is consistent with 
a population of LMXRB.

1 .8 .2  T h e  M a g e l la n ic  C lo u d s

The Small and Large Magellanic Clouds (the LMC and SMC) contain some of the most 
remarkable X-ray sources in the Local Group. The large num ber of detected SNRs and the 
highly luminous XRBs are believed to be caused in part by the observed low metalicities.

In the LMC ~  40 SNRs have been confirmed and ~  20 X-ray sources are SNR candidates 
(Filipovic 1998). These numbers are much larger than  expected by scaling the num ber of 
SNRs observed in the Milky Way by the mass ratio of the two galaxies (Helfand 1984). 
The luminosities of some of these objects can be quite large with most of the rem nants in 
the 103b — 1038 ergs s“ 1 luminosity range (Long, Helfand & Grabelsky 1981).

The most luminous sources in the LMC are XRBs, normally high mass systems associated 
with the Population I component of the galaxy. The luminosities of these sources are 
normally above 103S ergs a-1 with a mean (maximum) luminosity of (log L_x) =  38.4 ± 0 .5  
ergs s~J, compared with a mean luminosity for Galactic IlM XRBs of (log L x )  = 36.7±  0.9 
ergs s_1 (Van Paradijs & McClintock 1995). LMXRBs are very rare in the LMC suggesting 
the lack of an old population in the galaxy. However, this explanation is not completely 
satisfactory because old population stars like RR Lyra are indeed observed (Cowley et al. 
1998).
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Galaxy Position (2000) - M b Morph D (Mpc)
Broad Banc! Observations Nuclear

Spect.Radio Near-IR Optical X-ray
NGC 147 00 30 +48 14 13.71 dE5 0.65 V x/ y y yAND III 00 33 +36 14 10.17 dE 0.65 y yNGC 185 00 36 +48 04 13.94 dE3 0.65 V yj y y yNGC 205-M 110 00 38 +41 25 15.24 S0/E5 0.65 V y y y yNGC 221-M 32 00 40 +40 36 15.06 E2 0.65 V y y y yNGC 2‘24-M 31 00 40 +40 60 19.69 Sb 0.65 V y y y yAND I 00 43 +37 44 10.17 dE3 0.65 V y yNGC 247 00 45 -21 02 18.32 Sc(s) 3.69 V y y yNGC 253 00 45 -25 34 20.26 Sc(s) 4.77 V y ySCULPTOR 00 58 -33 58 10.38 dE3 - VNGC 404 01 07 +35 27 17.07 SO 4.34 V y y y yAND II 01 14 +33 09 10.17 dE 0.65 V y yNGC 598-M 33 01 31 +30 24 18.43 Sc(s) 0.87 V y y yMAFFEII 02 33 +59 26 13.87 E3 5.43 V y y yFORNAX 02 38 -34 44 12.64 dEO 0.22 VMAFFEI II 02 38 +59 23 8.08 Sbc 5.21 V y y yIC 342 03 42 +67 56 19.50 S(B)cd(rs) 6.08 sj y y y yNGC 1560 04 27 +71 46 15.95 Sd(s) 4.34 v/ y yNGC 2366 07 24 +69 19 17.53 SBm 6.29 V y y y yNGC 2403 07 32 +65 43 20.25 Sc(s) 6.73 v/ y y y yNGC 2976 09 43 +68 09 16.98 Sd 3.69 y y y y yA 0951+68 09 51 +68 50 11.21 dE 1.52 y y y y yNGC 3031-M 81 09 52 +69 18 19.22 Sb(r) 2.60 y y y yLEO 1 10 06 +12 33 10.87 dE3 0.22 LO yLEO B 11 11 +22 26 8.98 dEO 0.22 LO y y yUGC 6456 11 25 +79 16 12.19 peculiar 2.39 O y y yNGC 3738 11 33 +54 48 16.78 Sd 6.08 LO y y y yNGC 4136 12 07 +30 12 17.63 Sc(r) 6.94 y y y yNGC 4144 12 07 +46 44 16.83 Sccl 5.86 LO y y y yNGC 4150 12 08 +30 41 15.30 SO/a 3.47 V y y y yNGC 4236 12 14 +69 45 17.50 SBd 3.26 LO y y y yNGC 4244 12 15 +38 05 17.59 Scd 4.34 y/ y y yUGC 7321 12 15 +22 49 14.82 Scd 5.43 LO yNGC 4395 12 2.3 +33 50 17.89 Sd 5.21 V y y yNGC 4605 12 .38 +61 53 17.80 Sc(s) 5.64 LO y y y yNGC 4736-M 94 12 49 +41 24 20.00 RSab(s) 6.08 V y y y yNGC 4826 12 54 +21 57 19.39 Sab(s) 5.64 LO y y y yNGC 5204 13 28 +58 41 17.39 Sd 6.73 LO y y y yNGC 5238 13 33 +51 52 15.79 S(B)dm 6.73 LO y y y yNGC5236-M83 13 34 -29 37 20.16 SBc(s) 5.43 V y y yNGC 5457-M 101 14 01 +54 36 21.22 Sc(s) 7.60 0 y y y yURSA MINOR 15 08 +67 23 7.40 dE4 - yDRACO 17 19 +57 58 7.00 dEO - y yNGC 6503 17 50 +70 10 18.28 Sc(s) 6.94 0 y y y yNGC 6946 20 34 +59 59 19.66 Sc(s) 7.38 0 y y y yNGC 7793 23 55 -32 52 18.43 Sd(s) 4.12 y y

Table 1.1: The sample of nearby galaxies. D ata already available are indicated with a y .  D ata  
th a t should become available in the near future are indicated with a u.



C h a p ter  2

High resolution X-ray imaging

2.1  T h e  R o e n tg e n  S a te llite

ROSAT (ROentgen SATellite), an X-ray observatory named after the G erm an physicist 
Wilhelm Roentgen, was developed through a cooperative program  between Germany, the 
United States, and the United Kingdom. The satellite was launched in 1990 and during its 
first 6 months of activity performed an all-sky survey covering ~  98% of the sky. A fter this 
period ROSAT carried out pointed observations until April 1998, when a problem with the 
sta r tracker system began causing problems. These ended with accidental exposure to  the 
Sun’s radiation in September 1998, which caused irreversible damage to  the instrum ents.

The pointed observations were coordinated on a yearly basis through the Announcement 
of O pportunity (AO) calls for proposals. The d a ta  belong to the principal investigator for 
the first year after the observations are released. After this period the d a ta  become public 
and any astronom er can obtain the observations from the archives.

ROSAT carried two co-aligned telescopes, the X-Ray Telescope (XRT) and the W ide Field 
Cam era (an EUV telescope which had its own m irror and star sensor system ). The XRT 
was used in conjunction with one of two focal plane instrum ents, the Position Sensitive 
Proportional Counter (PSPC ) or the High Resolution Imager (HRI). The PSPC stopped 
being operational in September 1994. After this all pointed observations carried out by 
the  XRT were done using the HRI.

The X-ray Mirror Assembly (XMA) on ROSAT had a focal length of 2.40 m etres and was 
made from 4 nested mirrors each being a paraboloid-hyperboloid pair. All the m irrors 
were made of zerodur, a ceramic with an almost negligible therm al coefficient, and coated
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Figure 2.1: The on-axis effective area of the ROSAT HRI

with a thin layer of gold to enhance the X-ray reflectivity.

2 .1 .1  T h e  H ig h  R e s o lu t io n  Im a g e r

The R.OSAT HRI was formed by two cascaded microchannel plates (MC'Ps) each one 
consisting of a large number of multiplier tubes assembled together. The detector had a 
to ta l of 8192 x 8192 ‘pixels’ defined by a crossed grid position readout system. The HRI 
provided a 38 X 38 arc-m in2 field of view and had very crude energy resolution. The plate 
scale was 0.499 ±  0.001 arc seconds per pixel.

The on-axis effective area of the XRT-I1RI system was the product of the HRI cpiantum 
efficiency and the XRT collecting area and can be seen in figure 2.1. The XRT vignetting 
function at 1.0 keV is well fitted by the following param etric representation (David et al.
1998):

V {6 ) = 1.00 -  1.49 x 10“ 3 x  0 — 3.07 x 10~4 X 02 (2.1)

Vignetting is less than  a 10% effect within 10' from the centre of the detector at all energies 
of interest.
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Figure 2.2: Param etric form of the HRI PSF

T h e  P o in t  Spread Function

The Point Spread Function (PSF) has three m ajor components: the XRT PSF, the HRI 
PSF, and an extended halo caused by the presence of an electrostatic shield applied in 
front of the  M CPs in order to lower the background emission. In some observations a 
variable ellipsoidal component, due to an imperfect aspect correction, can also be present 
(see below).

The in-flight, on-axis PSF has been determined from a long exposure of the X-ray source 
HZ 43. Figure 2.2 shows a param etric representation of the the azimuthafly averaged PSF, 
given by the following expression (David et al. 1998):

per/p' 1 i R
(2.2)

where R  is in arc seconds and

A i = 0.9638 S.i = 2.1858 arc sec
A 2 =  0.1798 S '2 =  4.0419 arc sec
A 3 = 0.0009 S 3 =  31.69 arc sec
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E (keV) % photons
0.18 0.7
0.28 1.3
0.93 6.0
1.49 11.0
1.70 13.3

Table 2.1: Percentage of photons outside a 10" circle as a function of energy.

Scattering of photons on the m irror introduces an energy dependence to the PSF. The 
percentage of photons distributed outside a circle of radius 10" is shown in table 2.1 as a 
function of energy.

Changes in the PSF as a function of off-axis angle are dominated by the XRT PSF. A 
param etric form for the azimuthally averaged off-axis HRI PSF has been derived as an 
extension of the on-axis expression. The best fit values for the first gaussian are essentially 
independent of the off-axis angle. The width of the broader gaussian is param eterised by 
a cubic polynomial, given by (David et al. 1998):

S 2 =  3.3 +  0.019 x 9 -  0.016 x  62 + 0.004 x 03 (2.3)

where 0 is the angle off-axis in arc minutes. Substituting this expression in equation 2.2 
gives the general off-axis representation.

B ackground

The HRI in-orbit background is composed of several components:

• The internal background is believed to come mainly from residual radioactivity in 
the detector structure. This was measured on the ground with a ra te  of ~  1.5 counts 
s-1 over the entire device and appears to be a stable component of the background, 
uniform over the detector.

• The X-ray background (XRB) contribution (comprised of both galactic and extra- 
galactic components) varies across the sky, with a typical value in the ROSAT energy 
band of 1.0 count s_1 over the detector.

• The externally induced background from charged particles, earth  scattered solar 
radiation, and auroral photons. The external background rates vary considerably
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Figure 2.3: Contour map of HZ 43.

during an orbit and also from orbit to orbit, from a minimum of 1 count s-1 up to 
about 10 counts s_1.

A b so lu te  a s tro m etry

The comparison between measured and known positions of catalogued objects shows th a t 
the a ttitu d e  solutions used to determine the source positions during XRT acquisitions 
include im portan t errors, resulting in shifts of several arc-seconds (Briel et al. 1997). 
Com pensation for such effects is possible whenever detected objects have previous X-ray 
observations or an unambiguous identification a t other wavelengths.

P ro b lem s  w ith  th e  aspect reconstruction

During HRI pointing observations, ROSAT was wobbled by several arc-m inutes to sm ooth 
out quantum  efficiency variations across the detector (Morse 1994) w ith a period of ~  
300—400 seconds. The aspect solution to  correct for this movement is m apped by following 
bright stars in the  optical CCD star tracker.

Due to  random  errors in the aspect correction, the width of the core of the HRI images
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Figure 2.4: Observed and model PSF for two observations of a luminous X-ray source in 
NGC5204 obtained 5 months apart.

varies. F itting  the functional form of the PSF (see expression 2.2) to d a ta  shows th a t 
the best fit values for 5'i and 5’2 vary by <: 1" (David et cil. 1998). The errors produce 
asym m etrical features in the PSF, normally seen as an ellipsoidal image. This effect can 
be seen in the contour map of the on-axis observation of HZ 43 shown in figure 2.3. The 
asym m etry is strongest between 5" and 10" from the centroid of the image and can have 
an am plitude of up to 30%. These random  variations of the PSF can ham per any efforts 
to identify possible extended emission around point sources.

To illustrate the variable nature of this elliptical component, figure 2.4 shows two observa
tions of a luminous source in NGC 5204, acquired as part of this thesis. Both observations 
have similar exposure times and were obtained 5 months apart. While the first observation 
is well fitted by the model PSF (scaled to m atch the peak of the emission), a  clear ‘hum p’ 
appears during the second observation between 5" and 10" away from the central peak.

2 .2  D a ta  red u ctio n  and an alysis

The d a ta  reported here come from pointed observations carried out with the R.OSAT HRI. 
Table 1.1 shows those galaxies in the volume-limited sample with available data. Eighteen 
of the observations were awarded to the project through Announcement of O pportunity 
(AO) calls. For another 13 objects the d a ta  were retrieved from the public archives using 
arnie (a  World Wide Web interface to the databases and catalogues supported by the 
Leicester D atabase and Archive Service, LEDAS). Galaxies are identified in table 2.2 with 
an ‘N ’ (new da ta  allocated to this project) or a ‘P ’ (public da ta  retrieved from the archive). 
All these observations were reduced and analysed as described below.
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Galaxy ROR Number Observing Date Livetime Num OBIs Origin
NGC 147 400744 19/01/95 14616.6 3 P
NGC 185 400743 19/01/95 20881.3 2 P
NGC 205 600816 04/08/96 27842.5 12 P
NGC 221 600600 19/07/94 12533.5 6 P
NGC 247 600622 29/06/94 33701.1 6 P

600622 12/06/95 17681.8 12 -
NGC 404 703894 04/01/97 23562.6 2 N
IC 342 600022 13/02/91 18990.4 12 P
NGC 1560 702727 08/03/96 17287.5 9 N
NGC 2366 702732 31/03/96 31465.5 7 N
NGC 2403 600767 18/09/95 26244.7 12 P
NGC 2976 600759 04/10/94 26238.1 12 P

600759 12/04/95 23244.3 6 -
A 0951+68 703895 29/03/97 14240.2 3 N
UGC6456 703896 01/04/97 13027.7 4 N
NGC 3738 703897 01/11/97 13711.2 9 N
NGC 4136 702734 25/06/96 1951.0 1 N
NGC 4144 703898 11/11/97 11083.4 8 N
NGC 4150 600762 25/12/94 3730.1 2 N

600762 23/05/95 10353.8 5 -
NGC 4236 600763 01/12/94 7543.2 3 N

600763 10/04/95 .3390.6 2 -
NGC 4244 702724 20/06/96 8630.9 4 N
NGC 4395 702725 23/06/96 11252.5 2 N
NGC 4605 702729 16/06/96 2158.4 1 N
NGC 4736 600678 07/12/94 111870.5 10 P

600769 25/12/94 27033.8 4 P
NGC 4826 600715 09/07/95 10042.8 3 P

703900 12/06/97 9248.9 3 N
703900 08/01/98 5342.2 4 -

NGC 5204 702723 31/12/95 14683.0 5 N
702723 02/05/96 13554.1 5 -

NGC 5236 600024 20/01/93 23316.5 7 P
600024 30/07/94 23920.5 11 -

NGC 5238 702733 13/06/96 23163.1 5 N
NGC 5457 600092 09/01/92 18452.8 7 P

600383 10/12/92 32361.1 4 P
NGC 6503 600618 08/03/94 14640.6 2 N
NGC 6946 600501 14/05/94 59885.3 33 P

600718 13/08/95 21514.3 12 P
Table 2.2: ROSAT HRI observations
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2 .2 .1  S ta n d a r d  p r o c e s s in g  at M P E

The d a ta  produced by ROSAT are processed a t the ROSAT Science D ata Centers (RSDC) 
located a t Garching (M PE-G erm any) and Greenbelt (US). Each pointed observation has 
an identification number consisting of 6 digits (the ROSAT Observation Recpiest, ROR). 
The ROSAT Standard Analysis Software System (SASS) consists of a pipeline with four 
m ajor steps:

• checking and saving of incoming data;

• handling of raw time-ordered telem etry d a ta  on a day-by-day basis;

• application of the aspect solution and screening of the data  for bad observing periods 
(e.g., bad aspect solution, high background, etc);

• merging of observational intervals (OBIs) belonging to the same target, detection of 
sources, and determ ination of source properties.

The last step in the pipeline generates the scientific output for the data. During this step 
sources are detected using a ‘slicling-box’ detection algorithm and checked for possible 
time variability.

The d a ta  delivered by the RSDC to  the observers consist of a series of Flexible Image 
Transport System (FITS) files, containing the photon events file, the source analysis re
sults, orbit and aspect data , processing history, and postscript files with the most im por
tan t results from the SASS analysis and results from a cross correlation of SIMBAD and 
detected HRI sources.

2 .2 .2  O b s e r v a t io n s

For several galaxies more than one exposure was available. This could be because sev
eral observations were requested, or because a single request was scheduled as several 
observations m onths apart.

In table 2.2 observations of the same galaxy associated with different requests are dis
tinguished by their ROR numbers. If a single request was scheduled in more than  one 
observation only one ROR is given but the different observing dates distinguish between 
the individual observations.
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The livetime ol each observation is also given in table ‘2.2. The livetime is equal to 
the cumulative num ber of seconds during which telem etered d a ta  met all the screening 
requirem ents m entioned above, corrected by the dead time of the detector (tim e when the 
detector is unable to record events because it is processing a prior event). For an event 
with a count ra te  of 100 counts s_1, the dead time losses will be about 4% -  15% (ROSAT 
Call for Proposals 1991). For all the observations reported here the dead tim e corrections 
were found to be ~  1%.

2 .2 .3  A n a ly s i s  p r o c e d u r e

The aim of the  analysis is to extract positions and fluxes or upper limits for all the X- 
ra}  ̂ sources within a ~  6' X 6' region centered on the position of the galaxy. In this 
way the X-ray field matches the size of the optical frames obtained using the Jacobus 
K apteyn Telescope (JK T ) (Johnson 1997). For each galaxy an isointensity contour map 
was overlaid onto the optical image. No attem pt has been made to system atically study 
the tem poral behaviour of the sources, although some interesting individual cases will be 
mentioned la ter (section 2.4).

The reduction and analysis of the ROSAT HRI da ta  was done using p r o s , an X-ray 
analysis software system designed to run under the Image Reduction and Analysis Facility 
( i r a p ) ,  distributed and supported by n o a o  (National Optical Astronom y Observatories) 
and S T A R L I N K .

The initial photon event files were converted into IRAF compatible Q PO E (Quick Posi
tion Ordered Events) files. These are arrays of photons identified by several quantities, 
including the position on the detector, pulse height am plitude (PHA) and arrival time.

For each galaxy with more than  one exposure, the different Q PO E files were coadded, 
merging their respective livetimes. Using the sources in the field, the images were inspected 
and corrected for system atic shifts in the positions before co-adding. The positions were 
determ ined using a centroid algorithm. Whenever possible an optical identification was 
used to  check the pointing of the individual observations.

Source  identification

The next step was the identification of all point sources in the images. Tests carried out 
using a P R O S  routine to detect X-ray sources ( D E T E C T )  did not improve on the results
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given in the SASS report. Both algorithms are based on a ‘sliding-box’ routine: a square 
detect cell of size cl is scanned through the image at equally spaced steps d/3  in both 
coordinates. At each location, the signal-to-noise ratio of a source assumed to be in 
the detect cell is calculated, based 011 an estim ation of the background noise. Locations 
containing local peaks with signal-to-noise ratios above a threshold are identified and best 
estim ate positions of the maximum are determined. A final estim ation of the to ta l counts 
and the background in a detect cell centered on each final position is calculated which 
depends on the assumed shape for the PSF. The routine is repeated for different cell sizes.

The main difference between the algorithms implemented by D E T E C T  and SASS is in the 
background used. While d e t e c t  uses a local background determined from a frame of 
width d/3  immediately surrounding the detect cell, SASS uses a model background map. 
The background map is calculated from several components using ground based calibra
tion d a ta  (e.g., the internal background) and in-flight observations (e.g., solar scattered 
emission).

During the tests d e t e c t  was normally able to identify the point sources reported by 
SASS, but failed to identify some extended sources, since the local background was a bad 
estim ate.

Using the SASS source list as a starting point, the following steps were followed to  identify 
all source candidates in the X-ray images:

• the images were binned into 2" pixels and smoothed using Gaussians with a — 2", A" 
and 8"; the smoothed images were inspected visually to evaluate the existence of 
candidate sources not reported by SASS and to exclude obvious spurious sources;

• whenever more than one exposure was available for a target the different QPOE 
files were compared so th a t variable sources th a t might appear weak in the coadded 
image could be recognised in the individual frames where they might have been more 
luminous;

• optical images with X-ray isocontours were generated in order to look for weak 
sources with optical counterparts (see section 2.3).

For each source candidate a background subtracted count number was obtained from the 
coadded QPOE file. A circular aperture of radius 10" was adopted for all point sources 
which should encircle ~  99% of the photons at 0.2 keV and ~  87%. of the photons at 1.7 
keV for nearly on-axis sources (see table 2.1). The pixel coordinates were obtained from



the SASS report or by using a separate centroid algorithm. To estim ate the background 
one or two large circular regions, free of evident X-ray sources and away from the galaxy, 
were used. These regions normally lay outside the ~  6' X 6' central image.

A final list of sources for each galaxy was created with all sources th a t comply with at 
least one of the following criteria:

• have a signal-to-noise ratio above 2.5 in the coadded image;

• have a signal-to-noise ratio  above 2.5 in at least one of the individual images;

• have a lower signal-to-noise ratio (between 1.5 and 2.5) and an optical counterpart.

For sources with an extended component an additional, larger aperture was used to esti
m ate its contribution. The size of the aperture was determined from the radial profile of 
the source. For galaxies without nuclear X-ray source detections, upper limits were estab 
lished using a 10" aperture located at the nucleus. They were com puted as 2(7, where o 
is the  m easured noise in the background subtracted aperture.

To find the count rates the to ta l livetime of the coadded images was used (see table 2.2). 

X -ray  f luxes and lum inosities

The conversion of the HRI count rates to fluxes was done assuming a Brem sstrahlung 
spectrum  with k T  = 5 keV, an energy range 0.1-2.4 keV, and a Galactic line of sight 
absorption derived from the 21 cm line of atomic hydrogen (Stark et al. 1992), listed in 
table 2.3. This choice of param eters is justified by typical galactic X-ray spectral properties 
(Kim, Fabbiano & Trinchieri 1992). Fluxes were converted to luminosities assuming the 
distances in table 1.1. Fluxes and luminosities inferred from a Brem sstrahlung spectrum  
with k T  = 1.0 or 0.1 keV, or a power law model w ith index a = 1.0 or 1.5, can be 
calculated using the conversion factors in table 2.3 for each galaxy.

C ontour  m aps

Isointensity contour maps were produced for all the coadded images. All the Q PO E files 
were binned into 2" X 2" pixels and then smoothed using a Gaussian with a = 4". The 
choice of binning and Gaussian sizes was based on the best possible representation of



Galaxy log N H B rem sstr ahlung Power Law
(cm -2 ) k T  =  1.0 keV k T  =  0.1 keV a  =  1.0 a  =  1.5

NGC 147 21.02 1.21 28.36 2.26 1.42
NGC 185 21.04 1.22 28.70 2.27 1.42
NGC 205 20.82 1.17 11.10 2.07 1.37
NGC 221 20.81 1.17 10.78 2.07 1.37
NGC 247 20.17 1.01 1.96 1.36 1.14
NGC 404 20.70 1.15 8.28 1.98 1.34
IC 342 21.48 1.30 49.67 2.48 1.48
NGC 1560 21.06 1.22 29.06 2.27 1.43
NGC 2366 20.59 1.11 4.62 1.78 1.29
NGC 2403 20.62 1.12 5.23 1.83 1.30
NGC 2976 20.65 1.13 6.05 1.89 1.32
A 0951+68 20.63 1.12 5.48 1.85 1.31
UGC 6456 20.56 1.10 4.15 1.74 1.27
NGC 3738 20.01 0.99 1.67 1.27 1.10
NGC 4136 20.20 1.02 2.03 1.38 1.15
NGC 4144 20.16 1.01 1.94 1.36 1.14
NGC 4150 20.19 1.02 2.01 1.38 1.15
NGC 4236 20.26 1.03 2.20 1.43 1.16
NGC 4244 20.27 1.03 2.2.3 1.43 1.17
NGC 4395 20.12 1.00 1.85 1.33 1.13
NGC 4605 20.26 1.03 2.20 1.43 1.16
NGC 4736 20.15 1.01 1.92 1.35 1.13
NGC 4826 20.42 1.06 2.88 1.57 1.22
NGC 5204 20.18 1.01 1.98 1.37 1.14
NGC 52.36 20.63 1.12 5.48 1.85 1.31
NGC 5238 20.04 0.99 1.71 1.29 1.11
NGC 5457 20.07 1.00 1.76 1.30 1.11
NGC 6503 20.61 1.12 5.01 1.82 1.30
NGC 6946 21.31 1.26 36.43 2.37 1.45

Table 2.3: Factors to convert fluxes obtained assuming Brem sstrahlung emission with. 
k T  =  5.0 to Brem sstrahlung emission with k T  = 1.0 or 0.1 lceV, or a power law model 
with index a  =  1.0 or 1.5 .
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the presence of existing sources and their strength. Contours were drawn at 2.5” times 
the standard  deviation per (binned smoothed) pixel in the smoothed background, where 
n =  1 ,2 ,3 , and so on. W ith this selection of contour intensities bright sources do not 
present contour crowding. For each map, the background fluctuation was calculated from 
the same region used earlier (when measuring source fluxes in the raw data).

2.3  T h e  X -ray  A tla s

The results obtained for those observations listed in table 2.2 after following the reduction 
and analysis procedures detailed in the previous section will be given here.

The atlas consists of maps of isointensity contour levels overlaid on optical images. The 
size of the images is ~  6' x 6'. Whenever a JK T  image was not available (see table 1.1), a 
6 ' X 6; Digital Sky Survey plate was used. For each map the exposure times of the ROSAT 
observations are given in the figure captions. The atlas is ordered by increasing values of 
right ascension.

All detected X-ray point sources fluxes are given in table 2.4. The sources are ordered 
by increasing values of right ascension. For each source in table 2.4 successive columns 
list the measured signal to  noise ratio, the flux corrected for Galactic absorption in the 
0.1-2.4 keV band, and the luminosity found assuming the distances shown in table 1.1. 
Comments on particular sources are given in the last column (nuclear sources are also 
noted in this way). W hen there is evidence of an extended nuclear component, the source 
is listed twice: the flux measured in a 10" radius aperture is followed by the to ta l flux 
observed in a. larger aperture (the radius of the second aperture is given in the comments).

U pper limits (2a) were obtained for galaxies w ithout detected nuclear sources and can be 
found in table 2.5.

In addition to the galaxies listed in table 2.2 the results for four galaxies with compre
hensive studies of their X-ray emission from HRI observations have been obtained directly 
from the literature. Luminosities for the detected point sources (within < 3' of the nu
cleus) are shown in table 2.6. These values will be used during the analysis in chapter 
5.
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Galaxy Source S/N Corrected Flux 
(ergs s_1 cm-2 )

Luminosity 
(ergs s“ 1)

Comments
NGC 205

XI 3.82 7.93 x 10-14 4.01 x 1036 Probably not associated with NGC 205
NGC221

XI 10.60 6.37 x 10" 13 3.22 x 1Ü37
NGC 247

XI
X2

22.39
5.99

7.37 x 
9.15 x

10-13 10- H 1.20 x 
1.49 x

1039
1Q38

NGC 404
XI 3.34 7.48 x 10—M 1.69 x 1038 Nuclear

IC 342
XI
X2
X3

2.31
9.27
6.48

9.58 x 
6.07 x 
3.44 x

10- 14 
1Ü- 13 
10-13

4.24 x 
2.68 x 
1.52 x

1 0 38
1039 
1039

Re-analysis of the observations reported 
by Bregman, Cox & Tomisaka (1993)-BCT 
Low S/N (see text); source 6 in BCT 
Nuclear; marginally extended; source 8 in BCT 
Possible optical counterpart; source 9 in BCT

NGC 2403
XI
X2
X3
X4

15.19
2.92
7.88
2.08

5.56 x 
5.67 x 
1.89 x 
4.29 x

10-1310-14
10-13 10 —14

3.01 x 
•3.07 x
1.02 x 
2.33 x

1039
1038
1039
1038

Possible very faint optical counterpart
Low S/N; giant HIT region (Drissen & Roy 1996)

NGC 2976
XI 8.75 1.32 x 10-13 2.15 x 1038

A 0951+68
XI 4.79 1.06 x 10-13 4.00 x 1037 Probably not associated with A 0951+68

UGC 6456
XI 1.3.85 8.82 x 10- 13 6.03 x 1038

NGC 3738
XI
X2

4.74
2.46

1.18 x 
5.25 x

1Ü- 13
10-14

5.22 x 
2.32 x

1038
1038

Probably not. associated with NGC 3738 
Probably not associated with NGC 3738

NGC 4136
XI 2.15 2.19 x 10-13 1.26 x 1 o 39 Diffuse blue optical counterpart

NGC 4144
XI 3.09 8.77 x 10~14 3.60 x 1038

NGC 4150
XI 15.84 1.02 x 10-12 1.88 x 1 o 45 Background quasar (z = 0.52); see chapter 3; 

flux obtained assuming a power law spectrum 
with a =  1.0

NGC 4236
XI 2.61 7.24 x 10—M 9.21 x 1 0 37

NGC 4395
XI 1.67 3.73 x 10-14 1.21 x 1038 Nuclear; low S/N; flux obtained assuming a 

power law spectrum with a =  1.0; see chapter 4

NGC 4736
X2
XI
X2
X3
X3

11.85
5.78
18.78 
65.32 
84.49

6.46 x
3.40 x
1.46 x 
1.38 x 
4.70 x

10-13
10-14 
1 0 - 13 
10-12 
10- 12

2.10 x
1.51 x 
6.46 x
6.11 x 
2.08 x

1039
1038
1Q38
103910« Nuclear

Total nuclear emission (r =  10Qy/)

Pable 2.4: ROSAT HRI fluxes and luminosities. Continued over.



Galaxy Source S/N Corrected Flux 
(ergs s_1 cm-2)

Luminosity 
(ergs s“ 1)

Comments
NGC4826

XI 9.58 2.41 x 10" 13 9.19 x 1038 Nuclear
XI 13.03 7.73 x 10~13 2.94 x 103S Total nuclear emission (r = 40")
X2 2.27 3.98 x 10" 14 1.52 x 1038 Probably not associated with NGC 4826

NGC5204
XI 25.23 1.08 x 10“ 12 5.86 x 1039 Faint optical counterpart

NGC5236
XI 4.46 5.83 x 10~14 2.06 x 1038 Variable
X2 6.07 8.23 x 10“ 14 2.90 x 1038
X3 26.69 8.75 x 10- 13 3.09 x 1039 Nuclear
X3 38.48 3.01 x 10~12 1.06 x lO40 Total nuclear emission (r =  100")
X4 5.09 6.69 x 10~14 2.36 x 1038
X5 3.78 4.95 x 10~14 1.75 x 1038
X6 8.60 1.31 x 10“ 13 4.61 x 103S
X7 5.01 8.45 x 10~14 2.98 x 1038 Variable
X8 4.13 5.38 x 10“ 14 1.90 x 1038 Variable

NGC 5457
XI 4.13 3.88 x 10~14 2.68 x 1038 Nuclear
X2 3.31 3.16 x 10- 14 2.19 x 1038
X3 4.80 4.56 x 10~14 3.15 x 1038
X4 3.52 3.32 x 10-14 2.30 x 1038

NGC 6503
XI 3.01 7.86 x 10- 14 4.53 x 1038
X2 2.51 6.47 x 10“ 14 3.73 x 1038 Probably nuclear
X2 3.47 2.69 x 10“ 13 1.55 x 1039 Total nuclear emission (r =  30")

NGC 6946
XI 11.85 2.05 x 10“ 13 1.34 x 1039
X2 2.67 4.19 x 10~14 2.73 x 1038
X3 10.73 1.77 x 10“ 13 1.16 x 1039 Nuclear
X3 12.80 4.49 x 10“ 13 2.92 x 1039 Total nuclear emission (r =  50")
X4 4.37 6.10 x 10“ 14 3.98 x 1038
X5 3.06 4.59 x 10“ 14 2.99 x 1038
X6 5.48 7.62 x 10" 14 4.97 x 1038
X7 13.25 2.45 x 10“ 13 1.59 x 1039
X8 32.22 1.15 x 10~12 7.53 x 1039 Known SNR (see text); faint red optical

counterpart
X9 5.13 7.11 x 10“ 14 4.64 x 1038

Table 2.4: ROSAT 1IRI fluxes and luminosities.



Galaxy Corrected Upper Limit 
(ergs s“ 1 cm“ 2)

Log luminosity 
(ergs s“ 1)

NGC 147 5.53 x 10“ 14 36.45
NGC 185 4.58 x 10“ 14 36.37
NGC 205 4,21 x 10“ 14 36.33
NGC 221 5.32 x 10“ 14 36.43
NGC 247 1.76 x 10“ 14 37.46
NGC 1560 5.63 x 10“ 14 38.10
NGC 2366 2.82 x 10“ 14 38.13
NGC 2403 3.62 x 10“ 14 38.29
NGC 2976 2.60 x 10“ 14 37.63
A 0951+68 3.59 x 10“ 14 37.00
UGC 6456 5.15 x 10 14 37.55
NGC 3738 4.16 x 10“ 14 38.27
NGC 4136 1.92 x 10“ 13 39.05
NGC 4144 5.17 x 10“ 14 38.33
NGC 4150 6.35 x 10“ 14 37.96
NGC 4236 5.71 X 10“ 14 37.86
NGC 4244 7.26 X 10“ 14 38.22
NGC 4605 2.43 x 10“ 13 38.97
NGC 5204 2.96 x 10“ 14 38.21
NGC 5238 2.92 x 10“ 14 38.20

Table 2.5: ROSAT HRI nuclear upper limits
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Galaxy Source log Luminosity 
(ergs s_1)

Comments
NGC 224 Einstein HRI (see Trinchieri & Fabbiano 1991;

for ROSAT HRI see Primini, Forman & Jones 1993)
20 37.23
21 37.13
22 36.94
23
9  A

37.80
Z-T
26

o u . o o
36.49

32 37.46
34 36.96
36 36.41
41 38.25
44 37.49
48 36.84
49 36.92
50 36.45
52 36.88
56 38.3 Nuclear
57 37.35
59 36.83
60 37.30
61 37.29
63 37.58
68 37.54
69 37.60
71 37.35

NGC 253 Einstein HRI (see Fabbiano & Trinchieri 1984)
1 38.30
2 38.32
3 38.41

9 0 9 04
5

o o . o z
38.71

6 38.08
7 38.04
8 39.50 Nuclear

NGC 598 ROSAT HRI (see Schulman & Bregman 1995)
14 36.91
15 36.89
16 39.04 Nuclear
16 39.11 Total nuclear emission (r=3')

NGC 3031 Einstein HRI (see Fabbiano 1988a)
X-5 39.88 Nuclear
X-6 39.15
X-7 38.34

Table 2.6: HR! sources and their luminosities obtained directly from the literature for four well 
studied galaxies. Einstein luminosities were measured in the 0.2-4,0 keV band-pass. These values 
will be used during the  analysis in chapter 5 where a correction factor of 1.4 will be applied to 
account for the differences between the band-passes and sensitivities of ROSAT and Einstein (see 
section 5.4).
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Figure 2.5: NGC147 X-ray contours overlaid on optical .JKT image. R.OSAT exposure 
time =  14616.6 seconds.
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Figure 2.6: NGC185 X-ray contours overlaid on optical JK T image. R.OSAT exposure
tim e =  20881.3 seconds.
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Figure 2.7: NGC205 X-ray contours overlaid 011 optical JK T  image. ROSAT exposure 
tim e =  27842.5 seconds.
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Figure 2.8: NGC221 X-ray contours overlaid on optical JK T  image. ROSAT exposure
tim e =  12533.5 seconds.
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Figure '2.9: NGC247 X-ray contours overlaid on optical JK T image. ROSAT exposure 
time =  51382.9 seconds.
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Figure 2.10: NGC404 X-ray contours overlaid on optical JK T image. ROSAT exposure
time =  23562.6 seconds.
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Figure 2.11: IC 342 X-ray contours overlaid on optical JK T  image. ROSAT exposure tim e 
=  18990.4 seconds.

Figure 2.12: NGC 1560 X-ray contours overlaid on optical DSS image. ROSAT exposure
tim e =  17287.5 seconds.
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Figure 2.13: NGC2366 X-ray contours overlaid on optical JK T image. ROSAT exposure 
time =  31465.5 seconds.

Figure 2.14: NGC2403 X-ray contours overlaid on optical JK T  image. ROSAT exposure
time =  26244.7 seconds.
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Figure 2.15: NGC2976 X-ray contours overlaid on optical JK T  image. ROSAT exposure 
tim e =  49482.3 seconds.

Figure 2.16: A 0951+68 X-ray contours overlaid on optical JK T  image. ROSAT exposure
tim e =  14240.2 seconds.
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Figure 2.17: UGC6456 X-ray contours overlaid on optical JK T image. It OS AT exposure 
tim e =  13027.7 seconds.

Figure 2.18: NGC3738 X-ray contours overlaid on optical JK T image. ROSAT exposure
time =  13711.2 seconds.
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Figure 2.19: NGC4136 X-ray contours overlaid on optical JK T  image. ROSAT exposure 
tim e =  1951.0 seconds.

Figure 2.20: NGC4144 X-ray contours overlaid on optical JK T  image. ROSAT exposure
tim e =  11083.4 seconds.



Figure 2.21: NGC4150 X-ray contours overlaid on optical JK T image. ROSAT 
time =  14083.9 seconds.

Figure 2.22: NGC4236 X-ray contours overlaid on optical .JKT image. ROSAT
tim e =  10933.8 seconds.
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Figure ‘2.23: NGG4244 X-ray contours overlaid on optical JK T  image. ROSAT exposure 
tim e =  8630.9 seconds.
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Figure 2.24: NGC4395 X-ray contours overlaid on optical DSS image. ROSAT exposure
tim e =  11252.5 seconds.
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Figure 2.25: NGC4605 X-ray contours overlaid on optical JK T  image. ROSAT exposure 
tim e =  2158.4 seconds.
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Figure 2.26: NGC4736 X-ray contours overlaid on optical JK T  image. ROSAT exposure
time =  138904.4 seconds.
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Figure 2.27: NGC4826 X-ray contours overlaid on optical JK T  image. ROSAT exposure 
tim e — 24633.9 seconds.

Figure 2.28: NGC5204 X-ray contours overlaid on optical JK T  image. ROSAT exposure
tim e =  28237.1 seconds.



Figure 2.29: NGC5236 X-ray contours overlaid on optical JK T  image. ROSAT exposure 
time =  47237.0 seconds.

Figure 2.30: NGC5238 X-ray contours overlaid on optical JK T  image. ROSAT exposure
time =  23163.1 seconds.
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Figure 2.31: NGC5457 X-ray contours overlaid on optical JK T  image. ROSAT exposure 
tim e =  50813.9 seconds.
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Figure 2.32: NGC6503 X-ray contours overlaid on optical JK T  image. ROSAT exposure
tim e =  14640.6 seconds.
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Figure 2.33: NGC6946 X-ray contours overlaid on optical JK T image. ROSAT exposure 
tim e =  81399.7 seconds.
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2 .4  N o te s  011 ind iv iduai o b jects

A small review on each object with HRI observations will be given in w hat rem ains of 
this chapter. Notes will be given for galaxies in the sample which either have R.OSAT 
d a ta  analysed here (objects in table 2.2) or have already been reported extensively in the 
lite ra tu re  (objects in table 2.6). All the objects will be included in the subsequent analysis 
in chapter 5.

N G C  147: N G C147 was observed with the R.OSAT HRI and no X-ray emission was 
detected. These observations have also been reported by B randt et al. (1997). They give 
a 2<t upper limit for the flux from a point source located in the galaxy of 6 X 10-14 ergs 
s_1 cm -“2 in the 0.1-2.5 keV band-pass, which is in good agreement w ith the  upper limit 
reported  in table 2.5.

N G C  185: As with NGC 147, no X-ray emission was detected with the R.OSAT HRI for 
NGC 185. These observations have also been reported by B randt et al. (1997). A 2<r upper 
limit for the flux of a point source was found to be 4 X 10-14 ergs s-1 cm-2 in the 0.1-2.5 
keV band-pass, again in good agreement with the value quoted in table 2.5.

N G C  205: This small elliptical galaxy was observed with the. Einstein HRI and no X-ray 
sources were detected with a flux > 1.8 x 10-12 ergs s~4 cm-2 in the 0.5-4.0 keV band
pass (Fabbia.no, Kim & Trinchieri 1992; M arkert & Donahue 1985). The ROSAT HRI 
observations of NGC 205 reported here give an upper limit of 6.78 X 10~14 ergs s _1 cm -2 
for the flux of any point source in the nuclear region. The only source seen in figure. 2.7 
lies 2 .T  away from the nucleus and is probably not associated with the galaxy.

N G C  221: A strong off-nuclear source in NGC 221 has been found with the HRI on both  
Einstein and ROSAT. The flux reported here is consistent with the Einstein m easure
m ents ( l?x  — 9.1 X 10~13 ergs s-1 cm-2 in the 0.5-4.0 keV band-pass (Fabbia.no, Kim & 
Trinchieri 1992)). The X-ray source lies ~  7" away from the NGC 221 nucleus and has no 
optical counterpart. An upper limit for the nuclear X-ray emission is given in table 2.5. 
The position of the aperture used to compute the upper limit was shifted slightly from the 
exact position of the galactic nucleus to avoid contam ination from the off-nuclear source.

Dynam ical studies of the stellar rotation velocities in this galaxy have revealed the  presence 
of a central dark massive object, probably a black hole, with mass 3 X 106M@ (Bender, 
Kormendy & Dehnen 1996; Van Der Marel, De Zeeuw & R.ix 1997), which corresponds 
to an Eddington luminosity of ~  1044 ergs s_1. The X-ray upper limit in table 2.5 shows
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th a t the central object is em itting at most at ^  10 8X_EcM-

N G C  224: No analysis of X-ray d a ta  for this galaxy has been done in this thesis. A 
review of the observed X-ray emission observed has already been given in chapter 1. A list 
of the sources found within a radius of ~  6' from the nucleus is shown in table 2.6. The 
source coincident with the galactic nucleus has been reported to vary (Primini, Form an & 
Jones 1993) and is probably an XRB.

N G C  247: Two strong X-ray sources are seen in the southern region of the ROSAT HRI 
image (see figure 2.9). A 2<7 upper limit for a point source located in the nuclear region of 
the galaxy can be found in table 2.5. Zang, Warwick & Meurs (1997) report the detection 
of a bright (L \  =  1.4 X 1038 ergs s_1) ROSAT PSPC source located ~  2' south from the 
centre of the galaxy. The relative position and luminosity are in good agreement with 
source X -l in figure 2.9. Mackie et al. (1995) also report PSPC observations and find a 
faint nuclear source with L x  =  1 X 1036 ergs s_1, which is well below the detection limit 
of our HRI observations. However, due to the poor spatial resolution of the PSPC , it is 
not clear whether this source is coincident with the galaxy nucleus.

N G C  253: No analysis of X-ray d a ta  for this galaxy has been done in this thesis. This 
starburst galaxy has very complex X-ray emission. Several point sources have been de
tected with the Einstein and R.OSAT HRI (Fabbiano & Trinchieri 1984; Vogler & Pietsch 
1999) with luminosities of up to a few times 1038 ergs s_1 (see table 2.6). The brightest 
object is variable with a hard spectrum  and is probably an XRB (Vogler & Pietsch 1999). 
The source located in the nuclear region is extended and does not vary. Extended emission 
is detected well above and below the galactic plane of this galaxy (see figure 4 in Vogler 
& Pietsch 1999) and NGC 253 is a prototype galaxy for the study of X-ray emission from 
starburst galaxies (see chapter 5). ASCA observations show th a t two components are 
required to fit its spectrum  in the 2-10 keV energy band: a hard component with k T  ~  9 
keV and a soft component with k T  ~  1 keV (P tak  et al. 1997).

N G C  404: A weak X-ray nuclear source ( l?x  =  7.5 x 10-12 ergs s_1) has been detected 
by the R.OSAT HRI in the LINER nucleus of this galaxy. An ASCA 2-10 keV upper limit 
of 3 x 10-13 ergs s_1 cm-2 has been reported by Maoz et al. (1998), which implies th a t 
the ROSAT flux is either dominated by very soft emission, or th a t the source is variable. 
The former idea is supported by recent UV observations of the. NGC 404 nucleus which 
show th a t the spectrum  is dominated by stellar absorption features from massive young 
stars (Maoz et al. 1998) and not by the blue, featureless continuum expected from an 
active nucleus.



N G C  598: No analysis oi X-ray data  for this galaxy has been done in this thesis. Several 
point sources have been detected with the Einstein and ROSAT HRI in this spiral galaxy. 
Those sources located within the central ~  6/ x 6' region are listed in table ‘2.6. The most 
striking source is the  nucleus, with a luminosity of 1039 ergs s_1 which makes it a good 
AGN candidate. However, the nucleus is not detected at radio wavelengths and shows 
very little line emission in the optical (see Schulman & Bregman 1995 and chapter 3 of 
this thesis). ASCA observations show th a t the emission from this source can be fitted 
by a soft therm al (k T  = 2.0 keV) spectrum (Takano et al. 1994) and, with the lack of 
radio emission, almost certainly exclude the possibility of an active nucleus in NGC 598. 
Diffuse emission around the nucleus has been detected in ROSAT HRI as well as PSPC 
observations (Schulman & Bregman 1995; Long et al. 1994).

IC  342: Bregman, Cox & Tomisaka (1993), using ROSAT HRI observations, found evi
dence for a diffuse nuclear component th a t could be explained as a hot interstellar medium 
generated by a very young nuclear starburst. Figure 2.11 shows th a t three sources lie 
within the limits of the optical JK T  image of the galaxy.

The brightest source is coincident with the nucleus and visual inspection of the  image 
suggests th a t it is marginally resolved. A comparison of the azimuthally averaged profile 
of the source and the HRI model PSF can be seen in figure 2.34 and a clear deviation 
from the model PSF is visible at a radius of between 1" and 12>" from the centre. For 
comparison, an off-nuclear source is also shown, which is in good agreement with the model 
PSF, confirming the diffuse nuclear component.

The other two sources in the figure do not have obvious optical counterparts. Source X I 
has a S /N  of 2.3 (see table 2.4), but is included here because it was reported by Bregman, 
Cox & Tomisaka (1993 ) (they found a S/N  of 2.8, probably due to  a different background 
estim ate).

Fabbia.no & Trinchieri (1987) analysed Einstein IPC observations of the nuclear region in 
IC 342 and argued th a t the emission is consistent with starburst activity. U nfortunately, 
the IPC  was not able to resolve the three sources detected with the IIRI. Recent ASCA 
observations show th a t the emission in the 0.2-10 keV band is consistent with a m ass- 
accreting compact object (a neutron star or stellar-m ass BH) whose X-ray emission is 
boosted and beamed due to the presence of a relativistic jet (Okada. et al. 1998).

N G C  1560: This galaxy was observed for the first time in X-rays and no emission was
detected in the ROSAT HRI data. A 2a upper limit for a point source located in the
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Figure 2.34: Observed profile and model PSF for IC342 X-2 and an off-nuclear source. 
The solid line corresponds to a model PSF (equation 2.2) scaled to m atch the peak of the 
observed profile. The dashed line corresponds to the same model PSF but with a scale 
factor found by minimizing a chi-squared fit to the data.

nuclear region of the galaxy can be found in table 2.5.

N G C  2366: No emission was detected in the ROSAT HRI observations of this galaxy. A 
2cr upper limit for a point source located in the nuclear region of the galaxy can be found 
in table 2.5.

N G C  2403: This galaxy was observed with the Einstein HRI and IPC instrum ents by 
Fabbiano & Trinchieri (1987). Three prominent sources were identified in the IPC obser
vations with no emission from the nuclear region of the galaxy.

The ROSAT HRI observations reported here show a to ta l of 4 point sources associated 
with the galaxy.

Sources X I and X3 in figure 2.14 correspond to two of the sources reported by Fabbiano 
& Trinchieri (1987) (their th ird source lies outside the JK T image). It is confirmed th a t 
no nuclear source is present in the galaxy and a 2a upper limit for a nuclear point source 
is given in table 2.5.

A search for SNRs in NGC 2403 has yielded 35 detections (Matonick et al. 1997). The 
position of rem nant number 15 in table 2 of Matonick et al. (1997) is coincident with 
the X-ray source X-3 reported here (see table 2.4). A very faint optical counterpart is 
observed at this position. If the identification is correct the SNR would belong to a class 
of super-luminous (probably young) rem nants (Schlegel 1994b).

Source X4 corresponds to a giant f ill  region. A photom etric study of this region (N2403- 
A) reveals more than 1400 detected stars, among them  800 O-type stars and a lower limit
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of 23 WR. stars (Drissen & Roy 1996).

N G C  2976: This galaxy was observed for the first tim e in X-rays and no emission was 
detected in the ROSAT HR.I data. A 2<r upper limit for a point source located in the 
nuclear region of the galaxy can be found in table 2.5.

A  0 9 5 1 + 6 8 :  This galaxy has been observed in X-rays for the first time. As can be seen 
in figure 2.16, the only detected source is probably a foreground or background object.

N G C  3031: No analysis of X-ray da ta  for this galaxy has been done in this thesis. Nine 
point sources have been detected in the nucleus of this low-luminosity AGN from observa
tions w ith the Einstein HRI (Fabbiano 1988a). Those sources located within the central 
~  6 ' x  6' region are listed in table 2.6. The emission is dom inated by the nuclear source, 
w ith a luminosity £  lO40 ergs s_1 in the 0.2-4.0 keV band-pass. Einstein IPC  d a ta  show 
th a t the spectrum  of the nuclear source is soft, with a good fit given by therm al emission 
with k T  ~  1 keV or by a power law with index a  ~  2 (Fabbiano 1988a). This result, 
however, has been questioned by ASCA observations which are consistent with a nuclear 
power law distribution with index a  ~  1 in the 0.2-10 keV energy band (Serlemitsos, 
P tak  & Yaqoob 1996). X-ray long term  and fast variability by significant factors has been 
reported  for the nuclear source (Petre et al. 1993; Ishisaki et al. 1996; Serlemitsos, P tak  
& Yaqoob 1996).

Leo B: No analysis of X-ray d a ta  for this galaxy has been done in this thesis. LeoB was 
observed with the Einstein HRI. M arkert & Donahue (1985) report th a t no sources were 
detected.

U G C 6 4 5 6 :  This is a blue compact galaxy. These galaxies are characterized by low 
metallicities, high gas content and vigorous star form ation. In UGC6456, evidence of both  
a recent episode of strong star form ation (600-700 Myr) and an older stellar population 
has been detected (Lynds et al. 1998).

The JK T  optical images show th a t the galaxy has numerous bright knots of emission 
surrounded by a low surface brightness outer envelope (Johnson 1997). The knots of 
emission are displaced south from the geometrical center of the envelope and it is not 
clear w hether they represent the true nuclear region of the galaxy (figure 2.35).

ROSAT PSPC observations of this galaxy show a central X-ray core and three extended 
structures connected to the central source (Papaderos et al. 1994). This morphology was 
in terpreted  as outflows from the central region of the galaxy, powered by starburst activity.



Figure 2.35: Optical I-band image of UGC6456. The position of the optical counterpart 
for the X-ray source X I is indicated.

The to ta l PSPC  flux within a circular aperture of radius 3' is 1.6 X 10~13 ergs s^ 1 cm- 2 .

The high resolution d a ta  reported here show a strong X-ray source located at the north- 
most limit of the optical emission knots (but displaced to the west with respect to the 
the geometrical center of the outer envelope -  see figure 2.35). There is no evidence of 
extended X-ray emission in the observations, probably due to the lower sensitivity of the 
HRI. The HRI flux of the point source is ~  9 x 10-13 ergs s_1 cm- 2 , about 5 times more 
luminous than  the PSPC observations. A very luminous XRB (L x  ^  1038 ergs s_ i ) could 
be responsible for this flux variation.

N G C  3738: This galaxy has an irregular optical appearance with several bright knots of 
emission, although the outer parts are quite regular. None of the bright knots seems to 
coincide with the geometrical center of the galaxy (Johnson 1997).

NGC 3738 has been observed in X-rays for the first time and no point sources associated 
with the galaxy have been found. An upper limit for the X-ray emission can be found 
in table 2.5. Source XI in figure 2.18 is coincident with a faint knot of optical emission 
and is probably a foreground or background object. Source X2 is coincident with a bright 
point-like object and probably corresponds to a foreground star.

N G C  4136: This spiral galaxy has been observed for the first time in X-rays. No sources
associated with the nuclear region have been found. An upper limit to the flux from a
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Figure '2.36: X-ray raw image of NGC4150 (pixel size =  2" x 2") showing the location of 
the quasar and nucleus apertures.

nuclear point source can be found in table '2.5. A strong X-ray source is coincident with 
one of the spiral arm s of the galaxy where several knots of emission can be seen in the 
optical image (see figure 2.19). The rem nant of the historic Type II supernova SN 1941C 
seen in NGC4136 is not located close to this X-ray source (Van Dyk, Hamuy & Filippenko
1996).

N G C 4 1 4 4 :  This galaxy was observed for the first time in X-rays and no emission was 
detected in the ROSAT HRI data. A 2a upper limit for a point source located in the 
nuclear region of the galaxy can be found in table 2.5.

N G C 4 1 5 0 :  A strong point-like source coincident with this galaxy was detected in the 
ROSAT All-Sky Survey with F x  =  6 x 10-13 ergs s_l cm-2 and a photon index F =  1.41. 
The emission was assumed to be from the nucleus of NGC 4150 (M oran, Halpern & Helfand 
1996; Boiler et al. 1998). The high resolution image seen in figure '2.21 shows, however, 
th a t the X-ray source is more than  15" away from the galactic nucleus and has a position 
consistent with a knot of optical emission. Spectroscopy of the optical counterpart shows 
th a t the source is a background quasar at redshift 0.52 (see chapter 3).

Figure 2.21 shows th a t the X-ray contours of the source are elongated in the north  west 
direction, suggesting th a t some emission might be coming from the nuclear region of the 
galaxy. An estim ate of the nuclear emission was obtained using a 10" radius aperture
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Figure 2.37: Observed profile and model PSF for the nuclear X-ray source in NGC4736. 
Models as in figure 2.34.

located as shown in figure 2.36. Although the observed counts have a S/R. ~  2.6 (and 
so would be considered a significant detection by the criteria defined in section 2.2.3) the 
measurem ent will be treated  as an upper limit because of contam ination from the nearby 
quasar.

N G C  4236: This galaxy has a. very low surface brightness and no obvious nucleus (John
son 1997). From the R.OS AT HRI observations reported here no X-ray sources have been 
found in the central region of the galaxy. The only detected source (X -l) is located in the 
galactic plane and might have a faint optical counterpart. A 2cr upper limit for a point 
source located in the nuclear region of the galaxy can be found in table 2.5.

N G C  4244: No emission was detected in the ROS AT HRI observations of this galaxy. A 
2<j upper limit for a point source located in the nuclear region of the galaxy can be found 
in table 2.5.

N G C  4395: This galaxy contains the faintest and nearest Seyfert 1 nucleus known today. 
Its weak nuclear X-ray emission is highly variable (see chapter 4). The bright source seen 
in figure 2.24 (X2) has no obvious optical counterpart.

N G C  4605: This galaxy was observed for the first time in X-rays and no emission was
detected in the R.OSAT HRI data. A 2<r upper limit for a point source located in the
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Figure 2.38: Observed profile and model PSF for the nuclear X-ray source in NGC 4826. 
Models as in figure 2.34.

nuclear region of the galaxy can be found in table 2.5.

N G C  4736: Strong X-ray emission is associated w ith the LINER nucleus of this galaxy. 
A nuclear point source and significant extended emission can be seen in figure 2.26. The 
azim uthally averaged profile of this source and the HRI model PSF are shown in figure 
2.37.

The galaxy was previously imaged with the Einstein HRI. A nuclear flux of 2.0 X 10-12 
ergs s-1 cm -2 was measured within an aperture of 60" radius in the 0.5-4.0 keV band
pass (Fabbia.no, Kim k  Trinchieri 1992). The fluxes measured from the ROSAT HRI 
observation using a small (r = 10") and a. large aperture (r =  100") are 1.4 X 10~12 and 
4.7 X 10-12 ergs s-1 cm-2 respectively (see table 2.4). The change in the to ta l observed 
flux can be explained if the central source is variable or if a substantial fraction of its 
emission is radiated in the very soft X-rays (k T  £  0.5 keV).

Roberts, Warwick k  Oliashi (1999) have recently reported on ASCA and ROSAT PSPC 
and HRI observations for NGC 4736. They find th a t the nuclear emission is consistent 
with an unresolved source plus an extended component. PSF modelling shows th a t the 
unresolved source accounts for more than 50% of the detected emission (Roberts, Warwick 
k  Ohashi 1999). The 0.1—10 keV ASCA spectrum  of the emission is consistent with a 
power-law with index a  ~  1 plus a softer therm al component {kT  ~  0.1 — 0.6 keV) which
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Source CR (20/01/93) 
(counts s- 1 )

CR (30/07/94) 
(counts s- 1 )

X-l 1.27 ± 0 .31 0.38 ±  0.22
X-2 1.18 ± 0 .31 1.39 ± 0 .3 2
X-3 15.20 ±  0.86 17.57 ±  0.91
X-4 0.75 ±  0.27 0.88 ±  0.28
X-5 0.67 ±  0.26 0.64 ±  0.25
X-6 2.08 ±  0.37 2.43 ±  0.39
X-7 1.91 ± 0 .36 0.05 ±  0.19
X-8 1.31 ± 0 .32 0.17 ±  0.20

Table 2.7: Count rates (in units of 103 s 1) for the point sources observed in NGC5236 
from two ROSAT HRI observations obtained in January 1993 and July 1994.

dominates below 2 keV.

N G C 4 8 2 6 : The nucleus of NGC4826 has been classified as a transition object (a com
bination of a LINER, and an IlIIR  nucleus) by Ho, Filippenko & Sargent (1995b). The 
galaxy was observed with the Einstein IPC and a nuclear flux of 7.89 x 10-13 ergs s-1 cm-2 
was measured within a 4.5' radius aperture (Fabbiano, Kim & Trinchieri 1992), in good 
agreement with the flux found in table 2.4. Figure 2.38 shows the azimuthally averaged 
profile as observed by the ROSAT HRI. Significant extended emission is observed within 
^  20" of the central peak.

N G C 5 2 0 4 : Einstein IPC observations of this galaxy show strong X-ray emission with 
a to ta l flux of 9.6 x 10~13 ergs s_1 cm-2 (Fabbiano, Kim & Trinchieri 1992) in good 
agreement with the measurement given here (see table 2.4). Population I XRBs were 
thought to be responsible for this emission since the number of OB stars inferred from 
IUE observations were in agreement with the X-ray luminosity (Fabbiano & Panagia 1983). 
However, the HRI image (see figure 2.28) shows th a t the X-ray emission is consistent with 
a single off-nuclear point source ~  17" away from the nucleus. This position is confirmed 
by two different HRI observations obtained 6 months apart.

Three SNRs have been identified in NGC5204, but none of them is coincident with the 
position of the source (Matonick & Fesen 199/ )- Although there is no obvious optical 
counterpart for the X-ray source, several nearby optical knots can be seen in figure 2.28. 
The spectrum  of one of the candidates is presented in chapter 3 and corresponds to a 
star forming region. The extremely high luminosity of this source, together with the lack 
of variability observed between the Einstein and the ROSAT observations, favour a SNR 
from a class of super-luminous rem nants (Schlegel 1994b) (the SASS report does not find 
conclusive evidence of variability during the HRI observations, either).
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Figure ‘2.39: Observed profile and model PSF for the nuclear X-ray source in NGC 5236. 
Models as in figure ‘2.34.

N G C  5236: The very complex X-ray emission in this galaxy can be appreciated in figure 
2.29. Several X-ray knots are distributed on top of bright, uneven extended emission. 
Comparison between the two ROSAT IiR I observations reveals th a t a t least three of the 
eight detected point sources are variable. Table 2.7 shows the count rates observed in 
January  1993 and July 1994. Sources X -l, X-7 and X-8 are not detected during the 
observations obtained in July 1994, but are among the brightest objects seen in January  
1993.

Trinchieri, Fabbiano & Paulumbo (1985) reported on the Einstein HRI observations of 
this galaxy. From their observations (obtained in January 1980 and February 1981) only .3 
sources were detected in the nuclear region of the galaxy. They correspond to the ROSAT 
HRI sources X-'2, X-3 (the nucleus) and X-6, which are the brightest sources observed in 
the ROSAT HRI d a ta  acquired in July 1994 (see table 2.7). Their fluxes in the Einstein 
(0.5-3.0 keV) band-pass are in good agreement with the fluxes given in table 2.4.

Elile ei al. (1998) report on ROSAT PSPC observations of NGC 5236 obtained between 
January  1992 and January  1993. They find a luminosity for the nuclear source of 7 X 10-13 
ergs s_1 cm- 2 , in good agreement with the measurement in table 2.4. They also detect all 
the point sources seen in the HRI observations, with the exception of X-5. This suggests 
th a t the  variable sources X -l, X-7 and X-8 were detectable for at least a year (from the 
beginning of 1992 until the beginning of 1993), before fading away, becoming undetectable
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Figure 2.40: Observed profile and model PSF for the nuclear X-ray source in NGC5457. 
Models as in figure 2.34.

by July 1994.

The diffuse emission from the central region of NGC5236 can be appreciated in figure 
2.39. From the PSPC  observations Ehle et al. (1998) find tha t the soft 0.1-0.4 keV diffuse 
component accounts for almost half of the to ta l X-ray emission and argue th a t most of it is 
due to hot gas in a super bubble with radius ~  10 — 15 kpc. Evidence of vigorous starburst 
activity comes from observations of the nuclear and circumnuclear regions of NGC5236 
which have intricate morphologies in the UV, optical and infrared (Bohlin et al. 1983; 
Johnson 1997; Gallais et al. 1991).

Finally, several historic supernovae have been observed in this galaxy, but none of them  
is consistent with the positions of the point X-ray sources.

N G C  5238: This galaxy was observed for the first time in X-rays and no emission was 
detected in the ROSAT IIRI data. A 2a upper limit for a point source located in the 
nuclear region of the galaxy can be found in table 2.5.

N G C  5457: Observations of this galaxy with the Einstein IPC and ROSAT PSPC have 
been widely reported (Trinchieri, Fabbiano & Romaine 1990; Williams & Chu 1995; Snow
den & Pietsch 1995). The shortest of the two ROSAT HRI images reported here was briefly 
discussed by Williams & Chu (1995). Several strong point sources are thought to be asso-
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Figure 2.41: X-ray isocontours plotted on top of an optical JK T  image of NGC6503. 
The X-ray image was produced binning the raw frame into 2" pixels and sm oothed using 
Gaussians with a  =  4". Contours were drawn at 1.5” times the standard  deviation per 
pixel in the smoothed background, where n — 1 ,2 ,3 , etc.

ciated with giant HIIRs (Williams & Chu 1995), but they are not visible in the ~  6' x  6' 
optical JK T  image.

From IPC  d a ta  Trincliieri, Fabbiano & Romaine (1990) find a nuclear X-ray flux of 3 X 
10-13 ergs s_1 cm-2 within a circle of 90" radius for the Einstein (0.2-4.0 keV) band-pass. 
From the ROSAT HRI observations a nuclear flux of 4 x 10-14 ergs s_1 cm-2 is obtained, 
an order of m agnitude fainter than  the IPC flux. The difference can be explained if sources 
X-2 and X-3, which are not resolved by the IPC , were contained within the large aperture 
used by Trinchieri, Fabbiano & Romaine (1990), or by the effect of luminous and highly 
variable XRBs.

The presence of a soft diffuse component is discussed by Snowden & Pietsch (1995). They 
find conclusive evidence in ROSAT PSPC observations for extended emission within the 
inner 1' of the galaxy. The radial profile obtained from the ROSAT HRI observations 
shown in figure 2.40 suggests some patchiness in the X-ray emission but no firm evidence 
for a central extended component is found.

An astonishing to ta l of 93 SNRs have been identified in the galaxy (M atonick & Fesen
1997). Rem nants 57 and 54 are consistent with the positions of sources X-2 and X-3 seen 
in figure 2.31.
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Figure '2.42: Observed profile and model PSF for the nuclear X-ray source in NGC 
Region 1 corresponds to the profile obtained along to the direction of the extended 
sion, while region 2 was obtained in the perpendicular direction. Models as in 
2.34.

6503.
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N G C  6503: The nucleus of this galaxy has been classified as a combination of a transition 
object and a Seyfert 2 nucleus by Ho, Filippenko & Sargent (1995b). The ROSAT HRI 
observations in figure '2.32 show extended and elongated emission in the central region 
of the galaxy. This diffuse emission can be better appreciated in figure 2.41 where the 
X-ray image has been smoothed using a Gaussians with a =  2". Figure '2.42 shows radial 
profiles of the source obtained by averaging pie-slice shaped regions aligned along and 
perpendicular to the direction of the extended emission. Although the signal to noise ratio  
is low, more dum piness is observed in the profile obtained along the extended emission.

The extended source lies ~  10" away from the galactic nucleus. Although shifts of ~  5" 
are normal during pointed ROSAT observations (Fabbiano & Juda, 1997; Vogler & Pietscli 
1996) the observed extended X-ray emission is likely to be off-nuclear because a bright 
source located ~  5.6' away from the galaxy and identified as QSO 1749+701 is consistent 
with an optical counterpart found in a DSS plate (note however, th a t the astrom etric 
solution of the JK T  optical image and the DSS plate may have systematics shifts of a few 
arc-seconds -  see chapter 3).

N G C  6946: Six historic SNs have been seen in this spiral galaxy (SNs 1917A, 1939C, 
1948B, 1968D, 1969P, and 1980K) (Barbon, Capellaro & T uratto  1989). A to ta l of 27 
rem nants (not including the historic SNs) have been detected by Matonick & Fesen (1997). 
SN 1980K has been observed in X-rays (Schlegel 1994a), but the source lies outside the 
~  6' X 6' JK T  optical image of the galaxy. Another rem nant in this galaxy belongs to 
an extreme group of objects with X-ray luminosities ^  1039 ergs s_1 (Schlegel 1994b). It 
corresponds to  source X-8 in figure 2.33.
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Figure 2.43: Observed profile and model PSF for the nuclear X-3 source (left) and the 
off-nuclear X-7 source (right) in N G C 6946. Models as in figure 2.34.

Recent HST images show th a t the source corresponds to several interacting SNRs (Blair, 
Fesen & Schlegel 1997). Schlegel (1994c) reports the presence of diffuse emission across 
the disk of the galaxy from ROSAT PSPC observations. Figure 2.43 shows the profile of 
the  nuclear source X-3 and of an off-nuclear source (X-7). Comparing both  plots it is clear 
th a t the  nuclear source is extended up to ~  20" away from the central peak.
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C h a p te r  3

Optical spectroscopic observations

3.1 S e lec t io n  o f  ta rg e ts  and as tro m etry

From the broad band near-IR, radio, optical, and X-ray images, targets in the nuclear 
regions of the galaxies were selected for long slit spectroscopy with the W illiam Herschel 
Telescope (W H T). While some galaxies had a distinctive nucleus, detected a t several differ
ent wavelengths, others had multiple hot spots, possibly appearing in different wavelength 
bands, w ith no single, well defined, unique nucleus.

At the  W H T spectroscopic targets are usually acquired manually. Once the object is seen 
in the TV m onitor, the pointing is gradually corrected until the object moves into the slit.

However, m any of the targets had either very faint or no optical counterparts on the TV 
display (V  ^  '20 m agnitudes). For the acquisition of these objects it was necessary to 
obtain accurate positions for the targets relative to a brighter reference source so th a t the 
observations could be done in ‘blind offset’ mode. This procedure can be achieved w ith a 
precision of < 0.2" (RMS) for offsets over ^  20' on the sky.

To calculate the offset requires either coordinates of both objects in a common reference 
fram e, or accurate absolute coordinates from separate sources. The offsets were calculated 
as described in the following sections.

3 .1 .1  O p t ic a l  so u r c e s  in J K T  im a g e s

The astrom etry  for the JK T images was made using celestial coordinates from charts 
generated by the A utom atic Plate Measuring machine (APM ) at the Royal Greenwich



13/06/96 14/06/96 15/06/96 15/01/97
Maffei I Maffei II Maffei I IC 342
NGC 147 NGC 205 NGC 185 Leo B
NGC404 NGC 221 NGC 224 NGC 1560
NGC 4395 NGC 598 NGC 247 NGC 2.366
NGC 4736 NGC 4826 NGC 4605 NGC 2403
NGC 5457 NGC 5204 NGC 5204 NGC 2976
NGC 6503 NGC 6946 NGC 5238 NGC 3738 

NGC 4144 
NGC 4150 
NGC 4236 
NGC 4395 
UGC 6456 
UGC 7321

BD+28 4211 BD+284211 BD+33 2642 FEIGE 34
G158-100 BD+33 2642 HD 192281 G191-B2B
PG  1708+602 HD 192281 PG 1708+602

Table 3.1: Journal of spectroscopic observations. Standard stars are also included.

Observatory in Cambridge. The main sources of m aterial for APM  are the UK Schmidt 
Telescope, Palom ar Schmidt and Curtis Schmidt photographic plates.

For each of the JIvT images several (normally 5 to 10) stars with coordinates in the APM  
charts were identified and their pixel positions in the JK T images determined using a 
centroid algorithm. The astrom etric solutions were found using the STARLINK package 
a s t r o m ,  which solves a six coefficient linear model for each image (zero points, scales in x 
and y, orientation and non-perpendicularity), using the pixel positions and APM  celestial 
coordinates of the reference stars. Once the astrom etry has been determined, relative 
positions in the APM frame of reference can be found for the faint targets. Several tests 
were carried out which showed th a t the coordinates of the reference sources could be 
recovered with an accuracy ~  0.1".

3 .1 .2  O p t ic a l  S o u r c e s  w i t h o u t  J K T  Im a g e s

For galaxies w ithout optical JK T  images, plates from the Digitised Sky Survey (DSS) were 
used instead. DSS images already have astrom etric solutions in their headers as a set of 
‘plate solution coefficients’. Comparing the DSS astrom etry with the APM solutions it was 
found th a t relative positions agreed with an accuracy of ~  0.1" -  0.2". However, absolute 
positions showed system atic shifts of a few arc seconds, depending on the particular DSS 
plate and APM  chart used.
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For a few galaxies with JK T  images, but without available APM charts, the astrom etric 
solution was found using ASTROM as described earlier, but using celestial coordinates 
from a DSS plate. In t his case the astrom etric solution is tied to the DSS frame of reference, 
which as has been mentioned, can have a system atic shift from the APM solution.

W ith the astrom etric solutions determined from APM  charts and DSS plates, faint optical 
sources (or X-ray and radio sources with faint optical counterparts) could be acquired 
using a blind offset from a reference star with an accuracy of ~  0.1" — 0.2".

3 .1 .3  R a d io  s o u r c e s  w i t h o u t  o p t ic a l  c o u n te r p a r t s

Radio sources w ithout optical identifications present a different problem. VLA positions 
have an absolute accuracy better than  0.1" (Perley 1997) and so a blind offset from an 
accurate absolute optical source should be reliable. Unfortunately, however, shifts in 
the absolute positions of objects in the APM  and DSS frames of reference have been 
detected and it is difficult to test if either is a good absolute system  since astrom etric 
stars are normally very bright, appearing as non-point-like (saturated) sources in the two 
catalogues.

Instead, the  ‘Catalogue of Positions and Proper M otions’ (PPM ) was chosen as the  source 
for reference stars to blind offset to the position of radio sources. The average m ean errors 
of the positions in the PPM  catalogue is 0.27" (Roeser & Bastian 1991).

3 .1 .4  X - R a y  so u r c e s  w i t h o u t  o p t ic a l  or rad io  c o u n t e r p a r t s

X-ray sources w ithout optical (or radio) counterparts were not followed up since the  ab
solute accuracy in the X-ray positions is ~  5" (see chapter 2) and the slit could not be 
placed on the target w ithout a better knowledge of its location.

3.2 T h e  W H T  and ISIS

The W illiam Herschel Telescope (W HT) is part of the The Isaac Newton Group of Tele
scopes (ING) which is located on the island of La Palm a as part of the Observatorio del 
Roque de los Muchaclios. The observatory site is operated by the Institu to  de Astrofisica 
de Canarias. The ING is operated on behalf of the LTK Particle Physics & Astronom y
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July 1996 January 1997
Blue Arm Red Arm Blue Arm Red Arm

CCD LORAL Tek Tek Tek
gain (e/A D U ) 8.0 1.1 1.1 1.2
readout noise (e) 6.0 3.6 3.6 4.4
pixel size (¿urn) 15 24 24 24
full frame (pix) 2148 x 2148 1124 x 1124 1124 x 1124 1124 x 1124
windowed frame (pix) 2148 X 1055 1124 x 650 1124 x 650 1124 X 650
grating 1130 0B R316R R300B R316R
wavelength range (A) 3538-5460 5312-6807 3655-5223 5270-6765
spectral resolution (A) ~  3.8 ~  3.0 ~  3.5 ~  3.0
dispersion (A /pix) 0.96 1.47 1.54 1.47
spatial scale ("/p ix) 0.22 0.36 0.36 0.36

Table 3.2: Set-up for the spectroscopy

Research Council (PPARC) and the Nederlandse Organisatie voor W etenschappelijk On- 
derzoek (NWO).

The W HT is an alt-azim uth, 4.2 m etre telescope with a focal ratio (focal length /  m irror 
diam eter) at the Cassegrain focus of 10.94. The alt-azim uth design of the telescope means 
tha t the field of view rotates as the telescope tracks. To compensate for this movement 
instrum ents and detectors at the Cassegrain focus must be mounted on turntables.

ISIS is a two armed spectrograph m ounted at the Cassegrain focus of the W HT. The 
upper arm  is optimised for the range 3000 - 6000 A, and is called the BLUE arm , while 
the lower arm is optimised for the range 5000 - 10000 A, and is called the RED arm. Light 
is diverted into the two arms by 45° folding mirrors or dichroic filters. The use of dichroics 
allows for the simultaneous use of both ISIS arms.

After encountering the folding m irror or dichroic, the light passes through the collimators 
to produce a collimated beam of 150mm diameter. The light is then reflected by the 
gratings to the CCD cameras. The spectrograph arms are normally focussed by adjusting 
the collimator positions.

3.3 O b servations, d a ta  red uction  and calibration

3 .3 .1  O b s e r v in g  ru n s

Long slit spectra of the nuclear targets were obtained on the 13th. 14th and 15tli of July 
1996 and the 15th of January 1997. Table 3.1 shows the journal of observations.



CCD Cosmetic Defect

Pixels

Figure 3.1: D ark tail produced after bright pixels in a raw frame obtained with the Loral 
CCD.

The R316R grating was installed in the red arm of ISIS and the R300B was used in the blue 
arm , together with clichroic 5400 (half power point of crossover a t 5470A). The wavelength 
coverage was ~  3650 - 6750 A. A small gap between 5220 and 5270 A was not observed 
during January  1997. A TEIv CCD and a Loral CCD were used during July 1996 for 
the  red and the blue camera, respectively. Both cameras were equipped with TEK  CCDs 
for the  run in January 1997. The slit width was 1" orr the sky, resulting in a spectral 
resolution of ~  3.0 A FW HM  for the red arm  and ~  3.5 A FW1IM for the blue arm  (~  .3.8 
A FW HM  with the Loral chip) as measured from bright unblended lines in comparison 
lamp frames.

The standard  stars were acquired using a slit width of 8". The seeing varied between ~  0.8 
to  ~  1.2 arcsecs during both runs. The dispersion achieved in the red arm  was 1.47 A 
per pixel (0.062 A per micron). In the blue arm  the dispersion was 0.96 A per pixel with 
the Loral and 1.54 A per pixel with the Tek detector (0.064 A per micron). In both  runs 
the slit was positioned a t the parallactic angle to minimize light losses. The CCDs were 
windowed to reduce the read-out times and covered 4' in the spatial direction with a scale 
of 14.9 " /m m . A summary of the set-ups can be seen in table 3.2.

A part from the norm al cosmetic defects found in all CCDs (e.g., hot pixels, charge-trap 
columns), the LORAL CCD showed a dark tail after bright pixels, as can be seen in figure 
3.1. The problem is only apparent when pixels have ^  2000 counts in the raw frame. The 
depth of the depression seems to be correlated with the peak count. The d a ta  shown in 
figure 3.1 were produced with a large cosmic ray (49447 peak counts) and the depression 
extends over up to 300 pixels (~  270 A).

During the run of July 1996 no clouds were present, although the presence of Saharan
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Date UT Extinction (V mag) Variation (m ag/hr) N
Jul 13/14 01:20 0.13 ±0.012 - 46
Jul 14/15 01:19 0.74 ±0.026 0.017 ± 0 .004 38
J u l 15/16 01:19 0.46 ±0 .012 -0 .021  ±  0.002 48

Table 3.3: Extinction during the run in July 1996

dust in the atm osphere ham pered the observations. Table 3.3 summarizes the extinction 
conditions m easured on site by the Carlsberg Meridian Circle. The extinction values are 
for the given TJT time. The number of observations used to determine the extinction 
values is also given. During the 13th of .July the dust produced a constant extinction, 
while during the 14th and 15th conditions gradually changed during the nights.

The conditions during January 1997 were not photom etric throughout the night as clouds 
covered the sky. However, towards the end of the night some da ta  and associated standard  
stars were acquired during clear periods. No extinction information from the Carlsberg 
M eridian Circle was available due to the poor weather conditions.

3 .3 .2  D a t a  r e d u c t io n

The d a ta  were reduced using i r a f  software. The first step was the bias correction. The 
bias is a platform  level added to the output signal in order to make sure th a t the Analogue- 
to-Digital Converter (ADC) always receives a positive value. The ADC is responsible for 
converting the am ount of charge (or number of electrons) produced by the incidence of 
photons on a CCD pixel to the measured value. The bias has to  be determined for each 
frame as it might vary slightly with telescope position, tem perature, etc, and might also 
vary as a function of the position on the CCD. In order to hud the bias level there are 
two tools th a t can be used: the bias frames and the overscan region. The bias frames 
are images which are produced by reading out the CCD without exposure. The overscan 
region is a. ~  30 pixel strip right at the edge of each image th a t is not exposed. By 
combining several bias frames it is possible to look for structures in the bias, while the 
overscan region allows for a better determ ination of the bias level in each individual image.

Inspection of the bias frames produced with the LORAL CCD showed a strong ‘ram p ’ on 
one side of the chip, probably produced by the system electronics (see figure 3.2). The 
ram p varied in height and width from image to image, but presented a constant profile 
across a single frame and always affected images with short exposures. A correlation was 
found where images with the shortest exposure times presented the biggest ram ps, and 
therefore bias frames were badly affected. The idea, of modelling the ramp in order to



Figure 3.2: Overscan region of a frame obtained with the LORAL CCD. It is possible 
to  see the  ‘ram p ’ 011 the left of the profile as well as an emission feature in the center 
produced by the bleeding of charges.

remove it from the images was discarded as closer exam ination showed complex sinusoidal 
structures in the profile. It was finally decided th a t 110 bias frames were going to be used 
for the  reduction of d a ta  obtained with the LORAL CCD. Inform ation about the bias 
level was inferred exclusively from the overscan regions. Note th a t the ram p was normally 
small in the long exposed frames of program  objects and th a t the region of the interest 
(the central part of the chip) was not affected whatever the ram p size.

All images obtained with Tek CCDs were corrected by the bias frame to  remove the 
structures observed in the bias level from the data. Since the num ber of bias frames 
obtained during the 14th and 15th of July 1996 were low (see table 3.4), the combined 
bias fram e from the first night of the run was always used. Profiles in the spatial and 
dispersion axis of the combined bias frame for the 13th of July 1996 and the 15th of 
January  1997 are shown in figure 3.3. It can be seen th a t the bias level indeed shows 
spatial structures.

Figure 3.2 shows the overscan region of a bright standard  sta r fram e obtained with the 
LORAL chip. The profile illustrates another problem th a t affected both arms during July 
1996: structures in the overscan strips due to bleeding of charges from the exposed regions 
of the CCDs (in this case an emission structure at the position of the standard  star on the 
CCD). Consequently, to estim ate the bias level for the images, a straight line was fitted to 
the  collapsed overscan region, but the pixels containing the structures due to  the bleeding 
of charges were excluded. The fitted level was then subtracted from the whole image.

After correcting for the bias level, the images were flat-fielded. This step removes the pixel 
to  pixel variation in sensitivity of the CCD, so th a t if the detector is illum inated directly 
by a completely uniform beam of radiation the output signal would be, within the noise, 
the same a t all points on the CCD. A part from the local pixel to pixel changes in the
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Figure 3.3: Collapsed profiles of bias frames. From top to bottom  the bias for the red 
arm  during the 13th of July 1996, and blue and red arms for the 15th of January 1997 are 
shown. Right panels show profiles in the spatial direction while left panels show profiles 
in the dispersion direction.

CCD sensitivity, other larger scale gradients in the data can be caused by instrum ental 
vignetting. These patterns are also corrected through flat-fielding.

The starting  point of a flat-field correction is the observation of something which should 
have a uniform brightness. In spectroscopic observations, however, pixels along the disper
sion direction are illuminated by photons of increasingly higher energies. Since all em itting 
sources have an intrinsic spectral shape and the CCD response is a function of the energy 
of the incident photons, this change in brightness along the dispersion direction m ust be 
removed in order to obtain a really flat frame across the whole detector. This is normally 
achieved using a lamp, whose spectrum presents a smooth variation with wavelength and 
therefore can be easily modeled and eliminated. (The calibration of the CCD response as a 
function of photon energy is not part of the flat-fielding process, but of the flux calibration 
of the frames, see next section — flat-fielding is exclusively a spatial correction). Once 
lamp frames have been obtained and corrected for wavelength dependent fluctuations, the 
correction to the observation of program objects is applied by dividing the data  by the 
flat-field.

During the runs several flat-fields for each night (see table 3.4) were first combined in 
order to improve the signal to noise ratio. The resulting frame was then sm oothed using 
a median filtering in order to keep only the wavelength dependent variations. The median
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filter consisted of a sliding rectangular window whose dimensions were chosen so th a t 
pixel to pixel variations were smoothed out without removing the spectral variations of 
the lam p. Dividing the original flat-field by this sm oothed version gives the final flat-field, 
containing only the spatial variations.

U nfortunately, residuals can appear as a result of flat-fielding the d a ta  with a source image 
(the lam p) th a t does not illuminate the slit a.s celestial objects do. This variation can also 
be a function of wavelength. In order to determine a slit illumination correction sky 
frames were obtained by observing the evening twilight sky. The sky is a spatially uniform 
source and its light follows the same optical path to the detector as the radiation from 
the program  objects. However, the sky also presents strong emission lines as a function 
of wavelength. A first order approach to find the illumination correction is to  collapse 
the whole sky fram e in order to eliminate the sky spectral features and obtain  a one 
dimensional profile with the desired correction. However this would remove any possible 
variations of the profile with wavelength (th a t were indeed found in the data). In order to 
take into account this variations four steps were followed: first, the sky frames obtained 
each night were combined to reduce noise; second, a narrow strip containing the central 
pixels of the  fram e along the dispersion axis was expanded to a full image; th ird , the sky 
frame was divided by this expanded image in order to normalise its spectral features; and 
fourth , the fram e was slightly smoothed in order to obtain an even map. Finally, all the 
images were divided by this slit illumination map.

3 .3 .3  S p e c t r u m  e x t r a c t io n  a nd  c a l ib r a t io n

The steps involved in the extraction of the galactic spectra were as follows:

• A cut along the spatial axis of the image was used to find the spectrum .

• An extraction window of width 6 pixels (2.16") in the Tek CCDs and 10 pixels in the 
LORAL (2.20") was defined. Two background windows were defined to  either side 
of the spectrum  and as far as possible from it in order to minimize contam ination 
from  the galaxy. Special care was taken to avoid the ram p seen on LORAL frames. 
The average w idth of the background windows was 30".

• The centre of the spatial profile of the spectra was traced as a function of the 
dispersion axis and a polynomial was fitted with the RMS varying from ~  0.01 
pixels for well exposed objects to ~  0.5 pixels for extremely faint objects.



Bias frames 
F lats (lamps) 
Sky frames 
Arcs

13/06/96 
Blue Red

14/06/96 
Blue Red

15/06/96 
Blue Red

15/01/97 
Blue Red

12 12 
12 12 
3 4 
13 1.3

1 1 
5 4 
0 0 
10 10

9 5 
5 5 
5 5
8 8

15 15 
15 15 
i 7 
12 12

Table 3.4: Journal of calibration frames

• At each pixel along the dispersion axis the data  within the extraction window (cen
tered spatially on the value determ inated by the trace at th a t point), was summed 
and the sky background subtracted. A variance-weighted or ‘optim al ex traction’ 
algorithm  was used (Horne 1986), in which the weights used in computing the sum 
are inversely proportional to their statistical uncertainty.

The wavelength calibration was performed using comparison copper-neon and copper- 
argon lamps. To each target spectrum the nearest lamp exposure in time was assigned. 
A spectrum  was then extracted using an aperture and trace identical to those used for 
the target. A fifth order Legendre polynomial was fitted to the strongest iron-blended 
emission-lines of the lamp spectrum in order to determine the dispersion solution. RMS 
values were ~  0.1 A for the blue arm and ~  0.02 A for the red arm. Using the dispersion 
solution the target spectrum  was transformed to a linear wavelength scale by interpolating 
to a constant wavelength increment per pixel. The chosen increments were 0.9"/pixel and 
1.4"/pLxel for the blue and red arms for July 1996, and 1.5"/pixel and 1.4"/pixel for the 
blue and red arms for January 1997.

The flux calibration has two aims: to remove the intrinsic CCD variations in sensitivity 
as a function of wavelength and to obtain the counts to  flux conversion factor in order 
to estim ate the intrinsic brightness of the program  objects. To do this it is necessary to 
observe spectrophotom etric standards (stars with tabulated fluxes as a function of wave
length) and to know how the atmospheric extinction, at the location of the observatory 
and at the tim e of the observing runs, changes as a function of air-mass and wavelength.

The atm ospheric extinction has two main components: a temporally variable component 
th a t does not change with wavelength (i.e., a ‘grey’ component), and a tem porally steady 
component which is a function of wavelength. King (1985) has determined a mean curve 
of the wavelength dependent component for the observatory in La Palma. In principle 
therefore, the to ta l extinction can be determined by applying a ‘grey shift’ to this mean 
curve in order to account for the wavelength independent component. This can be done by 
shifting the mean curve to m atch the extinction measured on site nightly by the C’arlsberg
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M eridian Telescope in the V  band.

The spectrophotom etric standards observed during the July 1996 and January  1997 runs 
are shown in table 3.1. The tabulated absolute spectral energy distributions for the stan 
dards were obtained from Oke (1990) and Massey et al. (1988). The standard  star d a ta  
were binned to m atch the  bandpass widths in the tabulated  fluxes. Using the i r a f  package 
SE NSFU NC ,  a calibration function C \  was determined for each observation of a standard 
star as follows:

C'a =  2.5 x log ( +  -4 x E X (3.1)

where 0 \  is the observed counts in a bandpass of an observation, T  is the exposure time, 
B \  is the bandpass width, F \ is the flux at the bandpass from the tabu lated  fluxes of the 
spectrophotom etric standard , A  is the airmass, and E \  is the extinction as determ ined by 
King (1985). Thus, C \  is the ratio  of the observed count ra te  per A ngstrom  corrected by 
the extinction curve to the expected flux expressed in magnitudes.

Figure 3.4 shows the values C \  found for every night in the 5700-6700 A range. It can be 
seen th a t during the 13th of July 1996, when the extinction was constant, the dispersion is 
smaller th an  during the 14th and 15th of July 1996, when the extinction was changing at a 
ra te  of ~  0.02 m agnitudes per hour (see table 3.3). The night of the 15th of January  1997 
shows rem arkably little dispersion given the prevailing weather conditions. This suggests 
very patchy clouds with all the standard  star observations acquired during clear periods.

Since the night of the 13th of July 1996 did not show variations in the value of the 
extinction (see table 3.3), a grey shift correction was applied to the mean extinction curve 
to m atch the observed 0.13 magnitudes of extinction at 5500 A. This new function E \  was 
then  used as input in equation 3.1. This is possible because the wind-blown Saharan dust 
in the atm osphere above the Canary Islands is grey to an accuracy ^  5% between 0.32 
and 1.0 microns (Stickland et al. 1987; W hitte t, Bode & M urdin 1987). Note th a t this 
grey correction represents an equal shift to all values C \  seen in figure 3.4 for th a t night, 
and therefore, it does not change the observed dispersion.

For the 14th and 15th of July similar grey shifts were first applied using the relationships 
found in table 3.3 which gives a linear dependence of the extinction with time. The applied 
corrections however, did not improve the dispersion observed in the standard  stars (figure 
3.4) and therefore the calibration was ultim ately done w ithout applying tim e dependent
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Figure 3.4: Values of C \ found using all the standard star observations obtained for every 
night in the 5700-6700 À range (see equation 3.1). For some stars the spectra were not 
used at wavelengths where strong Balmer absorption lines were located.
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grey shifts to  the King mean extinction curve E \.

For the 15th of January  1997 the grey flux calibration was clone using the standard  King 
extinction curve w ithout any other correction.

A final wavelength dependent calibration function C 'f was found for each night by com
bining all the individual C \. This was achieved by applying a grey shift to m atch the 
observation oi greatest sensitivity. In this way a photom etric calibration could be achieved 
for some objects if their observations, and at least one of the standard  stars, were obtained 
during a clear period. A polynomial was finally fitted to obtain C f  with a typical RMS 

0.01 m agnitudes.

The flux calibration was finally applied to the spectroscopic observations of the targets 
using the calibration function. Solving equation 3.1 for F \ gives:

where 0 \ , T  and A  now correspond to param eters of the observations of the galactic 
targets.

After obtaining the wavelength and flux calibration for each individual observation, all 
the available spectra for each target were combined into a final spectrum . If multiple blue 
(red) observations of a target were available, they were combined into a. single blue (red) 
spectrum . Then the two arms were joined together. The combining of the spectra was 
done using the IRAF package s c o m b i n e .  The task averages pixels a t common wavelengths 
after removing deviating values, weighting them by the exposure time.

Finally, badly subtracted  sky-lines were removed from the spectra by hand using the i r a f  
package S P L O T .  The spectrum  at these wavelengths was interpolated using the nearby 
continuum . This process introduces uncertainties in the flux values of galactic spectral 
features located near sky-lines, particularly the NaD AA5896,5890 absorption feature and 
the [OI] A6300 emission line. This problem is accentuated when the galaxy has only a small 
red or blue-shift an d /o r when the signal to noise ratio of the galactic spectral feature is 
low.

(3.2)



3.4 T h e  sp ec tra l  atlas

The atlas consists of the spectra, of sources in the nuclear region of the galaxies in the 
volume-limited sample. The spectra are ordered with increasing right ascension. Although 
fluxes are given on an absolute scale it must be remembered th a t most oi the observations 
were not taken under photom etric conditions. Those d a ta  obtained during the 13th of July 
1996 have been labeled with a “(p )” to indicate tha t they were acquired under photom etric 
conditions despite the presence of the Saharan dust. No correction was made to account 
for Galactic or internal absorption at this stage (see chapter 5 for Galactic extinction 
values).

For galaxies with more than  one nuclear target, several spectra were acquired. Finding 
charts for these galaxies are shown in figures 3.5, 3.6 and 3.7. The names given to the 
spectra in figures .3.8 to 3.28 correspond to the labels in the finding charts. W hen galaxies 
had an obvious nucleus with no other candidates for spectroscopy, a single spectrum  is 
shown.

Humps can be seen at the region of overlap between the red and blue spectra in some 
objects, particularly for observations acquired during the 15th of July 1996. These are 
due to  poor modelling of the rapid decline in sensitivity near the dichroic crossover point, 
probably due to uncertainties in the wavelength calibration. Since these are the regions 
used to combine the blue and red spectra, the discrepancies can introduce small relative 
differences in the continuum level observed in both arms. In figures 3.8 to  3.28 a pair of 
vertical dotted lines indicate the region of overlap between the blue and red spectra in 
observations obtained on the 15th of July 1996.

W herever corrections have been introduced to the galactic N aD  AA5896,5890 feature in 
order to eliminate badly subtracted sky-lines, this has been indicated in the atlas using 
small numbers located at the wavelength of the doublet. A number 1 implies a mild 
correction, a 2 a m oderate, and a 3 a strong correction. In the last case the strength of 
the shown absorption line will deviate significantly from the true value.

Fluxes for selected emission lines are given in table 3.6. The fluxes were obtained using 
the i r a f  package S PLOT.  The flux is measured by fitting a Gaussian profile between two 
continuum points, defined interactively, at either side of the emission line.

To assess the errors associated with the line flux values, Gaussian profile fittings were 
obtained for lines from spectra with high and low signal-to-noise ratios. The measurements
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were repeated ior multiple observations of the same target (i.e., prior to  the spectral 
combination described in the previous section). The measured Ha- flux values for high 
signal-to-noise ratio  specta (e.g., NGC4605 in figure 3.24) showed scatter of less than  1%, 
while the flux values lor spectra with low high signal-to-noise ratio  (e.g., NGC 185 J1 in 
figure 3.8) showed scatter of 10% to 20%.

Given the good resolution of the observations, the fluxes of Baimer lines were m easured 
directly, w ithout trying to correct for the presence of absorption components. For some 
cases, however, the fluxes are clearly underestim ated and this will be noted in the  com
m ents for individual objects in section 2.4.

Com parison of the absolute line fluxes measured from the spectra common to  this atlas and 
the survey published by Ho, Filippenko & Sargent (1997b) shows significant differences, 
w ith the d a ta  reported here being consistently underluminous with respect to  the  values 
found in Ho, Filippenko & Sargent (1997b) by factors ranging between 3 and 5 (and up 
to a factor of 6 for observations acquired during the cloudy run on January  1997) Two 
reasons can be found for this discrepancy:

• poor weather conditions affected most of the observations reported here to  a greater 
or lesser degree;

• aperture effects introduced by a different effective aperture (1" X 2" for this project 
versus 2" X 4" - Ho, Filippenko & Sargent 1997b), which will mainly affect observa
tions of resolved sources.

Comparison of relative line fluxes, however, shows a good agreement between bo th  sets 
of da ta , as can be seen in table 3.5, where the ratio of emission line fluxes to the H a 
flux are shown. The objects in table 3.5 were chosen because of their clean f i l l  region 
spectrum  with very little contam ination from an underlying stellar com ponent, so th a t 
the comparison with the (stellar subtracted) d a ta  from Ho, Filippenko & Sargent (1997b) 
was appropiate.

91



Galaxy H/3A4861 [OIII] A5007 [Nil] A6584 [SIX] A6730
IC 342 Atlas 0.09 - 0.54 0.15

HFS 0.13 0.01 0.45 0.12
NGC1560 Atlas 0.27 0.84 0.05 0.05

HFS 0.24 0.66 0.07 0.06
NGC2976 Atlas 0.23 0.29 0.29 0.09

HFS 0.25 0.36 0.31 0.08
NGC3738 Atlas 0.41 1.10 0.12 0.19

HFS 0.38 1.14 0.10 0.13
NGC6946 Atlas 0.07 - 0.63 0.18

HFS 0.07 0.03 0.64 0.16
Table 3.5: Fluxes (relative to H a A6563) given in this atlas and published by Ho, Filippenko 
& Sargent (1997b) -  HFS.
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Figure 3.24: Flux in 10-15ergs s_1 cm-2 Á -1 .
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3.5  N o te s  on  ind iv iduai o b jec ts

In w hat follows notes will be given for each galaxy. Whenever radio or X-ray targets were 
located in the nuclear region of the galaxies, it will be mentioned w hether the targets were 
followed up w ith spectroscopic observations or not.

N G C  147: Three prom inent optical sources are visible in the nuclear region of NGC 147 
as can be seen in figure 3.5. It is not clear if any of these sources correspond to the nucleus 
of the  galaxy. Sources V I and V2 are unresolved, whereas the third  source is resolved and 
probably corresponds to a globular cluster (Johnson 1997).

Observations for all 3 targets were acquired. The spectra of V I and V2 can be seen in 
figure 3.8. The spectrum  of the th ird  source has such low S/N  th a t it is not shown here 
(although a hint of an absorption feature at H a wavelength suggests the presence of an 
sizeable young star population).

Both V I and V2 appear stellar and are probably foreground Galactic stars. Comparison 
w ith spectra from stellar libraries suggests th a t they are F -s ta rs . V2 appears to  be of a 
la ter type than  V I, which is consistent with the broad band colours found by Johnson 
(1997). The NaD doublets in figure 3.8 seem too strong for an F-type which m ight suggests 
some problems with the subtraction of skylines.

Comparison w ith the spectral atlas of Ho, Filippenko & Sargent (1995b) shows th a t their 
observation towards this galaxy was of All.

N G C  185: In a blue image this galaxy has a fairly sm ooth surface brightness profile with 
two bright sources located in the nuclear region. The appearance changes dram atically 
towards longer wavelengths. In figure 3.5 a near-IR image shows how the galaxy breaks 
into several knots of emission in the J band.

Spectra were obtained for 4 of the knots seen in the J band. J1 and J3 correspond to  the 
brightest sources seen at the blue band. The spectra show some weak emission lines such 
as H a, [Nil] and [SII], and also absorption features such as higher order lines of the Baimer 
series and C all K and II lines. Inspection of the spectrum  published by Ho, Filippenko 
& Sargent (1995b) suggests th a t their observation corresponds to J4. They classified this 
source as a Seyfert 2, although further analysis using the [Oil] A3727 emission line, which 
is not available from the Ho, Filippenko & Sargent (1995b) data , shows th a t in fact the 
knots in the nuclear region of this galaxy probably belong to the LINER class (see chapter
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5).

N G C  205: This galaxy has a very well defined nucleus. Its spectrum  is extremely similar 
to the stellar foreground sources seen in NGC 147. In this case, however, it corresponds 
to a nuclear population dominated by a relatively young population oi stars.

The Her absorption profile shows a wide, shallow component and a. sharp central core. The 
lack of emission lines suggests th a t this galaxy lias lost most of its gas, probably due the 
close presence of NGC 224, of which NGC 205 is a satellite, or to the absence of OB stars 
in the nucleus.

The nuclear spectrum  is also shown by Ho, Filippenko & Sargent (1995b).

N G C  221: This elliptical galaxy is also a companion to NGC 224. It has a very sm ooth 
surface brightness profile and an unresolved nucleus at the diffraction limit of the HST 
Planetary Cam era (Lauer et al. 1992).

The nuclear spectrum  shows weak Balmer absorption lines as well as a. significant 4000 
A break and C all K and H absorption features, implying th a t the nucleus is dom inated 
by a relatively old population. In fact, stellar spectral synthesis techniques show th a t the 
population is more than  10 Gyr old with solar metallicities (Bica, Alloin & Schmidt 1990).

As mentioned in chapter 2, dynamical studies of this galaxy have revealed the presence 
of a central dark massive object with mass 3 X 1O6M 0. The lack of detected AGN-like 
emission lines, X-ray or radio emission suggests th a t this central dark massive object is a 
dorm ant B1I.

Since the off-nuclear X-ray source observed in this galaxy (see figure 2.8 in chapter 2) 
did not have an optical or radio counterpart it was not followed up with spectroscopic 
observations.

N G C  224: The nucleus of NGC 224 is also dominated by stellar absorption features. 
HST P lanetary  Cam era observations show a double nucleus with the two components 
0.49" apart (Lauer et al. 1993). One of these components is consistent with the position 
of the geometrical centre of the bulge, with a radio source (Crane, Dickel & Cowan 1992), 
and, within the spatial resolution of the ROSAT and Einstein HRI, with a weak X-ray 
source (Trinchieri & Fabbia.no 1991; Primini, Forman & Jones 1993). The spectrum  shown 
in figure 3.10 was obtained with a seeing above 1" and therefore the light from both 
components of the double nucleus was integrated during the observations.
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N G C  247: The bright nucleus of this galaxy appeared unresolved in the JIvT broad band 
images (Johnson 1997). The spectrum shows some weak emission lines and significant 
Balmer absorption features, implying a young nuclear population and the presence of OB 
stars. The off-nuclear X-ray sources X I and X‘2 seen in figure ‘2.9 were not followed up 
with spectroscopic observations.

N G C  404: Figure ‘2.10 in chapter ‘2 shows th a t the nucleus of NGC 404 is coincident with 
an X-ray source (X \- =  1.7 X 103S ergs s_1). Ho, Filippenko & Sargent (1995b) classified 
this nucleus as a LINER and this classification is confirmed here using the [Oil] A3727 
emission line (see figure 5.2 in chapter 5). IIST observations at UV wavelengths of this 
galaxy show th a t its nucleus is dominated by stellar absorption features from massive 
young stars (Maoz et al. 1998). This might indicate a stellar origin for the emission 
spectrum  seen at optical wavelengths.

N G C  598: This bulge-free galaxy has an unresolved nucleus surrounded by a faint fuzz 
(Nieto & Auriere 1982). As mentioned in chapter '2, the nucleus is also a strong X-ray 
source.

The peculiar [Nil] AA6548,6584-Ha features seen in figure 3.11, with [Nil] in emission and 
H a in sharp, deep absorption, have been noticed by Rubin & Ford (1986). The absorption 
spectrum  has been classified as A7 (Nieto & Auriere 1982), although comparison of figure 
3.11 with spectra from stellar libraries suggests a later type.

Visual inspection of the spectrum  published by Ho, Filippenko & Sargent (1995b) suggests 
th a t they might have acquired some other source, which shows a bluer continuum  and 
obvious H a emission, and not the nucleus of NGC 598.

M affe i I: The extremely reddened spectrum  of Maffei I is due to  its location in the plane 
of the Galaxy. An extinction of A y  — 5.1 ±  0.'2 magnitudes has been m easured (B uta  & 
McCall 1983). The spectrum  shows I la  in emission and several absorption features. Some 
hint of a complex or broad component can be seen in the H a profile (FW ZI ~  900 km 
s_1), although this is very difficult to verify without proper modelling of the underlying 
stellar emission (see figure 3.29). No lines are seen in the blue spectrum , probably because 
of the poor signal-to-noise ratio.

M affe i II: This galaxy has a starburst nucleus which was probably triggered by a recent 
in teraction (H urt 1994). Like Maffei I, Maffei II is located in the Galactic plane and there
fore heavily obscured. The internal nuclear extinction has also been found to be high, with 
A y  ^  10 m agnitudes (H urt & Turner 1991; Hurt et al. 1993), which explains the intricate
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Figure 3.29: Detail of the M affeil spectrum showing the H a line emission.

morphology seen in figure 3.5. Near-infrared images show a much smoother distribution, 
with a peak somewhere between targets VI and R1 (Johnson 1997). Nuclear therm al radio 
sources aligned in the north-south direction were observed by Turner & Ho (1994). Two 
of them  are coincident with peaks of optical emission. The spectra of these two sources 
and of the brightest optical knot are shown in figure 3.12 (the blue spectra had extremely 
low signal-to-noise ratio and are therefore not shown).

IC 3 4 2 : An extended X-ray source is coincident with the starburst nucleus in IC 342 
(see figure 2.11 in chapter 2). Infrared images show th a t the nucleus of the galaxy has a 
well defined peak, while optical images show an elongated morphology in the north-south 
direction (Johnson 1997). This elongation is clue to two blue knots of emission located 
above and below the nucleus and ~  5" apart, with the southern component being the 
brightest.

Two targets were acquired in the nuclear region, the nucleus (V I) and the southern blue 
knot (V2 - see figure 3.5). Both spectra look extremely similar although the nucleus shows 
stronger absorption Baimer lines. Inspection of the data  published by Ho, Filippenko & 
Sargent (1995b) shows th a t their observations correspond to the galactic nucleus. No 
spectroscopic follow up was done for the off-nuclear X-ray sources XI and X3 seen in 
figure 2.11.

N G C  1560: This low luminosity galaxy harbours an fill  nucleus. The low metallicity of 
the em itting gas can be appreciated from the small [Nil] A6584/1Iq ratio. No signs of an
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Figure 3.30: Detail of tlie NGC 2366 V4 spectrum  showing broad components in the oxygen 
lines and a hump a t ~  4660 A thought to be due to the presence of Wolf-Rayet stars.

underlying stellar population are seen in the spectrum  in figure 3.14. The observed target 
corresponds to the same observations acquired by Iio, Filippenko & Sargent (1995b).

N G C  2366: A good fraction of the body of this galaxy is shown in figure 3.5. Spectra 
were acquired for two bright sources located in the north  and central part of the  galaxy 
(V I and V2) and for three sources located at or near the giant HII region NGC 2363 (V3, 
V4 and V5).

V I shows some emission lines superimposed on the characteristic undulating spectrum  
of a la te  M -type star. This spectrum corresponds to the observations obtained by Ho, 
Filippenko & Sargent (1995b). Johnson (1997) finds th a t the colours of this source are 
consistent w ith it being of M5-type.

V2 is an unresolved source and probably another foreground star of G-type.

The giant HII region NGC 2363 has been studied by Roy et al. (1992). They have found 
th a t V4 shows low intensity broad wings in H a, Ylf3 and [OIII] A5007 emission lines. 
Gonzalez-Delgado et al. (1994) also found broad emission lines a t 4660 and 5810 A a t
tribu ted  to  Wolf-Rayet stars. A detail of the spectrum  of this source can be seen in figure 
3.30. The small [Nil] A6584/Ha ratios observed in sources V3, V4 and V5 (figure 3.15) 
suggests low metallicity em itting regions.

N G C  2403: The nuclear region of this galaxy is dom inated by two unresolved knots of



emission (see figure 3.5). It is unclear if either of them represents the nucleus of the 
galaxy (Johnson 1997). Spectra for both sources were acquired and can be seen in figure 
3.16. Both sources show absorption features and very weak nebular emission lines. V I 
corresponds to the source observed by Ilo. Filippenko & Sargent (1995b). No spectroscopic 
follow up of the four off-nuclear X-ray sources seen in figure '2.14 was made.

N G C 2 9 7 6 : The B image in figure 3.5 shows two bright emission knots in the nuclear 
region of this galaxy. VI is unresolved and is the only source visible in the R and infrared 
images. V2 becomes dominant in the U band. The spectra in figure 3.16 and 3.17 show 
strong emission lines and, for V2, the presence of a young underlying stellar population 
with strong blue continuum. V I corresponds to the source observed by Ho, Filippenko & 
Sargent (1995b). No spectroscopic follow up of the off-nuclear X-ray source seen in figure 
2.15 was made.

A  0 9 5 1 + 6 8 : The data  for this dwarf galaxy were obtained through INT service observa
tions. No previous spectral observations have been published in the literature. A detailed 
analysis of the da ta  has been reported by Johnson et al. (1997). The galaxy seems to  have 
a double nucleus shown as VI and V2 in figure 3.6. V‘2 corresponds to a high excitation 
low-metalicity star-forming region. Its spectrum is shown in figure 3.17. The region shows 
an extremely high value for [OIII] A5007/H/3 and appears to have undergone a very recent 
star formation episode (Johnson et al. 1997).

U G C  6456: As was mentioned in section 2.4 the bright optical knots seen in figure 3.6 
are displaced south from the centre of the outer envelope of the galaxy. Also shown in 
the figure is what seems to be the most probable optical counterpart of the X-ray source 
X I, but no spectroscopic da ta  were acquired for this source. In figures 3.17 and 3.18 the 
spectra of four of the optical knots are shown.

The spectra of VI and V'2 look very similar, both showing a high [OIII] A5007/H/3 ratio. In 
the V3 spectrum the ratio is much lower and in the V4 spectrum the [OIII] A5007 emission 
lines are completely absent.

The most interesting source is V4. Its spectrum shows very few emission lines, w ith a 
broad component in Ha ('2300 km s " 1 FW ZI - see figure 3.31) and H/J, as well as some 
weak absorption features at the blue end. The only observed oxygen line corresponds 
to [Oil] A3727. The lack of [OIII] A5007 emission, when H¡3 is observed, rules out the 
possibility of this source being an AGN (AGN are characterised by [OIII] A5007/H/3 ;> 1). 
Visual inspection of the spectrum  reveals no hint of the broad emission fines a ttribu ted
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Figure 3.31: Detail of the UGC6456 V4 spectrum  showing the H a broad component.

to  Wolf-Rayet stars and the true nature  of this source is a puzzle. It was not observed by 
Ho, Filippenko & Sargent (1995b).

N G C 3 7 3 8 : S everal knots of optical emission can be seen in the central region of this 
galaxy (figure 3.6), with the brightest sources being displaced to  the north-w est. The 
centre of ellipses fitted to the outer isophotes of the galaxy seen in infrared observations 
lies close the position of source V6 (Johnson 1997).

Spectra for 6 of these knots are shown here (figures 3.19 and 3.20). The spectra are a com
bination of pure HII regions with different contributions from an underlying young stellar 
population. Some beautiful examples of the Balmer series in absorption and emission can 
be seen in V3, V4 and V6.

AH these sources are plotted in the [01] A6300/[OIII] A5007 vs [01] A3727/[OIII] A5007 
diagnostic diagram shown in chapter 5 (empty circles in figure 5.2) and they all seem to 
have a [01] A6300/[OIII] A5007 ratio slightly higher than  norm al HII regions.

Visual inspection of the spectrum  published by Ho, Filippenko & Sargent (1995b) seems 
to  correspond to the observations of V I. The X-ray sources observed in figure 2.18 were 
not followed up w ith optical spectroscopy.

N G C 4 1 4 4 : The central region in this galaxy has a very ill defined morphology, as can 
be seen from figure 3.6.
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The spectrum  of source V I in figure 3.21 corresponds to the brightest knot seen in the 
optical images. This seems to coincide with the object observed by Ho, Filippenko & 
Sargent (1995b). The spectrum is a combination of nebular emission lines with significant 
absorption features from a young population oi stars and significant blue continuum.

J1 corresponds to the brightest infrared peak and it is located 1.3" to the east oi V I. Its 
spectrum  is very similar to V I. V2 corresponds to a low metallicity HII region located 4" 
north from V I. The off-nuclear X-ray source XI observed in figure 2.20 was not followed 
up with optical spectroscopy.

N G C 4 1 5 0 : The nucleus of this galaxy has been classified as a transition object by Ho, 
Filippenko & Sargent (1997b). The spectrum, dominated by absorption features, also 
shows some weak emission lines. The Ha flux quoted in table 3.6 should be considered a 
lower limit, since no correction has been made to account for the absorption component.

XI corresponds to a knot of emission 15" away from the nucleus and is consistent w ith the 
position of an X-ray source discussed in chapter 2 (see also figure 3.6). Its spectrum  reveals 
th a t it is in fact a background quasar at redshift 0.52. Its X-ray luminosity corresponds 
to 1.88 X 1045 ergs s- 1 . The strongest line, seen at 4246 A in figure 3.22, corresponds to 
M gll A2798.

N G C  4236: This is a low surface brightness galaxy without an obvious nucleus. Spectra 
of 3 optical knots of emission were obtained (see figure 3.7).

V I is unresolved in the JK T broad band images and its stellar spectrum  is shown in figure 
3.22. It probably corresponds to a Galactic foreground object. Comparison with spectra 
in stellar libraries suggests tha t it is a late G-type star. This is confirmed by the colours 
determined by Johnson (1997).

V2 shows strong emission lines and some evidence of absorption features from an under
lying stellar population, while V3 has an HII region spectrum.

None of these sources corresponds to the observation published by Ho, Filippenko & Sar
gent (1995b). Their spectrum  shows an HII region with H¡3 lower than  [OIII] A5007, while 
the spectra of both V2 and V3 have E d  comparable to, if not larger than, [OIII] A5007.

The off-nuclear X-ray source XI observed in figure 2.22 was not followed up with optical 
spectroscopy.



U G C  7321: The position of the nucleus of this nearly edge-on galaxy was determ ined 
from a DSS image. The spectrum , seen in figure 3.23 shows strong emission lines and 
absorption from a young underlying stellar population. This galaxy was not observed by 
Ho, Filippenko k  Sargent (1995b).

N G C 4 3 9 5 :  Two spectra were obtained of the dwarf Seyfert nucleus of this galaxy, one 
on July 1996 and the other on January 1997. They are analysed in detail in chapter 4. 
The off-nuclear X-ray source X2 observed in figure 2.24 was not followed up with optical 
spectroscopy.

N G C 4 6 0 5 :  The nucleus of this galaxy is well defined in the infrared images and corre
sponds to  the brightest knot of emission seen in the galaxy a t optical wavelengths (Johnson 
1997). The spectrum  of the nucleus can be seen in figure 3.24 and is dom inated by emis
sion lines and absorption features from a young stellar population. It clearly corresponds 
to the source observed by Ho, Filippenko & Sargent (1995b).

N G C 4 7 3 6 :  The bright nucleus of this galaxy was classified as a LINER by Heckman 
(1980) and is a strong X-ray source (see figure 2.26). The nuclear spectrum  seen in figure 
3.24 is dom inated by absorption lines. For this reason, no Balmer line fluxes have been 
m easured. Taniguchi et al. (1996) studied the weak emission lines using stellar population 
synthesis techniques and found th a t the nucleus shows m arginal differences between a 
LINER and a HII region. Ho, Filippenko & Sargent (1995b) also found a similar result, 
although they finally classified the nucleus as a pure LINER in Ho, Filippenko & Sargent 
(1997b).

N G C 4 8 2 6 :  The nucleus of this galaxy has been classified as a transition  object by 
Ho, Filippenko & Sargent (1997b). The galaxy has an unusual morphology because of a 
prom inent dust lane seen across the disk. Nine compact radio sources were detected by 
Turner & Ho (1994) — they are ah located within 19" of the galactic centre and one of 
them  is coincident with the nucleus.

Spectra were acquired for the nucleus (V I) and for two radio sources located 3" west (R l) 
and 4" north  (R2) of the nucleus (see figure 3.7). The spectra can be seen in figure 3.25. 
They are dom inated by emission lines, except for V I where m any absorption features are 
seen. The V I Ha- flux quoted in table 3.6 should be considered a. lower lim it, since no 
correction has been made to account for the absorption component.

N G C 5 2 0 4 :  The R image in figure 3.7 shows the central region of this galaxy. V I 
corresponds to  the brightest knot seen in the infrared images, although it is not dom inant
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in the B and U bands. It is also close to the centre of symmetry of the galaxy (Johnson 
1997). The spectrum of this source can be seen in figure 3.26 and it seems to correspond 
to the observations reported by Ho, Filippenko & Sargent (1995b). It is dom inated by 
emission lines and some absorption features can also be seen in the low signal-to-noise 
ratio blue end.

XI corresponds to the closest optical counterpart of the bright X-ray source seen in figure 
2.28. A spectrum  of this source is also shown in figure 3.26. Despite the low signal-to- 
noise ratio of the da ta  it is possible to appreciate several strong emission lines denoting 
the presence of a star forming region.

N G C  5238: This galaxy has a bright unresolved knot of emission in its central region. 
However, it is displaced from the centre of symmetry of the galaxy (Johnson 1997). Spectra 
of this source (V I) and of another dimmer optical knot located ~  4" north from V I were 
obtained (see figure 3.7). They can be seen in figures 3.26 and 3.27. V I shows strong 
emission lines, evidence for an underlying star population, and a very blue continuum. V2 
obviously corresponds to an HII region. This galaxy was not observed by Ho, Filippenko 
& Sargent (1995b).

N G C  5457: Two sources were observed in the central region of this galaxy. V I corre
sponds to the nucleus, which is the brightest knot of emission seen in figure 3.6 and is 
also an X-ray source. Its position is coincident with the peak observed in infrared images 
(Johnson 1997). This source corresponds to the observations reported by Ho, Filippenko 
& Sargent (1995b). V2 is a knot located just south of the nucleus.

The spectra of both sources (figure 3.27) are dominated by strong emission lines. Absorp
tion features can be seen at the blue end, particularly for the nucleus.

None of the off-nuclear X-ray sources seen in figure 2.31 were observed with optical spec
troscopy.

N G C  6503: The nucleus of this galaxy has been classified by Ho. Filippenko & Sargent 
(1995b) as a transition-object-Seyfert-2 nucleus. Its spectrum shows strong emission lines 
and a red continuum. Inspection of the data  in figure 3.28 reveals th a t a. correction should 
be applied to the llo  flux quoted in table 3.6 since an absorption component is present. 
Although Ho, Filippenko & Sargent (1995b) obtained a spectrum of the nucleus of the 
galaxy, it only corresponds to the red arm (i.e., in the ~  6210 -  6860 A range). A possible 
extended nuclear X-ray source in this galaxy was discussed in chapter 2.
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N G C  6946: The nucleus of this galaxy is a strong X-ray em itter (see figure 2.33). The 
strong emission lines in the nuclear spectrum  can be appreciated in figure 3.28. The steep 
continuum  and the large Balrner decrement denotes the strong extinction th a t affects this 
galaxy (see tables 3.6 and 5.1). The nucleus was also observed by Ho, Filippenko & Sargent 
(1995b). None of the numerous off-nuclear X-ray sources seen in figure 2.33 were followed 
up with optical spectroscopy.
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C h a p te r  4

N GC4395, the feeblest known 
Seyfert 1 nucleus I

4.1 In tro d u ctio n

The dw arf Seyfert nucleus in NGC4395 was first reported by Filippenko & Sargent (1989) 
a decade ago. Optical spectroscopy showed high ionization narrow lines as well as broad 
perm itted  emission-lines. The detection of a compact radio source (Sramek 1992) added 
support to  the idea th a t NGC 4395 is a feeble version of the more luminous Seyfert galaxies. 
Its low luminosity nucleus has a blue absolute m agnitude M g ~  —11, a lum inosity 104 
tim es fainter th an  a classical Seyfert galaxy like NGC 4151. The detection of a featureless 
UV continuum  gave further support to this hypothesis (Filippenko, Ho & Sargent 1993). 
However, Shields & Filippenko (1992), after several years of spectroscopic m onitoring, 
reported  th a t no evidence was found for continuum or line variability. Since variability is 
one of the m ost common characteristics of AGN, this result was quite surprising.

NGC 4395 is a nearly face-on dwarf galaxy (B  ~  10.7, M g ~  -1 7 .9 , assuming a distance of 
5.21 Mpc -  see below) with morphological classification Sd III-IV in the extended Hubble 
system , as defined by Sandage & Tammann in the RSA catalogue (Sandage & Tam m ann 
1981). It exhibits a star-like nucleus and an extremely low surface-brightness disk. The 
loose and disconnected spiral arms show some blue knots of s tar form ation activity (for a 
colour plate see W ray 1988).

f T his ch ap ter is substan tia lly  the  sam e as L ira et al. (1999). Any work by people o the r th a n  th e  au tho r 
of th is thesis is noted . T he tex t itself is also the  work of the  thesis au thor, w ith  the  usual co n tribu tions 
expected  from  the  co -authors of the  paper.



As part of the multiwavelength imaging and spectroscopy study of the volume-limited 
sample of nearby galaxies, ROSAT HRI data  and optical spectroscopy for NGC 4395 were 
acquired (see table 1.1). B  and I  broad-band images of the galaxy were obtained as part of 
an AGN monitoring program conducted by Dr. P. O ’brien at Leicester University. Finally, 
HST and ROSAT PSPC data  for NGC 4395 were retrieved from public archives. In this 
chapter the detection of optical and X-ray variability in the nucleus of NGC 4395 will be 
reported.

4.2 O bservations and D a ta  R ed u ction

A journal with the da ta  used in this chapter can be found in table 4.1. It includes ground 
based and HST imaging and spectroscopy, and ROSAT data.

4 .2 .1  H R I  d a ta

As reported in chapter 2 an X-ray image of NGC 4395 was obtained with the High Reso
lution Imager (HRI) on board R.OSAT on the 23rd of June 1996 as part of the A 07  cycle 
of pointed observations. The to tal exposure time was 11,253 secs.

Figure 2.24 shows a contour map of the central part of the X-ray frame overlaid on the 
Digital Sky Survey da ta  for NGC 4395. The most prominent source in the figure (X2) 
has no obvious optical identification although the DSS image shows some diffuse emission 
in the area. The possible source XI has been tentatively identified as the X-ray nuclear 
emission of NGC 4395. The slight shift between the optical nucleus and the X-ray emission 
is consistent with the accuracy of the ROSAT pointing. Indeed, another X-ray source 
approximately T  to the west of X2 and with a clear optical identification shows the same 
shift.

The count rates for XI and X2 were computed as described in chapter 2. The net count 
for XI was 7.6 ±  4.6 photons, i.e., it is not a significant detection. For X2 a net count of
169.2 ±  14.3 photons was found. The count rates are 6.6 ± 4 .0  X 10“ 4 and 15.0 ±  1.3 X 10-3 
photons s_1 for X I and X2 respectively.
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Date Telescope Mode Archive D ata
7 April 1988 Hale Spectroscopy No1
2 July 1992 ROSAT PSPC Imaging Yes

15 & 19 July 1992 HST FOS Spectroscopy Yes
17 July 1992 ROSAT PSPC Imaging Yes

5 December 1995 HST W FPC2 Imaging Yes
5 -  16 June 1996 JIvT Imaging No

23 June 1996 ROSAT HRI Imaging No
13 July 1996 W HT Spectroscopy No

15 January  1997 W1IT Spectroscopy No
Table 4.1: Journal of observations of NGC4395. f: D ata  provided by Filippenko et al. 
See Filippenko & Sargent (1989).

4 .2 .2  P S P C  d a t a

As mentioned in chapter 2, the PSPC was one of the two focal plane instrum ents onboard 
ROSAT. The PSPC  had an on-axis angular resolution of ~  25" and its energy resolution 
was A E / E  =  0.43 X (A/O.93)-0 '5 (FW HM ), where E  is in units of keV.

Two sets of PSPC data  were retrieved from the ROSAT archive. One of these d a ta  sets 
is presum ably th a t referred to as a private communication from Snowden & Belloni in 
Filippenko, Ho & Sargent (1993). The first set was obtained on the 2nd of July 1992 
with 7,755 seconds of exposure time, while the second set was obtained 15 days la ter with 
8,764 seconds exposure. Comparing both data, sets it is easy to identify a variable X-ray 
source which is consistent with the position of the nuclear source for NGC 4395 m arginally 
detected from the HRI image.

For to ta l count extraction of a PSPC point source, an aperture of 2' should be adequate. 
Reducing the aperture to V loses 15-20 per cent of the counts at the soft end of the 
spectrum  (E £  0.1 keV) because of the wider PSF at lower energies (IJasinger et al. 
1992). However, apertures larger than  30" around the NGC 4395 nuclear source would 
include o ther knots of X-ray emission, as can be seen in the HRI image. To estim ate the 
flux due to these extra-nuclear sources, the net counts in the HRI image using an annulus 
centered on the nuclear source with an inner radius of 10" and an outer radius of 1' were 
measured. A to ta l of 23.5 ±  14.7 counts were found, so some contam ination within the V 
aperture is expected, but should not be significant.

For a 1' aperture centered a t the position of the NGC 4395 nucleus, the net counts were
67.2 ±  10.7 photons and 139.7 ±  14.1 photons for the first and second PSPC d a ta  sets, 
respectively. For the background estim ation a large circle of radius 600" far away from



D ate [Oil]
A3727

Blue A rm  
[Neill] [OI11]
A3869 A4959

[oui]
A5007

[OI]
A6300

[OI]
A6363

Red A rm  
[Nil] [Nil] 

A6548 A6583
[SII]

A6716
[SII]

A6731
A pril 1988 T - - 64.41 - 23.02 7.59 - - 19.77 22.97
Ju ly  1996 36.83 19.19 66.84 207.60 19.60 6.52 4.29 12.86 13.00 16.57
Jan u ary  1997 36.34 21.55 69.72 227.82 24.69 7.77 4.80 14.40 16.34 19.81

Table 4.2: Narrow line fluxes. Fluxes in units of 10 15 ergs s 1 cm 2. 
j: Line fluxes from the spectrum acquired by Filippenko and collaborators.

D ate H,djv FWHM H ßB FWHM II a N FWHM H a s FW HM i FWHM2
A pril 1988 I 28.58 4.0 17.43 21.3 - - - - -

Ju ly  1996 21.80 4.0 14.29 22.4 55.20 3.5 82.90 10.0 36.4
Jan u ary  1997 24.20 4.0 18.49 20.4 59.85 3.6 120.86 9.7 33.9

Table 4.3: Broad and narrow deblended line fluxes. Fluxes in units of 10 15 ergs s 1— 2 cm .
f: Line fluxes from the spectrum acquired by Filippenko and collaborators.

any contamination by other X-ray sources was used. The associated count rates are 
8.7 ±  1.4 x 10~3 photons s_l on the 2nd of July 1992, and 15.9 ±  1.6 X 10-3 photons s_1 
15 days later, giving a variability of about a factor of two.

4 .2 .3  O p t ic a l  s p e c t r o s c o p y

As reported in chapter 3 long slit spectra of the nucleus of NGC 4395 were obtained on the 
13th of July 1996 and the 15th of January 1997. Although the conditions during January  
1997 were not photometric throughout the night, the da ta  for NGC 4395 were acquired 
during a clear period at the end of the night (see section 3.3.1).

The interstellar Galactic absorption towards NGC 4395 is just A.y — 0.02 m agnitudes 
(Schlegel, Finkbeiner & Davis 1998), and no correction to account for this extinction is 
applied to the da ta  in this chapter. The signal to noise per pixel achieved during July 
1996 was ~  16 for the red arm and ~  8 per for the blue arm. For January 1997 the signal 
to noise per pixel was ~  42 and ~  35 for the red and blue arm, respectively.

As the N G C 4395 nucleus is unresolved for a 1" slit (see below) and the standard  stars 
were observed with a wider slit (8"), an empirical aperture correction was applied to the 
spectra. The correction was calculated by comparing the standard star spectra used in 
the flux calibration with spectra of the same stars obtained by software which simulated 
a narrow slit. A slight variation with wavelength was found and the spectra were scaled 
by a. factor of ~  1.4 at the blue end (A ~  3700 A) and by a factor of ~  1.3 at the red end



(A ~  6800 A).

HST P lanetary  Cam era observations of the NGC4395 taken in the narrow band F502N 
filter show th a t the [OIII] A5007 emission region has a diam eter of £  0.4" (Filippenko, Ho 
& Sargent 1993). In contrast, the FW HM for the spatial profile of an unresolved s ta r in 
the spectroscopic d a ta  is ^  1". Inspection of the profile of the emission-lines in the spectra 
shows th a t the Narrow Line Region (NLR) is, as expected, spatially unresolved and no 
apertu re  effects have to be taken into account when comparing narrow line fluxes from 
the two spectra.

M easurem ents of the narrow line fluxes in July 1996 and January  1997 agree to  w ithin 
25 per cent at worst (see table 4.2). Since a 1" slit has been used, the accuracy of the 
absolute calibration is expected to be of the order of 30%. Comparison of the narrow  line 
fluxes m easured from the 1996-1997 data  with the values m easured from d a ta  obtained 
in 1988, and kindly provided by Filippenko and collaborators, have also been included in 
table 4.2 and 4.3. The 1988 spectra were examined using the same IRAF packages used in 
the reduction the d a ta  reported in chapter 3. The line fluxes agree to within 30%, except 
for [SII] A6716, where the difference is slightly bigger.

The blue spectrum  obtained during the July 1996 observation shows a depression just 
after the [OIII] A5007 emission-line. This is due to the cosmetic defect in the LORAL 
CCD discussed in chapter 3.

4 .2 .4  G r o u n d - b a s e d  b r o a d -b a n d  o b se r v a t io n s

As part of an AGN monitoring program , NGC4395 was observed on 5 th - l l th  of June 1996 
with the Jacobus K apteyn Telescope (JK T ). These observations were obtained, reduced and 
analyzed by Dr. P. O ’brien.

JK T  observations of NGC4395 were obtained over a period of a few hours a t the sta rt 
of each night using the JK T  CCD camera, using B  and I  band filters. An integration 
tim e of 5 minutes was used for each exposure. The atm ospheric conditions were judged 
to  be good and very stable over the entire week. This was confirmed by inspection of the 
extinction d a ta  recorded independently by the Carlsberg Meridian Circle, which showed 
the average V-band extinction at the zenith was constant to ±0.01 over the observing run.

The CCD d a ta  were reduced in a standard way using the i r a f  packages. Although pho
tom etric standard  stars were observed during the monitoring campaign, the variability

135



analysis was restricted to photom etry of the nucleus of NGC4395 relative to  several stars 
within the same CCD frames. This procedure is better suited to searching lor rapid, 
small-amplitude variability for which atmospheric changes can significantly affect the re
sults (e.g., Done et al. 1990). W ithin each CCD frame several nearby stars of similar 
magnitude to the AGN nucleus were identified, and their counts calculated using a cir
cular photom etric aperture 6" in radius. A large aperture was used to ensure all the 
point-source light was enclosed allowing for possible small variations in seeing. For each 
star the sky background was removed by subtracting a scaled average of the counts in 
an annulus of inner and outer radius 9" and 11" respectively centered on the photom et
ric aperture. A similar procedure was used for the AGN, except the annulus lay on top 
of the galaxy thereby perm itting a first-order correction for the galaxy-light within the 
photom etric aperture. No other a ttem pt was made to correct for galaxy contam ination. 
It is noted, however, tha t the central region of the galaxy of NGC4395 is quite faint 
even relative to the low-luminosity nucleus: the surface brightness of the galaxy in the 
nucleus vicinity is ~  ‘20.5 mag arcsec-2 . The light distribution is also fiat in the spatial 
direction (i.e., no strong central bulge appears to be present). Hence the adopted galaxy- 
subtraction procedure appears cpiite adequate for obtaining a good measurement of the 
intrinsic, nuclear-variability amplitude.

4 .2 .5  H S T  W F P C 2  o b se r v a t io n s

NGC4395 was observed with the W FPC2 onboard HST in the F450W (~  B )  and F814W  
(~  I )  band filters on the 5th of December 1995 as part of the GTO proposal 6232. These 
d a ta  were retrieved from the HST data archive and analysed using I RAF by Dr. R. A. John
son. Results from a previous analysis of these observations can be found in M atthew s et al. 
(1996). The nucleus of NGC4395 was imaged on the PC chip which has a pixel size of 
0.046". Three exposures of NGC4395 were taken in each filter. The F450W exposure 
times were 1x60s and ‘2x400s and the F814W exposure times were 1x60s and 2x300s. 
Only the short exposure observations have been used here as the nucleus was saturated  in 
the long exposures.



HRI PSPC
Low State High State

a  = 1 .5  
a  =  1.0

0.37 1.11 2.06 
0.32 1.10 2.05

Table 4.4: ROSAT (0 .1 2 .4  keV) fluxes. Fluxes in units of 10 13 ergs s 1 cm 2.

4.3  R e su lts

4 .3 .1  X - r a y  im a g in g  a n d  sp e c tr a l  a n a ly s is

The conversion to  fluxes of the HRI and PSPC count rates for the NGC4395 nuclear 
source were done assuming a power law spectrum  {Fu oc v~ a ) with energy index a  = 1 
and 1.5, and using the energy range 0.1-2.4 keV. Adopting a Galactic hydrogen column 
density of 1.31 X 1020 cm-2 (Stark et al. 1992) the HRI count ra te  gives an upper limit 
~  3.5 X 10~14 ergs s_1 cm-2 , as can be seen in table 4.4. For a distance of 5.21 Mpc this 
implies a maxim um  X-ray nuclear luminosity for NGC4395 of 2.8 X 1038 ergs s_1.

Since at least 100 counts are required to perform spectral analysis of PSPC  observations, 
it was not possible to fit the d a ta  using the 34 energy channels of the detector. Instead, the 
to ta l counts (0.1-2.4 keV) for each data, set were binned into a single channel to  estim ate 
the fluxes. A power law spectrum with a  = 1 and 1.5, and a hydrogen column density of 
1.31 X 102° cm-2 were assumed. The results are shown in table 4.4.

In order to obtain spectral information from the PSPC data, the hardness ratio  (HR) 
technique was used, which gives an ‘X-ray colour’ for objects with few net counts (Hasinger 
et al. 1992; Ciliegi et al. 1997). By definition HR. =  (H -S)/(H +S ), where S is the number 
of net counts within the channels 11-42 (~  0.11 -  0.43 keV), and H is the num ber of counts 
in the channels 51-201 (~  0.51 -  2.02 keV). Values of HR. close to -1 indicate th a t the 
source has an extremely soft spectrum , while values close to +1 show th a t the source has a 
hard  or heavily absorbed spectrum. For NGC4395 HR. =  0.34 ±  0.11, where the error was 
calculated as in Ciliegi et al. (1997). This value of HR, with a. Galactic hydrogen column 
density, implies a spectral index of a  ~  1. If NGC4395 is indeed a typical Seyfert 1 an 
index a x ^  1.5 is expected (Laor et al. 1997; W alter & Fink 1993), which would require an 
additional hydrogen column density of ~ 3 x  102° cm-2 to  explain the observed HR. The 
hardness ratio for NGC4395, therefore, is consistent with a modest intrinsic absorption of 
the soft part of the X-ray spectrum.

The PSPC d a ta  show a. change by a factor of two in the X-ra.y flux over about 15 days.
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Figure 4.1: Optical spectra obtained with the W HT showing high and low sta te  of 
NGC 4395. The lower spectrum was obtained on July 1996 and the upper was obtained 
almost exactly 6 months later. For plotting purposes, the blue continuum from the July 
1996 spectrum has been slightly smoothed in order to suppress noise. Fluxes are in units 
of ergs s-1 cm-2 A - 1 .

However, due to the the low number of counts the associated errors are large and the two 
measurements are consistent at a 3<r level. The presence of variability could be confirmed 
by comparing the high PSPC and the HRI observations, since their 3cr error bars do not 
overlap. This comparison cannot be done directly, however, due to the different responses 
oi the detectors, with the PSPC being more sensitive at lower energies than  the HRI. A 
soft enough spectrum could, in principle, explain both the observed PSPC and HRI count 
rates. This was assessed using PIM M S, an X-ray flux/count rate  convertor distributed by 
the High Energy Astrophysics Science Archive Research Centre, HEASARC, a t NASA. 
It was found th a t very soft incident spectra were required to explain the lowest count 
rate (CR - 3cr) of the high PSPC observation and the highest count ra te  (CR +  3er) of 
the HRI*. Only for a. power law with index a  > '2.0 or therm al Brem sstrahlung emission 
with k T  > 0.25 keV can the two observations be reconciled. This result, however, is in 
disagreement with the observed HR. A power law index a x ^  2.0 implies a HR < —0.2, 
well belowr 5a) the value found for N G C 4395.
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4 .3 .2  A n a ly s i s  o f  o p t ic a l  s p e c t r a

In this section evidence of variations in the continuum and emission lines of NGC 4395 
will be presented.

For luminous Seyfert galaxies continuum variations are normally followed by flux changes 
in the  broad emission lines. To achieve a reliable comparison of the line fluxes, an accurate 
(relative) calibration of the data  must first be obtained. Also, a highly repeatable m ethod 
has to  be devised for the measurement of the fluxes. The calibration of the  spectra  is 
norm ally accomplished by using the flux in the narrow lines as an internal standard . Due 
to  the large spatial extent of the NLR, any short-term  variation in the ionising continuum 
is dam ped out and the line fluxes remain constant over the tim e scales of in terest. A 
problem could arise, however, if the NLR is spatially resolved, covering a larger area on 
the sky than  the size of the spectrograph entrance aperture, or if a very narrow slit is used. 
This means th a t the am ount of detected NLR light would depend on the positioning of 
the  slit and the seeing conditions during the observations (see discussion in W anders et cil. 
1992). These issues will be discussed further in the rem ainder of this section in the context 
of the NGC 4395 observations.

Figure 4.1 shows the spectra obtained in July 1996 and January 1997. W ithin 6 m onths the 
continuum  has changed by a factor of ~  1.3 at red end of the spectra and by a factor of ~
2.2 at the blue end. The nuclear source becomes bluer when brighter, with a change in the 
spectral index from a  ~  2 to a ~  1 (see section 4.4.1). From the narrow line fluxes quoted 
in table 4.2 it seems th a t the flux at the red end of the spectrum  obtained in January  1997 
m ight be slightly overestimated when compared to the July 1996 observation. It is then 
possible th a t there is negligible change at the red end of the spectra, and an even more 
dram atic change in colour between July 1996 and January 1997. The continuum  becomes 
harder when it is brighter, which is a general characteristic of classical AGNs (Kassebaum  
et al. 1997; Kaspi et al. 1996; Reichert et cd. 1994; Peterson et al. 1991; Edelson, Pike & 
Krolik 1990).

The narrow line widths are not resolved in the da ta  (resolution ~  3.5 A). To find the fluxes 
given in table 4.2 the lines were fitted with a single Gaussian (except for the nitrogen 
doublet).

T f  th e  observations are independent the  likelihood of th e  tru e  value being 3(7 or m ore from  b o th  is 
ex trem ely  small. Discrepancies of less th an  2cr, im plying an even softer spectrum , are needed for an overall 
p robability  corresponding to a ” 3(7 difference” .



Observed Wavelength (Angstroms)

Observed Wavelength (Angstroms)

Figure 4.2: Gaussian profile fitting to I4a (top) and H/3 (bottom ). Two and one broad 
components were fitted to each line, respectively. The narrow components had a fixed 
width measured from other narrow fines. The left panel shows the d a ta  (thick gray line), 
the fit (thin black line) and the individual model components (the continuum level is not 
included). The right panel shows the residuals between the data  and model. All fluxes 
are in units of 10-15 ergs cm-2 s_1 A -1 .
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Two and three Gaussians were then fitted to II/3 and H a respectively: a narrow component 
w ith a fixed (instrum ental) FWHM as measured from the narrow lines, and one (or two) 
free param eter broad components to fit the extended wings. The continuum  level and 
slope were also free param eters during the fitting. A Lorentzian profile was also fitted 
to  the  broad components, but the results were much poorer than  when using Gaussian 
profiles. Figure 4.2 shows the fit to H a and If/3 as individual Gaussian components and as 
residuals between the data  and model. Errors for the broad components were found to  be 
less th an  3 percent. They were computed as the square root of the diagonal elements of 
the covariance m atrix  of the non-linear model (i.e., they represent 68% confidence intervals 
for each param eter taken separately). Table 4.3 gives the fluxes and FW HM  obtained for 
each line. For H a the values for both fitted broad components are shown.

The error in the absolute line fluxes is probably of the order of 30 per cent, bu t as 
mentioned before, the relative changes in H a and H/3 can be obtained to  w ithin a few 
percent by normalizing to nearby narrow line fluxes. At a distance of 5.21 Mpc the NLR 
has a linear size of ~  10 pc (from HST PC narrow band observations centred on the 
[OIII] A5007 line -  Filippenko, Ho & Sargent 1993). Although fairly m odest, this diam eter 
implies a traveling tim e of more than  30 years which should ensure th a t any variations in 
the central continuum source will be smeared out within the NLR and th a t the narrow 
line emission is fairly constant.

Given the observed size of the nuclear region (see sections 4.2.3 and above) and the similar 
seeing conditions observed during both runs, there should be no significant aperture effects 
to take into account, so th a t the ratios of the narrow line fluxes observed in July 1996 
and January  1997 can be used to assess any relative calibration differences. The observed 
narrow  line ratios indicate th a t there is a slight variation with wavelength in the relative 
calibration. By fitting to these ratios, and assessing their scatter about the result, it is 
possible to estim ate the significance of the broad line variations.

Figure 4.3 shows the narrow line ratios taken from table 4.2 and plotted against wave
length. The straight line is an unweighted best fit. If the two narrow line spectra  are 
identical, apart from a linear flux correction, then the difference between the individual 
line ratios and this line reflect the noise in the data. The standard  deviation of the  scatter 
about the fit is 0.05, shown as dashed lines.

The line ratios for the broad components of H a and H/3 are also shown (filled stars) and 
clearly differ from the observed trend in the narrow lines. If the error in the ratio  of 
the broad lines is similar to th a t inferred from the narrow lines then the significance of
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Narrow Line Flux Ratios

Wavelength (Angstroms)

Figure 4.3: Narrow line flux ratios between July 1996 and January 1997 as a function of 
wavelength. A linear fit to the da ta  is shown as a solid line. Dashed lines correspond to 1 
standard deviation from the fit. The empty circles correspond to the ratio of the narrow 
line component ol IJa and H¡3 which were not used in the fit. The stars correspond to 
the ratio of the I la  and H(3 broad components with 2a  error bars (see tex t). The ratio  
between the nuclear continuum observed in July 1996 and in January 1997 is also shown 
as a curved line at the bottom  of the figure.
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the difference is estim ated to be greater than 3 times the standard  deviation. The ratio  
of the H a and H/3 narrow components, which are consistent with the ratios found from 
the other narrow lines, have also been included in figure 4.3 (open circles). Applying the 
linear correction found using the narrow line flux ratios to those for the broad components, 
Ho-'rf/Ha'f/ =  0.81 ±  0.0-5 and H/3^6/H/3^7 =  0.84 ±  0.05 are found, where the error has 
been assumed to be equal to the typical scatter of the narrow line ratios about the fit.

However, it is expected th a t the errors associated to the broad lines are somewhat larger 
th an  the ones observed in the narrow lines since a deblending process is required in order 
to  m easure the flux in the broad components. A crucial step in obtaining these fluxes 
is the adoption of the continuum level. Since this was a free param eter during the  fit 
described above, two new fits were obtained for H a and H/3, this tim e fixing the value of 
the  adopted continuum level to ±5% the best fit value. The new continuum  levels can be 
seen in figure 4.4, where it is evident th a t they are a good representation of the noise in the 
neighbour regions of the lines. These adopted values are larger than  3 times the standard  
error associated to the best fit continuum level. The different broad component fluxes 
obtained with these continua correspond to changes in best fit values of ±5%  for H¡3 and 
±2%  for H a. Assuming th a t they are an estim ate of the system atic error associated with 
the m easurem ent of the line fluxes and summing in quadrature with the scatter observed in 
the narrow lines, we find th a t there is still compelling evidence th a t broad line variability 
has been detected, particularly for H a (see figure 4.3).

Figure 4.3 also shows the ratio of the fitted continuum observed in July 1996 and January  
1997 (see section 4.4.1) versus wavelength. This shows th a t there was a large variation in 
the blue, bu t th a t the variation in the red is only marginally significant.

Inspecting the  spectra by eye, it appears th a t the broad components of higher order 
Balmer lines, such as Hy and H i, have varied by a larger factor. However, it has not been 
a ttem pted  to quantify this given the noisiness of the d a ta  and the problem of blended 
lines.

An absorption line, identified as CallK  A3933, can be seen near the blue end of the  Jan 
uary 1997 spectrum  (CallH  A3970 coincides closely with He, so is not easily seen). An 
additional tentative absorption line at ~  4055 A can be seen, for which there is no iden
tification. These lines, as well as some other weak features, are not seen in the July 1996 
spectrum  due to the poor S/N  of the data  (note th a t the spectrum  in figure 4.1 has been 
slightly sm oothed). The equivalent width of the observed C allK  A3933 line is ju s t above 
1 A. The line is quite broad, with a FW HM of ~  10 A ruling out the possibility of it
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Figure 4.4: F itted  models to the Iicv (top) and H¡3 (bottom ) emission lines. The adopted 
continuum levels correspond to ±5% the best fit value (dashed hues). All fluxes are in 
units of 10-15 ergs cm-2 s-1 A- 1 .



being caused by interstellar absorption. Its profile is slightly asym m etric, which may in
dicate more than  one component. However, the quality of the d a ta  prevents any firm 
conclusions. There is no evidence of other im portant m etal lines such as CN A4200, the 
G band of CHA4301, Mgl+M gH A5175 or NalD A5892 in the data. Neither is the 4000 
A break observed, suggesting a very young stellar population. Bica, (1988) shows th a t in 
a sequence of stellar population types from spiral galaxies the equivalent w idth (EW ) of 
the C allK  A3933 feature decreases towards younger populations as well as towards lower 
m et alii cities. The absence of the 4000 A break means th a t of Bica’s tem plates only groups 
S6 and S7 can apply. For S7 most of the light is thought to come from populations of 
age ~  10s years, and still has a EW  of CallK  A3933 ~  3.5 A. Although it is not possible 
separate the effects of age and dilution in the case of NGC4395, it seems likely th a t the 
population is young (conservatively < 1 Gyr) and has a dilution of a t least 70%.

The detection of the C allK  absorption line suggests th a t other stellar features char
acteristic of young clusters may also be detectable. Among these, the near infrared 
C all AA8498,8542,8662 triplet should be the strongest (Terlevicli, Diaz & Terlevich 1990). 
A detection of the IR C all triplet would provide confirmation of the presence of a young 
cluster. Direct measurement of the velocity dispersion would give its dynamical mass.

4 .3 .3  B r o a d - b a n d  v a r ia b i l i ty

After careful examination of the JK T  B  and /  images, no evidence was found for nuclear 
variability within any of the two hour observing windows each night. Therefore, the d a ta  
for each night were averaged. To minimise any colour-dependent effects due to differences 
in the intrinsic spectral energy distribution of the nucleus, galaxy and stars, only da ta  
from frames for which the airmass was less than  1.5 were used to construct the nightly 
averages. The average airmass is very similar for each night as the observing periods were 
a t similar UT.

The average B and I  band CCD count ratios for two stars, and for the  nucleus and one of 
the stars are shown in figure 4.5. The values have been normalised to unity using the d a ta  
from the last four nights of the run. Based on the ratios between the two stars (em pty 
circles), the one-sigma uncertainty for flux variability is estim ated to be 2%. Clearly, the 
nucleus is variable over the first few nights, with the largest change being a brightening by 
about 20 percent from nights two to three. The changes are similar in form and am plitude 
in both bands. O ther small-amplitude variations are possibly present during the second 
half of the week, although these are not highly significant.
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Figure 4.5: JK T /  and B  relative photom etry for the NGC4395 nucleus. The count ratios 
between two field stars (open circles) are compared with the ratio between the nuclear 
photom etry and one ol the stars (filled circles). The s ta r-s ta r comparison suggests a 
typical error of ~  2% so the variation in the nuclear photom etry is significant.



Absolute photom etric magnitudes were derived using several flux standards and field stars, 
all observed a t very low airmass (<  1.1), so colour differences are insignificant. This implies 
nuclear (galaxy subtracted) magnitudes of B  = 16.8 and I  =  15.8 for NGC4395 during 
the JK T  run. One-sigma errors of ±0.1 magnitudes are estim ated. Filippenko & Sargent 
(1989) quote a B m agnitude of ~  17.3 (0.42 m Jy) based on the flux density at 4400 A from 
their spectroscopic data. From the spectroscopy shown in figure 4.1, the fluxes a t 4400 A 
imply B m agnitudes of 18.0 and 17.5 for July 1996 and January  1997 respectively. This 
implies a historical flux variation by a factor ~  2, and strongly supports the detection of 
variability in NGC4395.

4 .3 .4  A n a ly s i s  o f  H S T  im a g e s

P hotom etry  in standard  bands was derived from the HST observations using a circular 
aperture of 1" diameter. The background emission was negligible. This gave values of 
B  =  16.91 and I  =  16.23, comparable to the values from the JK T  broad-band imaging, 
fu rther supporting evidence of variability.

HST imaging has been previously discussed by Filippenko, Ho & Sargent (1993). However 
those observations were taken by W FPCL, whereas the d a ta  discussed here were taken 
w ith W FPC 2. Therefore, the images were examined for any sign of resolved structure. 
Model point spread functions (PSFs) for both the F450W  and F814W  filters a t the relevant 
chip positions were calculated using Tiny Tim software. Standard i r a f  routines were then 
used to  find the centroids and radial profiles of both the real and model data. Comparison 
of HST d a ta  with model PSFs in the very central regions is very sensitive to centroid 
location with respect to pixel centres, as even the PC is somewhat undersam pled. Proper 
modelling was not a ttem pted  here. Instead the model PSF was scaled by eye to m atch 
the real d a ta  at radii of 1-2 pixels, in order to look for evidence of extended structure.

The F814W  da ta  have a clear peak pixel, so a direct comparison with a PSF is relatively 
secure. The comparison with the PSF is shown in figure 4.6. It can be seen th a t the core 
of the PSF matches the da ta  very well, so the finding of Filippenko, Ho & Sargent (1993) 
th a t most of the flux from the nucleus of NGC 4395 comes from an unresolved point source 
is confirmed. A proper fit has not been found, but an intrinsic FW IJM of more than  about 
half a pixel would have been easily detected. At the adopted distance of 5.21 Mpc this 
corresponds to a physical size of 0.6 pc.

In the wings of the profile, however, the source has a clear excess above the PSF. Although 
this is a very small number of counts, it is a large factor above the  predicted wings, so
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Figure 4.6: Comparison of the radial profile of the NGC'4395 nuclear emission and model 
Tiny Tim psfs. The nucleus of the galaxy was imaged onto the HST PC 2 using the F814W  
filter. 1 he bottom  panel shows a detail of the top panel, so th a t the extended component 
can be seen more clearly.



it is unlikely to be accounted for by a slightly different norm alisation of the PSF w ithout 
disagreeing badly with the core. In this region the Tiny Tim PSF should be very reliable 
and the spacecraft jitte r  during these observations was only 0.14 pixels. There is, then, 
evidence of diffuse emission surrounding the core of NGC4395. W ithout proper modelling 
it would be unwise to quantify the excess, but very roughly the integrated diffuse flux 
could be as much as 10 per cent of the core flux. Its diam eter of ~  18 pixels =  0.8" =  
'20 pc is similar to the size of the extended [OIII] emission detected by Filippenko, IIo Sz 
Sargent (1993) - see also M atthews et al. (1996). Indeed, it is quite possible th a t a t the 
•5-10% fraction of the core considered here, the diffuse light in the F814W  filter is entirely 
due to nebular emission. On the other hand, the detection of an underlying young stellar 
com ponent (see section 4.3.2) could explain the diffuse emission as contam ination by a 
nuclear stellar cluster.

In the  blue (F450W ) observation, the da ta  has two bright pixels and any point source 
is probably centred somewhere between these. The type of crude analysis used above is, 
therefore, even less reliable, and so a detailed discussion of this image is not given. Very 
roughly however, the d a ta  are at least consistent with the same story - an unresolved core 
and diffuse emission at the 10% level.

4 .4  D iscu ss io n

4 .4 .1  S p e c t r a l  e n e r g y  d i s t r ib u t io n

For the determ ination of the Spectral Energy Distribution (SED) of NGC4395, u ltravi
olet HST spectra obtained with the Faint Object Spectrograph (FOS) in July 1992 were 
retrieved from the public archive. The original da ta  were published by Filippenko, Ho & 
Sargent (1993).

To determ ine the featureless UV and optical continuum a low degree polynomial was 
fitted to the spectra, allowing for the rejection of all the emission-line features during the 
fitting procedure. The resulting UV continuum will include broad quasi-continuum such 
as Balmer continuum and Fell emission-lines. Some starlight contam ination is expected 
as stellar signatures have been observed in the nuclear emission but it is only of the order 
of 10% of the to ta l flux at 4000 A (see sections 4.3.2 and 4.3.4).

For the X-ray data, an effective energy for the ROSAT HRI bandpass of 0.8 keV was 
deduced assuming a power law spectrum  of index a  =  1.5. For the PSPC the value
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Figure 4.7: Spectral energy distribution of the nucleus of NGC’4395. D otted lines have 
been drawn as examples of power law functions with energy spectral indices a  =  0,1  and 
1.7. The ionizing continuum (between u — 3 .3 x l0 15 and v =  1016 Hz) has been represented 
by the areas a and b (see text). The optical spectra (lines 1 and 2) were obtained in July 
1996 and January 1997 and show a low and high state  of activity. The FOS UV spectrum  
(line 3) was retrieved from the HST public archive (it has been published by Filippenko, 
Ho & Sargent 1993). B and I broad band observations are shown as open circles (JK T  
data) and filled circles (HST data). The best estim ate of the measured R O S A T  HRI 
X-ray flux is indicated with a filled star. Archive R O S A T  PSPC fluxes are indicated 
with open stars. All the X-ray data are given with 2cr error bars. The figure key shows 
the dates (m onth/year) of the different observations. Note from table 4.1 th a t the X-ray 
observations are not simultaneous with any other data.

adopted was 1.0 keV.

Figure 4.7 shows the observed SED for NGC4395. Dashed lines have been drawn as 
examples of power law functions with spectral indices a  =  0, 1 and 1.7 (f„  oc is~a ). 
Several striking features are evident in the SED plot. The change in the continuum shape 
between the two spectroscopic observations obtained in 1996 and 1997 is dram atic. The 
featureless optical continuum obtained in July 1996 is very steep, with a. best fitted spectral 
index a  ~  1.7. The extrapolation of this continuum to shorter wavelengths seems to agree 
with the observed X-ray luminosities. Compared with more luminous AGN, NGC4395 
seems to be a very quiet X-ray source, unless the PSPC and the HRI observations were 
made during extremely low activity states.
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The optical continuum looks flatter and brighter by January  1997 with a best fitted a  «
1.1, but s ta rts  to raise for wavelengths shorter than  4000 A. The HST UV d a ta  from 
1992 shows a sharp break at ~  2200A. After the break the UV spectrum  seems to agree 
w ith an a  — 1 spectral distribution. The bump observed at ~  3000 A nicely m atches the 
optical observations of 1997. However, due to the uncertainties in the spectral absolute 
flux calibration and the 4 year gap between the optical and the UV observations, the 
m atch could be simply fortuitous.

The 3000 A UV bump in figure 4.7 resembles the ‘Small Blue B um p’ observed in many 
other classic AGN (Wills, Netzer & Wills 1985), which is believed to be a blend of broad 
perm itted  Fell lines and Balmer continuum (Bac). The UV excess corresponds to  ~  
4.0 X 10-13 ergs cm-2 s-1 (obtained by integrating below the SED between 2220 to  4500 
A and subtracting the flux of the underlying continuum approxim ated as a power law), 
giving an estim ation for the UV excess/H a ratio  of ~  2.5. Observed ratios for more 
powerful AGN range from ~  2 to 5, in agreement with the observations (Edelson & 
Malkan 1986; Malkan 1983). These values are much larger than  the model predictions for 
Case B recombination (Kwan & Krolik 1981), suggesting th a t perhaps more th an  the 50 
per cent of this UV excess comes from Fell emission. The lack of observed Fell features 
in the optical range in NGC4395 is not unusual. Wills, Netzer & Wills (1985) and Netzer 
et al. (1985) have shown th a t strong LTV Fell em itters can show extremely weak optical 
Fell lines.

The ~  2200 A break can also be explained as substantial internal reddening in NGC 4-395. 
Using the extinction curve by Cardelli, Clayton h  M athis (1989b) it is found th a t a visual 
absorption A y  £  0.4 is required to produce the dip at 2200 A. The dust responsible for 
this extinction is probably not located in the Broad Line Region (BLR.) since it is unlikely 
to  survive the high densities and tem peratures. Nor does the observed Balmer decrement 
support the presence of significant dust in the NLR.: from table 4.2 Eajy/Ilft jv  ~  2.5 is 
found, while an extinction A y  ~  0.4 implies Haqy/H/Jjv ~  3.3. Rowan-Robinson (1995) 
claims th a t the dust responsible for optical and UV reddening in quasars, w ith A y  ~
0.1 — 0.5, is diffuse m aterial located in the NLR or associated with the interstellar medium 
of the parent galaxy. The la tte r seems to agree with the observations reported here, 
although an A y  ~  0.4 is slightly high for a nearly face on galaxy.

It seems th a t NGC 4395 has been caught in three different states. The broad band JK T  
d a ta  and the HST images show a bright and blue source with a  ~  0, similar to  luminous 
quasars. The January 1997 d a ta  show a sta te  with a  ~  1 and a much less obvious 
‘Big Blue B um p’. Finally, in July 1996, NGC 4395 shows a steep spectrum  with a  ~  2.



The relative strength and slope of the Blue Bump can vary widely amongst quasars and 
Seyfert galaxies (Elvis et al. 1994; Walter k  Fink 1993; Puchnarewicz et al. 1996). 
In the NGC4395 medium state, the observed continuum with a ~  1 is in fact quite 
similar to th a t seen in many Seyfert galaxies (e.g., Edelson k  Malkan 1986; Malkan 1983; 
Kriss et al. 1991). The low state spectrum of .July 1996 is much more unnusual, but 
not unprecedented - for example, the ultraluminous IRAS galaxy F10214+4724 and the 
archetypal Type-2 Seyfert NGC1068 both show steep spectra throughout the near-IR. to 
UV (see Lawrence et al. 1994 and references therein). More recently two other extremely 
low luminosity broad-line AGN have been found to have a, steep optical-UV spectrum  - 
M81 (Ho, Filippenko & Sargent 1996), and NGC4579 (B arth et al. 1996). In both these 
cases the X-ray luminosity is very strong, with a ox =  0.92 and 0.86 respectively. However, 
for NGC4395, the continuum seems to continue falling steeply all the way to soft X-rays 
i a ox ~  1-9 -  see section 4.4.6).

4 .4 .2  O p t ic a l  s p e c tr o s c o p ic  v a r ia b i l i ty

For the first time optical variability has been reported for NGC 4395. Previous observations 
had given negative results for any change in the continuum level or line fluxes (Shields 
k  Filippenko 1992), although this was not quantified. The data  reported here show a 
substantial change in the optical continuum (3700 - 6700 A), as can be seen in figure
4.1. It seems tha t NGC 4395 moves between high and low activity states, characterized 
by spectral distributions with indices a  ~  1.0 and a  «  1.7, respectively. The broad-band 
data  suggest an even higher state  with a  ~  0.

As was mentioned earlier, a significant variation in the H a and H¡3 broad line fluxes has 
been detected, but with an amplitude much smaller than the variation exhibited by the 
continuum. Variability studies for local Seyfert galaxies show th a t the am plitude of the 
flux variations changes from line to line, with the high ionization lines showing the largest
variations (Carone et al. 1996; Clavel et al. 1991; Kassebaum et al. 1997). While a
variation of ~  1.5 is normal for the total H/9 flux, a factor of up to 16 has been observed 
for HeIIA4686. From table 4.3 the (uncorrected - see section 4.3.2) ratio of the 1996 fluxes 
to 1997 fluxes is 1.2 for H/3 and 1.3 for Ha.

Rosenblatt et al. (1992) carried out optical spectroscopic monitoring of 13 Seyfert galaxies 
with 5 x 103J < L(II/3) < 4 x 10'12 ergs s-1 from 1979 to 1984. They found strong
evidence th a t variability in the continuum and H/3 occur on time scales of 90 days or
less. 1 hey also found tha t less luminous galaxies are more strongly variable in their lines
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Ha Profile

Angstroms

Figure 4.8: H a +  N II line profiles for the high and low sta te  of NGC 4395. The continuum  
have been subtracted  from both spectra and a scale factor of 1.2 has been applied to the 
low sta te  data.

and continuum. This report on optical variability for NGC 4395 shows th a t extremely 
low luminosity Seyfert galaxies do vary, but it is still unclear w hether they follow the 
p a tte rn  shown by the more luminous objects. Rosenblatt et al. (1992) also show th a t in 8 
galaxies peak-to-peak changes in H/? fluxes were 100%—200%, while the continuum  varied 
by 200%-350% for 12 of the 13 galaxies, in agreement with the observations for NGC 4395.

No change in the line profiles is observed between the two epochs, as can be seen in 
figure 4.8, where the I la  +  N il  lines from July 1996 and January  1997 have been plotted 
together, after continuum subtraction and a scaling of the former by a factor of 1.2. It 
has been shown for NGC 5548 th a t while emission-line fluxes vary with changes in the 
ionizing continuum, the line profiles do not reflect these variations (W anders & Peterson 
1996; Kassebaum et al. 1997). Instead, it is expected the timescale for line profile changes 
to correlate with the BLR. kinematical evolution timescale.

As has been noted, it is a common property of Seyfert galaxy variability th a t the optical 
continuum  becomes harder when the source becomes brighter. However, it has always 
been worrying th a t this might be due to stellar contam ination in the red. For NGC 4395, 
the surrounding bulge is of very low surface brightness and Filippenko, Ho & Sargent 
(1993) stress the featureless nature of the continuum, suggesting th a t any contribution 
from an old stellar population is small. The discovery of C allK  A3933 absorption (section 
4.3.2) and a diffuse component to the nuclear broad-band emission (section 4.3.4) suggests



tha t a small but significant fraction of the light (10-20%) comes from a very young stellar 
cluster, but this is unlikely to produce the colour dependence observed in variability. An 
im portant test will be high S/N  spectroscopy in the low state, when the CallK  absorption 
should be larger.

4 .4 .3  F ast  v a r ia b i l i ty

In the X-rays, a factor two variation in 15 days have been seen. By the standards of 
local AGN, this is not particularly fast (for example, NGC 4051 can change by a factor of 
two in half an hour - see Papadakis & Lawrence 1995 ). Likewise, optical spectroscopic 
variability by a factor of two in six months is quite reasonable for local Seyfert galaxies 
like NGC 5548. Luminous quasars variations are slower, taking typically several years to 
vary by a factor of two - see for example the light-curves in Hawkins (1996). However, 
evidence th a t NGC 4395 varies in a more dram atic fashion than  classical Seyfert galaxies 
is presented here.

First, it has to be noted th a t the last night of the broad-band imaging (JK T ) observations 
were taken only 32 days before the night in which the spectroscopic low sta te  is found. 
During this time the B-bancl flux decreased by a factor of three. Variations by a factor of 
three in the UV over 50 days certainly occur in Seyfert galaxies -  for example in the well 
known 1989 monitoring of NGC 5548 (Clavel et al. 1991) -  but over the same period, the 
blue optical flux (at 4870 A) followed the same pattern  of variation with a much smaller 
amplitude, about a factor 1.5 (Peterson et al. 1991). The largest optical variations seen 
in the four year 1988 -  1992 optical monitoring of NGC (Peterson et al. 1994) are by a 
factor two over about 100 days.

The second piece of evidence th a t NGC 4395 varies more dramatically and /o r more quickly 
than more luminous AGN is tha t a 20% change from one night to the next during the 
broad-band imaging observations has been seen. Very few sliort-timescale m onitoring cam
paigns have been carried out. Optical monitoring of the low luminosity Seyfert NGC 4051 
by Done et al. (1990) found the 74-band (lux to be constant within 1 per cent over a 
whole week. Likewise, the two week long monitoring of NGC 4151 by Edelson et al. (1996) 
showed that variations at 5125 A were 1 per cent or less. During the same period however, 
UV variations were considerably larger, with a normalised variability am plitude of 9 per 
cent at 1275 A, and one particular event showing a rise of ~  20 per cent over 1 day.

There is, then, tentative evidence tha t NGC 4395 either varies more quickly or with larger 
amplitude than more luminous AGN. However, especially for the intra-week m onitoring,



we may have seen a freak event. Repeated monitoring is clearly needed to see w hat is 
typical. UV and fast X-ray monitoring would also be of great interest.

4 .4 .4  T h e  io n iz in g  c o n t in u u m

As noted in section 4.4.1, the blue bump in NGC 4395 is occasionally strong, and sometimes 
very weak. Is the implied ionising continuum luminous enough to produce the observed 
broad Baimer lines? This depends sensitively on how one extrapolates into the  UV. If 
a power-law spectrum  L p =  L Vo( y / v 0)~0t is assumed, where L Uo is the m onochrom atic 
lum inosity per unit frequency at the hydrogen ionization edge z/0, then extrapolating  to  
infinity gives the num ber of ionising photons Nion =  L Uo/ h a  (some authors extrapolate 
to  the He edge at '228 A but this makes relatively little difference). L Vo can in tu rn  be 
estim ated by extrapolating from the observed optical/U V  continuum. Then on standard  
Case B assum ptions, with a unity covering factor, and assuming th a t all the ionising 
photons are absorbed, Nion/ N u a =  2.2. More realistic conditions should change this 
predicted value by less than  a factor two. Relaxing the other assum ptions (such as complete 
coverage) makes Nian/N f f a larger.

For the  medium state , it is possible use the Ila- luminosity observed in January  1997, 
and calculate Nion by extrapolating the HST UV luminosity at 2000 A with a  — 1. 
(This corresponds to the sum of areas a+ b  in figure 4.7 where, for the purposes of the 
plot, the  He edge has been adopted as the upper limit for the ionizing continuum; the 
actual determ ination of N{on was done by integrating to infinity). This gives N ion/N f{a =
1.5 which, within the uncertainties of this calculation, is ju st consistent with H a  being 
produced by photo-ionisation. For the low state, the I ia  luminosity observed in July 1996 
is used (which is only 0.8 times smaller than  the H a luminosity in the high s ta te). An 
optim istic extrapolation from the blue end of the optical spectrum  with a  = 1 gives a 
result very similar to the case above. However, if the observed steep spectrum  continues 
falling as a  — 1.7 (area a in figure 4.7) it is found th a t Nion/N H a =  0.4, and the  deduced 
ionising luminosity fails to explain the observed broad Ha- by a. substantial factor.

Such a deficit of ionising photons has been claimed for Seyfert 2 galaxies (e.g., Wilson, 
W ard & IJaniff 1988; Kinney et al. 1991) and for the extended emission-line regions 
of radio galaxies (e.g., Robinson et al. 1987), where it has been used to argue for an 
obscured an d /o r anisotropic continuum. Such a deficit has rarely, if ever, been claimed for 
trad itional luminous broad-line objects, i.e., Seyfert Is and quasars. Indeed, the excess of 
available continuum to lines is often used to deduce th a t the BLR covering factor is much

155



less than 1 (Yee 1980; Shinier 1981). One exception is Filippenko (1985), who argued th a t 
extrapolating the optical continuum of the broad line radio galaxy Pictor A yields a deficit 
of a factor three. More recently, B arth et al. (1996) perform a similar calculation for the 
very low luminosity broad line object NGC'4579, which also has a steep UV continuum. 
They find th a t the extrapolated ionising continuum is marginally sufficient to explain the 
observed narrow lines, but fails to  explain broad H a by a. substantial factor.

Obviously, if the ionising continuum cannot explain the observed broad emission-lines, then 
this is a potentially im portant result and may imply th a t the continuum is anisotropic, 
or th a t an extra  heating source is required for Balmer lines in AGN, such as mechanical 
heating of some kind. However, given th a t Ifa  varies, tha t the UV very likely also varies, 
and th a t there is no simultaneous optical and UV data, it is not yet possible to make such 
a bold statem ent. Further monitoring, especially in the UV, is very im portant.

4 .4 .5  B la c k  h o le  m a s s  in N G C 4 3 9 5

It is possible to crudely estim ate the bolometric luminosity of NGC4395 by assuming a 
simplified shape for the whole spectral energy distribution. Long wavelength observations 
help constrain the SED below 1 /mi. Radio VLA observations of a compact source coinci
dent with the nucleus of NGC 4395 give a flux of 1.24 ±  0.07 m Jy at 20 cm and 0.56 ±  0.12 
mJy at 6 cm. IRAS observations at 12 /mi, 25/mi and 60/mi show cirrus-like emission, 
most probably coming from cold dust heated by the interstellar radiation field within the 
NGC 4395 disk, rather than warmer dust heated by the nuclear source.

W ithout far-infrared observations of the nucleus to constrain the bolometric luminosity, 
two very simple models will be assumed: (1) a power law with index a  = 1.7, normalised 
at 6800 A to m atch the optical spectroscopy, and with cut-offs at 20 /¿m and 2 keV; (2) the 
same, but assuming a  =  1. The bolometric luminosities are found to be — 1.18 X 1041 
ergs s L for the first case and L g ol = 1.21 x 1041 ergs s-1 for the second. The two values 
are fortuitously similar, hiding the fact tha t in the first case nearly all the luminosity 
is in the mid-IR, and in the second case in the UV. If 100 /im had been chosen as the 
cut off in the far infra-red, the bolometric luminosity would have increased by almost an 
order of m agnitude for case (1), while remaining almost unchanged for case (2). Note also 
th a t it the infrared emission is largely reprocessed energy, then some source geometries 
will include both the raw and reprocessed components and may overestimate the nuclear 
luminosity. A value ol LboI — l-‘2 x 1041 ergs s-1 will be adopted as a representative value 
for the bolometric luminosity.
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Ii v is the velocity dispersion of virialized clouds within a distance R  of the nucleus then 
the central mass of an AGN is M  =  R v 2/ G. While v can be estim ated from the full width 
zero intensity of the broad line components (v ~  \/3 /2  FWZI(H/3), W andel 1991), the 
value of R  is less certain.

In the last 10 years reverberation mapping has made it possible to estim ate the size of the 
BLR in a direct way, in contrast with previous estim ations through AGN standard  plio- 
toionization models which had overestimated R. by about an order of m agnitude (Peterson 
1994; Maoz 1994). Reverberation mapping also appears to  confirm a luminosity-size-mass 
relationship consistent with R  oc Z1/ 2 (Kaspi et al. 1996). Such a relationship is theo
retically expected given two somewhat naïve assumptions: (1) the shape of the ionising 
continuum  is the same for all AGN, and (2) the BLR is characterized by a constant value for 
the product of the ionising param eter U and the cloud density n e. The best fit slope from 
AGN d a ta  covering two orders of m agnitude in luminosity gives R  = 1.4 x 10~24Lo l- ium  
pc, where Xo.i-ijumis the 0-1 ~ 1 lim  luminosity in units of ergs s_1 (N etzer & Peterson 
1997). However, the emission spectra of LINERs have been explained with a value for the 
ionization param eter 10 times smaller than  th a t inferred for Seyfert galaxies (Ferland & 
Netzer 1983). Even if all Seyfert 1 galaxies (including NGC4395) can be characterised by 
a particular photoionization regime, any extrapolation of the physical conditions derived 
for the more luminous objects to very low luminosity sources may introduce m ajor errors 
in these calculations.

Bearing in mind all the lim itations discussed above it is found from the spectra of NGC 4395, 
th a t Lo.i—Urn ~  1-7 X 104° ergs s_1, implying R  — 5.7 X 1014 cm. For FW ZI(H/?) ~  4100 
km s-1 the mass of the central object in NGC 4395 is then ~  1.1 x 1036 kg, or 5.4 x 105 
M q .  The corresponding Eddington luminosity is L E d d  — 7.0 X 1043 ergs s- 1 . From the 
estim ates of M  and the bolometric luminosity L boI it is found th a t the central source is 
em itting at ~  1.7 x 10~3 L^dd-

Otherwise, if the distance to the BLR does not scale as Z 1/ 2 to very low luminosities 
bu t, instead, approaches a minimum value (R min), then the central mass in N G C 4395 
could be much larger. The smallest observed values of R  correspond to 0-3 light-days for 
NGC 4151 (Kaspi et al. 1996) and 4 light-days for NGC 4593 (Dietrich et al. 1994). A 
Rmin ~  1 liglit-day would imply a black hole mass of 2.5 X 106 M q  and NGC 4395 would 
be extremely under luminous, em itting at just ~ 4 x  l0~4LEdd-



4 .4 .6  X -r a y  lo u d n e s s

To compare the X-ray flux with continuum emission at other wavelengths the spectral 
indices a ox and will be used, where the index a ox is defined between 2500 A (log// — 
15.08) and 2keV (log// =  17.68), and a ix between 1 ¡mi (log// =  14.48) and 2 keV. 
Using the observed flux at 2500 A, and extrapolating the optical spectroscopy to obtain 
Fipm it is found th a t the range of observed X-ray fluxes gives a ox =  2.03 -  1.76 and 
ttix =  1.85 -  1.63, where the monochromatic X-ray fluxes at 2 keV have been determ ined 
from the broad-band observations assuming a power law index of 1.5 between 0.1 and 2.4 
keV.

Values of a ox for AGN (Mushotzky & Wandel 1989; Laor et al. 1994; Laor et al. 1997; 
W alter & Fink 1993: Barth et al. 1996; Mushotzky 1993) are normally regarded as a 
good estim ate of the size of the ‘Blue Bum p’ relative to the X-ray emission. Typically, 
for quasars and Seyfert 1 galaxies, a ox ~  1.5. For LINERs a much smaller value is found 
(a ox ~  0.9) due to the lower UV fluxes relative to X-rays. NGC 4395 has a steep a ox 
which is the result of the low X-ray flux rather than powerful UV emission. A similar 
result is found amongst other low luminosity Seyfert galaxies (K oratkar et al. 1995) which 
are faint in the UV, but even less bright in the X-rays, giving a ox ~  1.6.

The power law index better characterizes X-ray loudness, since the flux at 1 /an  is less 
affected by either internal absorption or the intrinsic m agnitude of the UV power. The 
value ol cnx found for NGC 4395 (~  1.7) is much larger than th a t found for more luminous 
radio-quiet AGN (~  1.3, Lawrence et al. 1997; see Mushotzky & Wandel 1989 for a power 
law slope of 1.27 between 7500 A and 2 keV). This shows th a t the overall spectral shape 
for NGC 4395 drops rapidly f rom the optical to the soft X-rays.

Assuming a mean =  1.74 it is found that NGC 4395 is about 25 times less X-ray loud 
than more powerful radio-quiet AGN. Adopting an absorption cross section per hydrogen 
atom at IkeV ol ~  2x 10~22 cm2 ( Morrison & McCammon 1983) it is found th a t a hydrogen 
column density of ~  1.4 x lO2  ̂ cm-2 is required to explain the X-ray deficit. A norm al 
interstellar Galactic gas-to-dust ratio N(HI)/E(T? — V) =  5 X 1021 atoms cm-2 m ag-1 
(Sauvage & Vigroux 1991), and a Galactic extinction law, gives A y  ~  8.4 mag. This is 
not supported by the narrow components of the Balmer lines (see table 4.2) th a t show a 
Baimer decrement of Ha,A//H/bv ~  2.5. However, it is quite usual th a t local Seyferts with 
large X-ray columns do not have the corresponding line reddening, suggesting absorption 
by dust tree gas. Examples of X-ray quiet quasars can be found in Laor et al. (1997). It is 
unknown il these objects are intrinsically faint, or absorbed but otherwise norm al quasars.



However, the observed Balmer decrement of the broad component, (H as/H /?# ) ~  6, does 
imply an A y  q  1 if an extinction free ratio of 4.5 is adopted as typical for AGN (O sterbrock 
1989). This, together w ith the lack of ionizing flux noted in the previous section and the 
break of the UV continuum at ~2200 A could imply th a t some absorption and extinction 
occurs in the line of sight towards the central source.

4 .4 .7  C o m p a r is o n  w i t h  o th e r  low  lu m in o s i t y  A G N

The LINER nucleus in M 81 (NGC 30-31) is a very well studied low luminosity AGN. Com
pact X-ray and radio sources coincident with the nucleus have been detected (Fabbiano 
1988a; Bartel et al. 1982). It has a broad IIq- component with a, flux 20 tim es fainter 
th an  the flux detected in NGC 4051, the dimmest ‘classical’ Seyfert galaxy (Filippenko 
& Sargent 1988). Compared to M 81, the luminosity of the mean ILa broad component 
for N G C 4395, taken from table 4.3, is ^  10 times smaller. A nother example of a LINER 
nucleus th a t shows AGN-like properties (broad H a and X-ray and UV variability) is 
N G C 4579 (B arth  et al. 1996).

E stim ates for M 81 show th a t if photoionization is responsible for its LINER activity, values 
of U =  10-2 '8 and n =  109 cm-3 are required, and a. radius for the BLR of 1.2 x 101' 
cm can be inferred (Ho, Filippenko & Sargent 1996). For N G C 4395 the size of the BLR 
found in section 4.4.5 is ~  200 times smaller (under the assum ption th a t U and n  are as 
inferred from more powerful AGN). As has been suggested before, the low ionization lines 
observed in LINERs could be caused by small values of U and the consequent reduction 
of the ionizing photon flux, probably as a result of a larger distance between the central 
source and the em itting clouds (Halpern & Steiner 1983; Ferland & Netzer 1983). At 
the  same tim e the central source in M 81 is em itting at ~  0.06± 0.04 per cent of the 
Eddington limit (Ho, Filippenko & Sargent 1996), a factor 3 smaller than  the value found 
for NGC 4395.

The shape of the optical featureless continuum during the low sta te  of NGC 4395 resembles 
the  steep UV continuum observed in M81 (Ho, Filippenko & Sargent 1996) for which a 
spectral index close to 2 was derived. Unfortunately, the shape of the continuum  of M 81 
in the optical range is not well known because of the heavy contam ination by starlight.

Optical variability has not been reported for M 81 (Ho, Filippenko & Sargent 1996). The 
H a liglit-curve shows only slight variation (10% -  15%), the reality of which is unclear, 
given the complexity of the observations. There is no report of continuum flux changes 
either. In this respect, the UV variability reported for NGC 4579 could be a further link



between LINER, nuclei and more powerful AGN. X-ray long term  variability by significant 
factors has been reported lor M81 (Petre et al. 1993; Isliisaki et al. 1996) as well as for 
NGC4579 (Serlemitsos, P tak  & Yaqoob 1996).

A recent compilation of spectral energy distributions for a small sample of low-luminosity 
AGN (including M81) shows tha t these objects can be characterised by a steep (a  ~  1.8) 
optical-UV slope, a radio strength typical for radio-loud AGN, and the lack ol a big blue 
bump (Ho 1999). NGC4395 does not seem to share these traits. The optical to LTV 
distribution resembles the steep UV continuum observed in the sample of low-luminosity 
AGN only during the low state, but greatly departs from it during the medium and high 
states. The measured radio flux qualifies NGC4395 as a radio-quiet object: the param eter 
R  =  S„(6cm )/F U(B)  adopts values of 0.1 -  1.0 for radio-quiet objects and > 100 for radio- 
loud ones (Ho 1999); for NGC4395 it is 0.56 ±  0.12/0.56 ±  0.28 (in m Jy) =  1.0 ±  0.54, 
where the error in the radio flux is given by the uncertainty of the measurement (Sramek 
1992), and the error in the jB-band flux reflects the variability discussed in section 4.3.3. 
Finally, as in the SEDs presented by Ho (1999), no big blue bump is observed in the energy 
distribution of NGC4395. In this case however, the disk emission thought to  be responsible 
for the presence of this feature would be hotter, and therefore shifted towards shorter 
wavelengths, given the low estimates for the central black hole mass (Te/ /  M b \i )- 
NGC4395 the big blue bump could escape detection, hidden in the fax UV.

Is NGC4395 really the least luminous AGN? The search for ‘dw arf’ Seyfert nuclei in the 
Palom ar sample carried out by Ho, Filippenko & Sargent (1997c; 1995b) shows th a t the 
luminosity distrubution of the Ha- narrow component for the objects in the sample appears 
to be extremely similar for Seyfert and LINER, nuclei, both having a median of ~  6 X 1038 
ergs s-1 (Ho 1996). Visual inspection of figure 5 in Ho (1996) shows, however, th a t some 
LINERs have luminosities X(Ha/v) < 103' ergs s-1 , while Seyfert nuclei do not show such 
low luminosities.

The uncertainty in the true nature of LINER, nuclei implies th a t a. more reliable com
parison can be made by using only the Type-1 population from the Palom ar sample (see 
discussions in sections 1.1.1 and 5.1). Ho, Filippenko & Sargent (1997c) found th a t of the 
nuclei exhibiting broad H a more than half were LINERs. The 6 least luminous objects 
(Zr(Hajg) < 103J ergs s-1 , ignoring ambigous spectral classifications and uncertain detenc- 
tions of the broad component - see notes to table 1 in Ho, Filippenko & Sargent 1997c) 
correspond to 4 LINER and 2 Seyfert nuclei. NGC4395 is then the least luminous Type-1 
object for the distances adopted in the Palomar sample, but two Type-1 LINER, nuclei 
woidcl rival this status if a 5.2 Mpc distance for NGC4395 (the value used in this work)
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is adopted.

4 .4 .8  A n  a d v e c t iv e - d o m in a t e d  a c c r e t io n  flow  in N G C 4 3 9 5

One possibility to explain the low luminosity for NGC 4395 is the presence of an advective- 
dom inated accretion flow, or ADAF (e.g., Narayan & Yi 1995; Narayan, M ahadevan & 
Q uataert 1999). Such a disc is optically thin and cooled by radial advection of heat ra ther 
th an  radiation. Such discs differ from the optically thick variety in several ways. ADAFs 
have a. low radiative efficiency, are therm ally and viscously stable and have a vertical 
thickness similar to their radius (i.e., the geometrically thin approxim ation does not hold). 
The combination of an outer, optically thick disk with an inner ADAF seems capable of 
explaining some apparently under-luminous, hot black-hole binary systems (e.g., Esin, 
McClintock & Narayan 1997), although it is unclear physically how to join the two parts 
of the disc. ADAFs have also been proposed to explain under-luminous galactic nuclei, 
most notably for Sagittarius A* (Narayan et al. 1998). For NGC'4395 an ADAF could 
allow for a ‘norm al’ mass black-hole while m aintaining consistency with the  bolometric 
luminosity. However, the estim ation of the black-hole mass given in section 4.4.5 implies 
a radiative efficiency higher than  th a t usually associated with ADAFs. For an upper limit 
for the mass of the black-hole see also Ho (1998).

It has been claimed th a t dwarf AGN vary considerably less than  luminous Seyferts, bo th  in 
the X-rays (P tak  et al. 1998) and the optical (Shields & Filippenko 1992; Ho, Filippenko & 
Sargent 1996). P tak  et al. (1998) propose th a t this is because dw arf AGN are ADAFs, and 
have characteristically larger X-ray em itting regions. However, in NGC4395 clear large 
am plitude variability, quite consistent with more luminous Seyferts, has been detected. 
Perhaps typical dwarf AGN have large black holes together with low accretion rates and 
advection dom inated flows, whereas NGC4395 might have a small black hole and a higher 
accretion rate.

4 .4 .9  C o n s t r a in t s  on  n u c le a r  s ta r b u r s t  m o d e l s

A plausible model for the IR, optical, UV and at least part of the X-ray emission in low 
luminosity AGN is the starburst model developed by Terlevicli and collaborators (see, 
e.g., Terlevich et al. 1992). NGC4395 offers a. unique opportunity to test this paradigm : 
w ith a blue nuclear absolute magnitude of ~  -1 0 , a single compact supernova rem nant 
is enough to  account for its luminosity. Significant constraints can be obtained from the 
spectroscopy, and from both the short and long term  observed variability.
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Ill the starburst model, Type-1 AGN correspond to a phase in the evolution oi a m etal rich 
star cluster with an age around 10-20 Myr, where the luminosity is dom inated by Type 
II supernovae which are exploding within a dense medium. These compact supernova 
rem nants (cSNR.) evolve rapidly and so are highly luminous. The energy output is mostly 
in the extreme UV and X-ray region of the spectrum. The optical continuum is a m ixture 
of evolved stars and emission from the SNRs, but fast moving fragments are also expected 
to produce the BLR. line emission. Indeed, the spectra of at least some luminous SN 
exploding in IIII regions have a striking resemblance to th a t of the BLR of Seyfert galaxies 
(Filippenko 1989). In some well documented cases cSNR. radiate about 1051 ergs in under 
two years, thus reaching peak luminosities well in excess of 1043 ergs s_1 (A retxaga et al. 
in preparation).

The discovery of CallK  absorption in NGC4395 without a corresponding 4000 A break, is 
strong evidence for a young stellar population, as discussed in section 4.3.2. However the 
observed variability rules out the possibility tha t the blue light is simply young stars. It is 
conceivable th a t the optical continuum is a m ixture of early-type stars and variable cSNR 
emission (or, of course, a mixture of early-type stars and variable accretion disc emission). 
As the CallK  equivalent width is a sensitive function of stellar type, the dilution required 
to match the observed 1 A equivalent width depends on the age of the cluster. It would 
be im portant to test the predictions of such m ixture models explicitly against the whole 
spectrum, but this is not attem pted here.

A significant constraint on starburst explanations of NGC4395 is the long term  stability. 
Although variability by a factor of 2 has been detected on relatively short timescales, com
parison with the Filippenko & Sargent (1989) observations, and indeed with the POSS 
image discussed by Filippenko, Ho & Sargent (1993), shows tha t there lias been no signifi
cant long term  change in mean brightness beyond a factor of 2 in the last ~  40 years. The 
secular variability in the starburst model comes from the evolution of cSNRs. In more 
luminous Seyferts, the superposition of cSNR events at a rate  governed by the to ta l mass 
of the starburst could potentially explain the characteristic month-timescale flaring.

In the case of NGC,4.395, the observations should correspond to the decline of a single 
cSNR whose secular blue light-curve is given by L b  cx i~ n / 7 (A retxaga & Terlevich 1994; 
Aretxaga, Cid Fernandes & Terlevich 1997). The peak luminosity of the rem nant will be a 
function of the circumstellar density (L 1̂ 0 ' oc n3/4), with more luminous events occurring 
in denser regions. Notice th a t the observed absolute m agnitude of NGC 4395 (~  -1 0 )  is 
much fainter than  the absolute magnitude of a single cSNR. near peak (~  -2 0  and -1 8 .5  
lor n ~  10' and 10*’ cm 3, respectively). This, together with the low rate  of change seen



in the  last 40 years, as mentioned above, suggests th a t the observation correspond to the 
late evolution oi the cSNR. Using the i -11/ ' law it is found th a t a cSNR of age ~  300 
years old evolving in a medium with density n ~  10' cm "3 would have shown a decline 
of 10 m agnitudes since maximum and of just 0.2 m agnitudes in the last 40 years. On the 
o ther hand, with a density of 106 cm“ 3 a ~  500 year old cSNR. would have declined about
8.5 m agnitudes since maximum and about 0.1 m agnitudes in the last 40 years. Both cases 
are in agreement with the observations.

It is also possible to compare predicted line strengths by using the cSNR models of Ter- 
levich (1994). If a significant fraction of the nuclear blue luminosity is due to a s ta rbu rst, 
then the predicted SN rate  is 4.0 X 10“ s y r-1 . The nucleus in NGG4395 has:

L x  ~  3 X 103S ergs s 1
LboI ~  5 x  1040 ergs s 1 (4.1)

L-gsL h o  ~  5.5 X 1038 ergs s 1
L h /3 ~  8.5 x 1038 ergs s 1

and the FW HM  of the broad component of the broad lines, while difficult to  m easure, is 
about 1000 km /sec.

From table 1.1 and 1.2 of Terlevich (1994) it is possible to see th a t this set of param eters 
corresponds to a cSNR evolving in a medium with n ~  10' cm-3 and age equal or slightly 
larger than  the last entry corresponding to about 26 yrs. The predicted values for 26 yrs 
are :

L BoI ~  4 X 104° e r g s  s “ 1
Ljja  ~  1.3 X 1039 ergs s“ 1 (4.2)
L h /3 ~  2-6 x 103b ergs s“ 1

and the FW HM  of the broad component about twice the shock velocity or 740 km s _ 1 . 
The line properties are then in poor agreement with a cSNR slightly older than  26 years, 
much younger than  the age derived from the absolute blue magnitude.

The short timescale variability in the starburst model is produced by cooling instabilities
in the strongly radiative shock (Terlevich et al. 1995; Plewa 1995) or as the result of
fragm ents or density fluctuations in the ejecta interacting with the outer th in  shell (Cid
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Fernandes et al. 1996). These mechanisms are capable of producing strong variability in 
luminous AGN 011 timescales from hours to weeks. However it might be expected th a t 
such an old rem nant would have become relatively stable.

In summary, a single cSNR. could explain the observed low luminosity nuclear flux from 
NGC4395 if the rem nant is some tens to hundreds of years old. However, the observed 
short term  (days to m onths), large-amplitude, optical and X-ray variability, including 
changes in optical continuum shape, is in clear disagreement with such a starburst model.

4.5 S um m ary

In this chapter optical broad-band images and spectra as well as ROSAT X-ray d a ta  for 
the nearest, most feeble known Seyfert 1 galaxy NGC 4-395 has been presented. The main 
results can be summarised as follows:

1. The optical continuum has been observed to vary by a factor ~  1.3 at 6800 A and by a 
factor of ~  2.2 at 3800 A in a period of 6 months (between July 1996 and January  1997), 
becoming bluer when brighter. A power law fit shows th a t the spectral shape changed 
from an index a  =  1.7 to a  =  1.1.

2. One week of broad-band monitoring was obtained in June 1996. The B  and I  bands 
show ~  20% variability in just 24 hours. The inferred spectral shape is consistent with a 
power law fit with a  ~  0 and implies a change by a factor of ~  3 at 4400 A in ju st one 
m onth, when compared with the low state  spectroscopy from July 1996. This evidence 
shows tha t N G C 4395 varies in a much more dram atic way than classic Seyfert galaxies.

4. UV spectroscopy shows a clear hump at ~  .3000 A consistent with the small blue bump 
observed in classic AGN. The extrapolation of the featureless UV continuum to higher 
frequencies assuming a  =  1 gives just enough ionizing photons to explain the observed I la  
fluxes. However a deficit of photons is found when the extrapolation is done assuming a 
steeper a  =  1.7 power law, as implied by the optical low state spectral shape. Anisotropic 
emission from the central source and/or a different ionizing mechanism might need to be 
considered to explain the lack of UV photons.

5. HR1 and PSPC ROSAT data  show th a t the flux from a weak source consistent with 
the position of the nucleus changed by a factor of 2 in 15 days. NGC 4395 appears to 
be ~  26 times less X-ray loud than classic AGN. The low luminosity can be explained 
as substantial absorption along the line of sight. Spectral analysis of the PSPC  d a ta  is
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consistent with some intrinsic absorption.

6. Applying reverberation mapping results from classic AGN to NGC4395, a radius for 
the BLR. of just 2 x 10 1 pc is inferred. This implies th a t the central source is em itting 
a t 2 X 10~3LEdd- However, these results were calculated by extrapolating the observed 
properties of AGN ^  104 times more luminous than  NGC4395 and, therefore, m ust be 
revisited when more observations on very low luminosity AGN become available.

7. The discovery of a weak CallK  A3933 absorption line (EW  ~  1 A) has been reported, 
suggesting the presence of a young stellar cluster coincident with the nucleus of NGC 4395. 
The starlight component from the cluster is estim ated to be less than  30% of the to ta l flux 
a t 4000 A. The cluster may be directly observed as a diffuse component in HST optical 
imaging, suggesting a 10% contribution. The IR C all AA8498,8542,8662 triplet is expected 
to  be detectable. Thus high resolution spectroscopy can provide a direct m easurem ent of 
the  dynamical mass of the young cluster.

8. It has been shown th a t the ADAF and starburst models for low-luminosity AGN are 
in poor agreement with the variability patters seen in NGC 4395.
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C h a p te r  5

Nuclear emission from a complete 
sample of nearby galaxies

In chapters 2 and 3 the results from the nuclear optical spectroscopy and X-ray imaging 
were presented. A detailed review was given for every galaxy and new and published d a ta  
were discussed. Here the sample of galaxies will be studied as a whole in an a ttem p t to 
address some of the issues raised in chapter 1.

The main aim of the project, and this thesis, is to gain some insight into the natu re  of 
low luminosity nuclear activity. The questions to  answer include: how common are active 
nuclei in small galaxies; do they exist at all; is there a minimum size for a galaxy th a t 
harbours an AGN; does the AGN luminosity correlate with the host luminosity? In this 
chapter the optical spectroscopy and X-ray nuclear emission presented earlier will be used 
to  try  and answer some of these questions.

5.1 O p tica l classification  o f  em ission  line sp ec tr a

AGN can be recognised by their spectra. Based on the characteristics of their emission 
lines, AGN are normally classified in two m ajor groups. ‘Type-1’ objects have two super
posed sets of lines: one set o f ‘narrow hires’ with typical electron densities of n e ~  103 —106 
cm-3  and FITVVMs 500 lun s-1 , and a second set of ‘broad lines’ characterised by 
n e ~  109 cm-3  and FITVVMs ^  1 0 00- 10000 km s- 1 . ‘Type-2’ objects differ from ‘Type-1’ 
objects in th a t they only show narrow emission lilies. The AGN narrow emission spectra 
are distinguishable from HII region spectra by the presence of ‘h arder’ ionising photons 
and therefore a wider range in ionization species.
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LINERs are, arguably, considered members of the AGN family. Their spectra are char
acterised by emission lines from low ionization species which are distinctly different from 
both HII regions and classical active nuclei. The idea tha t LINERs are the low—luminosity 
tail of the AGN distribution has been challenged by many nuclei with clear Seyfert charac
teristics but fainter line luminosities than some LINERs. One of the strongest argum ents 
in support of the classification of LINERs as genuine active nuclei is th a t they also show 
the ‘T y p e-l’/ ‘Type-2’ dichotomy (Ho, Filippenko & Sargent 1997d ). However, it is also 
clear th a t the spectra of many objects th a t fall into the technical definition of a LINER 
could, in fact, be of stellar origin (Maoz et ul. 1998).

The search for low luminosity AGN in the volume-limited sample of galaxies will use the 
nuclear optical spectroscopy obtained for each galaxy. Signatures of AGN emission will 
be sought and objects classified accordingly.

As has been described earlier, a list of nuclear targets was constructed for each object 
after careful examination of the radio, near-IR, optical and X-ray images. This approach 
was especially im portant in the case of galaxies with ill defined or ‘sp o tty ’ nuclei. In 
some objects this appearance could be related to the presence of dust and regions of star 
formation and the IR broad-band images helped to locate candidates for the real nuclear 
position. In other cases galaxies did not seem to have a nucleus at all. Optical spectra 
were obtained for a to ta l of 32 galaxies, 17 of them  having spectra from more than  one 
target in the nuclear region. This gives the 59 observations reported in chapter 3.

As explained in chapter 1, Ho, Filippenko & Sargent (1995b; 1997b) carried out a similar 
search obtaining nuclear spectra for a complete sample of ~  500 galaxies in the northern  
hemisphere with B t  < -1 2 .5  magnitudes. To study the nebular spectra of the nuclei 
and look for low luminosity AGN signatures they took special care in the removal of the 
starlight contamination using a series of ‘tem plate’ galaxies with stellar nuclear spectra 
(Ho, Filippenko & Sargent 1993). This, and the large number of objects studied, are the 
two most im portant advantages of their survey over this work.

1 lie present study involves a much smaller sample, but has some advantages of its own: 
(1) the broad-band imaging, including X-ray data, provides alternative targets for the 
spectroscopy; (2) the range ot galaxy sizes extends to dwarf objects; (3) optical spectra 
have a wider wavelength coverage, including [Oil] A3727 which defines the LINER group.



Galaxy Galactic Coord. E ( B  -  V )
NGC185 120.79 -14.48 0.182
NGC247 113.94 -83.56 0.018
NGC404 127.03 -27.01 0.059
Maffei I 135.84 -0.57 1.085
Maffei II 136.50 -0.33 2.326
IC 342 138.17 10.58 0.558
NGC 1560 138.36 16.03 0.188
NGC2366 146.43 28.53 0.036
NGC 2403 150.57 29.19 0.040
NGC 2976 143.92 40.91 0.070
A 0951+68 142.49 41.29 0.072
NGC 3031 142.09 40.90 0.080
UGC 6456 127.84 37.33 0.036
NGC 3738 144.56 59.31 0.010
NGC 4144 143.17 69.01 0.015
NGC 4150 190.45 80.47 0.018
NGC 4236 127.41 47.36 0.015
UGC 7321 241.95 81.06 0.028
NGC 4395 162.10 81.54 0.017
NGC 4605 167.37 75.49 0.022
NGC 4736 123.36 76.01 0.018
NGC 4826 315.71 84.42 0.041
NGC 5204 113.50 58.01 0.012
NGC 5238 107.40 64.19 0.011
NGC 5457 102.04 59.77 0.009
NGC 6503 100.57 30.64 0.032
NGC 6946 95.72 11.67 0.342

Table 5.1: Galactic extinction in the line of sight towards galaxies with m easured emission 
lines. Taken from Schlegel, F inkbeiner & Davis (1998).
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Galaxy No Targets HFS? (Which) HFS Class
NGC 185 3 J1 J3 J4 Yes (J4) S2
NGC 247 1 Yes H
NGC 404 1 Yes L2
MafFei I 1 No
Maffei II 1 VI R l R2 No
IC 342 VI V2 Yes (VI) H
NGC 1560 1 Yes H
NGC 2366 4 VI V3 V4 V5 Yes (V I ) ?
NGC 2403 1 VI Yes H
NGC 2976 V I V2 Yes (V I) H
A 0951+68 1 V2(B) No
UGC 6456 V I V2 V3 V4 No
NGC 3738 6 V I V2 V3 V4 V5 V6 Yes (V I) H
NGC 4144 4 VI V2 J1 Yes (V I) H
NGC 4150 1 VI Yes T2
NGC 4236 V2 V3 Yes (Unknown)
UGC 7321 1 No
NGC 4395 1 Yes S I.8
NGC 4605 Yes II
NGC4736 1 Yes L2
NGC 4826 3 VI Rl R2 Yes (V I) T2
NGC 5204 2 VI XI Yes (V I) H
NGC 5238 2 VI V2 No
NGC 5457 2 VI V2 Yes (V I) H
NGC 6503 1 Yes T2/S2
NGC 6946 1 Yes I-I

lab le 5.2: Journal of galaxies with measured emission lines. The to ta l number and identi
fication of the nuclear targets is given. Observations by Ho, Filippenko & Sargent (1995b ) 
are also included with their spectral classification (S =  Seyfert, L =  LINER, T  =  transi
tion object, H =  HII region). The number attached to the spectral class gives the Type 
(‘Type-1’ or ‘Type-2’, along with the interm ediate Types 1.2, 1.5, 1.8 and 1.9). Although 
NGC 2366 is present in the spectral atlas by Ho, Filippenko k  Sargent (1995b) it does 
not appear in the table containing the spectral classifications (Ho, Filippenko & Sargent 
1997b).



5 .1 .1  D ia g n o s t i c  d ia g r a m s

The two main mechanisms thought to be responsible for the form ation of nebular emission 
lines are photoionisation by UV photons and ionisation by shocks. In the first case, the 
source of the UV radiation can be divided into two types: therm al photons coming from 
hot massive young stars, and ‘harder’ photons coming from a noil-therm al source, normally 
thought to be an active nucleus. The second case, shock heated ionisation, is normally 
associated with winds and supernova explosions.

A part from the nature of the photoionising source, which ultim ately determines the spec
tra l distribution of UV photons, several other physical factors could play a role in deter
mining the final appearance of the nebular emission: metallicity; density and filling factor 
of the gas; power and distance of the source; age of the stellar cluster; geometry; etc. Some 
of these quantities are combined into a single value, called the ionisation param eter U, 
which measures the ratio  between the flux of ionising photons at the position of the nebula 
and the num ber of gas particles. Various definitions of U can be found in the literature. 
The one adopted here is given by:

u  =  Q ( H > (5.1)4 7T 7’2 N e c [ ’

where £2(11) is the to ta l number of ionising photons, r is the distance between the ionising 
source and the em itting clouds, N e is the electron density of the cloud, and c is the speed 
of light.

A successful m ethod for distinguishing between different ionising mechanisms uses emission 
line ratios th a t are sensitive to  changes in the spectral shape of the ionising radiation 
(Baldwin, Phillips & Terlevich 1981; Veilleux & Osterbrock 1987). In this way diagnostic 
diagram s can separate the (narrow) nebular emission into three m ajor groups: HII regions, 
AGNs and LINERs (see for example figure 1 in Filippenko & Terlevich 1992). Theoretical 
photo-ionisation models of hot stars and power-law continua successfully reproduce the  line 
ratios th a t correspond to loci occupied by HII regions and AGN (Veilleux & Osterbrock 
1987).

As mentioned before, the situation seems more complex for the case of LINER nuclei. 
Heckman described the LINER class as objects with [Oil] A3727/[OIII] A5007 > 1.0 and 
[01] A6300/[OIII] A5007 > 1/3. There is much evidence th a t not all the objects falling 
into this definition are driven by the same physical processess, but it is not possible, yet,



to discern between the AGN and the star formation LINER-types solely on their optical 
spectroscopic characteristics.

Two different diagnostic diagrams were produced using the sample of nearby galaxies. 
The line fluxes were taken from table 3.6. Since line ratios are relative values an absolute 
flux calibration of the spectra is not necessary. The ratios were corrected for Galactic 
extinction using the E ( B  — V )  values given in table 5.1 using the Galactic extinction law 
derived by Cardelli, Clayton & Mathis (1989a). NGC 3031 (M 81) was also included in the 
diagrams as, along with NGC 4395, these are the only two well studied Seyfert galaxies 
in the sample. The line ratios for NGC 3031 were taken from Ho. Filippenko & Sargent 
(1996).

The optical lines most widely used in diagnostic diagrams are narrow components of H a 
and H/5, and the forbidden lines of oxygen, nitrogen and sulphur. Unfortunately, for low 
redshift galaxies, the weak [01] A6300 line is very close to (if not coincident with) the 
strong oxygen sky-line and is therefore extremely difficult to measure. For this reason, 
this line flux was obtained for just a handful of objects, as can be appreciated in table 3.6. 
Balmer emission line fluxes considerably reduced by the presence of a stellar absorption 
component were not used.

The first approach used in the construction of the diagnostic diagrams was to  use the 
spectral classification given by Ho, Filippenko & Sargent (1997b) for those galaxies com
mon to both surveys. The rest of the observations were labeled as unclassified. W henever 
a galaxy had multiple targets (i.e., galaxies for which more than  one nuclear spectrum  
was obtained), care was taken in finding the right identification of the source observed 
by Ho, Filippenko & Sargent (1995b). Table 5.2 shows the complete list of galaxies and 
targets with measured emission lines and gives details of those galaxies observed by Ho, 
Filippenko & Sargent (1997b) and their spectral classification (in four groups: Seyferts, 
LINERs, transition objects and HII regions). They define transition objects as nuclei th a t 
show [01] A6300 strengths interm ediate between LINERs and HII regions and are probably 
LINERs contam inated by neighboring HII regions.

T h e  [O il] A3727/[0111] A5007 vs [N il] A 6584/H a d ia g ra m

Figure 5.1 shows the [Oil] A3727/[OIH] A5007 vs [Nil] A6584/IIa diagnostic diagram  first 
developed by Baldwin, Phillips & Terlevich (1981). Filled symbols have been used to show 
the nuclear spectra classified by Ho, Filippenko & Sargent (1997b), while em pty circles 
show the unclassified targets. Notice that many galaxies have multiple observations and
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Figure 5.1: [Oil] A3727/[OIII] A5007 vs [Nil] A6584/Ha A6503 diagnostic diagrams. Solid 
symbols show: HII region nuclei (• ) , transition objects (♦), LINERs (★), and Seyfert 
nuclei ( A ) ,  as classified by Ho, Filippenko & Sargent (1997b). Unclassified objects are 
shown with em pty circles. Upper limits are shown with arrows. Objects of interest have 
been labeled and identified in the upper panel (see also table 5.2). HII region models 
developed by Garcia-Vargas, Bressan & Diaz (1995) have been included in the lower panel. 
Two families of curves are shown with metallicities 0.05 and 0.20 times solar. Each curve 
represents the evolution of a single star cluster. Diamonds (0 ) m ark the cluster age for 1, 
2 and 3 Myr. The ionisation param eter U varies continously along each curve and from 
one adjacent curve to  another, with limiting values of logU = -2 .0  at the left end and 
logU  =  —3.3 a t the right.



therefore several empty circles can belong to the same galaxy. The top panel in figure
5.1 shows th a t most of the unclassified objects lie in a well defined sequence th a t crosses 
the diagram diagonally. Most of the sources classified as HII regions by Ho, Filippenko & 
Sargent (1997b) are located at the top of this sequence.

The bottom  panel of figure 5.1 includes models of HII region lines ratios taken from Garcia- 
Vargas, Bressan & Diaz (1995) for two different metallicities: Z / Z q  =  0.05 (continuus 
line) and Z / Z q  -  0.20 (dashed line). The grids of models follow the evolution in tim e of 
the ionising star cluster from 1 to 3 Myr for different cluster sizes and distances between 
the cluster and the emitting clouds. Variations in these param eters effectively change the 
value of the ionisation param eter U and move the predicted position of the line ratios 
along a rather narrow track on the [Oil] A3727/[OIII] A5007 vs [Nil] A6584/Ha diagram. 
Variations in the metallicity will shift vertically the position of this track as can be seen 
in figure 5.1. It is clear th a t the models can reproduce the loci occupied by the sequence 
of unclassified objects and by those nuclei classified as HII regions by Ho, Filippenko & 
Sargent (1997b) (except for NGC 5457, see below).

The unclassified targets laying along the HII region tracks correspond to spectra obtained 
for galaxies NGC 2366, A 0951+68, UGC 6456, N G C 4236, UGC 7321, and NGC 5238. 
Note th a t NGC 2366, UGC 6456 and NGC 4236 do not have an obvious nucleus. How
ever, it is possible to state  tha t all candidate nuclei are now classified as HII regions. 
A 0951+68, labeled as source 7 in figure 5.1, is very small galaxy (M b  ~  —13) th a t is 
actually a pair of close, spheroidal galaxies, each with a distinct nucleus. Spectroscopy of 
the nuclei showed one to be starlight and the other to have high excitation emission lines 
( [OIII] A5007/H/3 ~  6) consistent with a very low-metallicity nuclear starburst (Johnson 
et al. 1997).

All objects not located at the HII region locus have been labeled with numbers and iden
tified in the top panel of figure 5.1. All of them , except for the Seyfert galaxies NGC 4395 
and NGC 3031, lie on the loci normally ocupied by LINERs.

NGC 5457 is the only nucleus in this LINER group which has been classified as an HII 
region by Ho, Filippenko & Sargent (1997b). The [Oil] A3727/[OIII] A5007 ratio clearly 
corresponds to those seen in LINERs. The observed position in the diagram cannot be 
explained by internal extinction because the [Nil] A6584/Ha ratio is not sensitive to such 
corrections (extinction can however, affect the value of the [Oil] A3727/[OIII] A5007 ratio). 
Stellar Balmer absorption could shift the position of the nucleus towards the HII region 
loci, but (as can be seen from the optical spectra shown in figure 3.27) the H a absorption



component is probably negligible. The lack of a reliable m easurem ent of the [01] A6300 
line prevents a certain classification of the nucleus as a LINER or a transition object.

The value of the [Nil] A 6584/Iia ratio for the three spectra obtained for Maffei II are shown 
to  the  left of the LINER loci with a double arrow (sources 4, 5, and 6; 5 and 6 are coinci
dent). Since no blue spectra are available for these observations the [Oil] A37'27/[OIII] A5007 
ratios are unknown. A similar argum ent to th a t given above can be applied to  this ob
ject: the [Nil] A6584/Ha ratio of source V I is compatible with those seen in LINERs and 
transition  objects. However, this classification is very uncertain since no oxygen lines have 
been observed.

The unclassified targets labeled as 12 and 13 in figure 5.1 correspond to spectra  taken at 
the  position of two radio sources 3" and 4" away from the LINER nucleus in NGC 4826. 
These two spectra also show LINER characteristics. Since the observation of the nucleus 
of the galaxy is strongly affected by starlight contam ination, the line m easurem ents from 
the d a ta  presented in chapter 3 are not shown in figure 5.1. Instead, the [Nil] A6584/H« 
ratio  given Ho, Filippenko & Sargent (1997b) is used and plotted with a double arrow 
since no [Oil] A3727 flux measurement is available. Assuming a single central ionising 
source, the ratio  between the value of the ionising param eter at the position of the nucleus 
and the position of the radio sources should be ~  10 (U oc r~ 2). Models show th a t 
changes in the value of U by this magnitude will be seen as a considerable reduction of the 
[Oil] A3727/ [OIII] A5007 ratio and a smaller reduction of the [Nil] A6584/Ha ratio  (see for 
example figure 2 in Ferland & Netzer 1983). This effect is consistent with the observed 
change in the [Nil] A6584/Ha ratio and therefore does not disagree w ith the possibility of 
a single central source in the LINER nucleus of NGC 4826. However, to definitely rule out 
or confirm this hypothesis, the [Oil] A3727/ [OIII] A5007 m ust be obtained.

T h e  [OI] A6300/[OIII] A5007 vs [OI] A3727/[OIII] A5007 diagram

Figure 5.2 shows the [OI] A6300/[OIII] A5007 vs [01] A3727/[OIII] A5007 diagnostic dia
gram. This diagram  defines the LINER class according to the criteria adopted by Heck
man (1980). The loci of LINERs is shown as a shaded area in the right top corner of 
the figure. As noted before it has only been possible to measure the [01] A6300 line for a 
few galaxies which explains the reduced number of objects shown in this diagram . The 
convention for the symbols is the same as in figure 5.1. The line ratios of three Seyfert 
galaxies from the literature have also been included to be tter define the region occupied 
for these objects. They are shown with asterisks.
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Figure 5.2: [01] A6300/[OIII] A5007 vs [Oil] A3727/ [OIII] A5007 diagnostic diagram. Sym
bols as in figure 5.1. The shaded area represents the LINER loci as defined by Heckman 
(1980). Three examples of Seyfert nuclei have been added and are shown with asterisks 
(*). The narrow line ratios were taken from Osterbrock & Ivoski (1976) (for NGC 4151), 
Boksenberg & Netzer (1977) (for NGC 3516) and from Kunth, Sargent & Botliun (1987) 
(for G 1200-2038). HII region models are as in figure 5.1.



The dwarf galaxy NGC185 was classified as a Seyfert 2 by IIo, Filippenko & Sargent 
(1997b) based on their spectrum  of the source they identified as the nucleus. Comparison 
of the spectra shown in chapter 3 with the d a ta  published by Ho, Filippenko & Sargent 
(1997b) suggests th a t this probably corresponds to the IR. source J4 shown in figure 3.5.

For two of the four spectra obtained in the nuclear region of the galaxy (J1 and J4) 
emission lines were measured. They are included in figures 5.1 and 5.2 and, in each case, 
are joined by a dotted line. In figure 5.1 J 1 is shown a.s an unclassified target and both 
objects are in clear disagreement with the line ratios expected from I i l l  regions. Ho, 
Filippenko & Sargent (1997b) seem to have based the classification of their observations 
on the [OIII] A5007/1I/1 ratio, which they measured to be 3.32. The criteria adopted by 
Ho, Filippenko & Sargent (1997b), stating th a t LINER nuclei have [OIII] A5007/H/4 < 3, 
while Seyferts have [OIII] A5007/H/3 > 3, is not very robust since IIII regions like the 
sta rbu rst nucleus in A 0951+68 can have [OIII] A5007/H/3 as high 6!

U nfortunately the [01] A6300 lines are impossible to measure for the NGC 185 sources ,11 
and J4 due to heavy sky contamination. The 0 1 A6300 values adopted in figure 5.2 corre
spond to the level of the noise in neighbouring regions, but the real values are unknown 
and could be either larger or smaller. Despite this disadvantage, it becomes clear from fig
ure 5.2 th a t the [Oil] A3727/[OIII] A5007 ratio alone is able to  distinguish between Seyfert 
and LINER nuclei, since all Seyferts have [Oil] A3727/[OIII] A5007 < 0.6 while LINERs, 
by definition, have [OH] A3727/ [OIII] A5007 > 1.0 (a limit of [Oil] A3727/ [OIII] A5007 =  1 
has been adopted as the boundary between Seyferts and LINERs in figure 1 of Filippenko 
& Terlevich (1992)). On these bases J1 and J4 are clearly incom patible with a Seyfert 
classification and, as discussed above based on the 5.1 diagnostic diagram , also incom pati
ble w ith being IIII regions. It is suggested here th a t this nuclear region should be classified 
as a LINER or transition object.

As was mentioned earlier it appears th a t LINERs are not an homogeneous class of objects. 
NGC 185 adds support to this idea since at least two distinctive knots of emission in its 
nuclear region show LINER characteristics. This geometry clashes with the hypothesis 
of an AGN-like single central ionising source. Instead, the NGC 185 nuclear region seems 
to  break into several stellar clusters exhibiting LINER spectra. The m easurem ent of 
the  [OI] A6300 lines would have allowed for the comparison of these sources with the 
models developed by Filippenko & Terlevich (1992) which postulate th a t lweak-[OI] A6300 
LINERs' are in fact photoionised by hot early 0 -type  stars with a significantly lower 
ionisation param eter than  normal I1II regions. Unfortunately, it is not possible to do so.
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5 .1 .2  T h e  final s p e c tr a l  c la ss if ica t io n

Table 5.3 summarises the final spectral classifications for all the galaxies w ith spectral 
information. New objects or objects misclassified by Ho, Filippenko & Sargent (1997b) 
are identified in the notes. On the basis of the discussion above, NGC 185 and NGC 5457 
are now classified as tentative Type-2 LINERs or transition objects. The classification 
of M affeil as an 1111 region is solely based on the presence of H a and the lack of strong 
nitrogen or sulphur lines. This classification is uncertain. Equally uncertain is the classi
fication of M affeill as a LINER or transition object, since only the [Nil] A6584/H« ratio 
has been measured. The spectral classification given by Ho, Filippenko & Sargent (1997b) 
has been adopted for the LINER. NGC 4736 since its spectrum  is heavily contam inated by 
starlight and, therefore, it has not been analysed here. NGC 3031 is a well known Seyfert 
galaxy (Peim bert & Torres-Peimbert 1981; Ho, Filippenko & Sargent 1996) and has been 
included as such in the table. NGC 253 is an extensively studied starburst galaxy and 
so has been included as an HII region (Engelbracht et al. 1998; Beck & Beckwith 1984). 
Finally, Ho, Filippenko & Sargent (1997b) show a clear HII region spectrum  for NGC 4244 
which has, therefore, also been included.

5.2 T h e A G N  p op u lation

In light of the spectral classification obtained in the previous section for the objects in 
the volume-limited sample of galaxies it is now possible to establish the demographics of 
AGN and their relationship with the parent galaxy distribution.

01 the 33 galaxies from the sample which have a spectral classification (Ma.ffei I and M al
lei II are not included here because of their uncertain classification) in the previous section: 
4 have a stellar spectrum; 20 have HII region nuclei; 5 are Type-2 transition objects; 2 
are Type-2 LINERs; 2 have Type-1 Seyfert nuclei. Note th a t NGC 185, NGC 5457 and 
NGC 6503 have been taken as transition objects and th a t the AGN class includes Seyferts, 
LINERs and transition objects.

The fraction of galaxies with emission lines is very large (~  90%), in good agreement with 
the results found by Ho, Filippenko & Sargent (1997d ). Although the fractions of AGN 
and lype-1 objects are lower than in the Palomar sample (~  30% and 6% respectively, 
compared with ~  40% and ~  10%. reported by Ho, Filippenko & Sargent 1997d), the 
values are consistent with the errors associated with low counts.



Galaxy —M b Final Class Notes
NGC 147 13.71 A
NGC 185 13.94 L2 or T2 R
NGC 205 15.24 A
NGC 221 15.06 A
NGC 224 19.69 A
NGC 247 18.32 H
NGC 253 20.26 H
NGC 404 17.07 L2
NGC 598 18.43 H
Maffeil 13.87 H: N
Maffei II 8.08 L2/T2: N
IC 342 19.50 H
NGC 1560 15.95 H
NGC 2366 17.53 H N
NGC 2403 20.25 H
NGC 2976 16.98 H
A 0951+68 11.21 H N
NGC 3031 19.22 S i.5 H
UGC6456 12.19 11 N
NGC 3738 16.78 H
NGC 4136 17.63 H 11
NGC 4144 16.83 11
NGC 4150 15.30 T2
NGC 4236 17.50 II N
NGC 4244 17.59 H H
UGC 7321 14.82 H N
NGC 4395 17.89 S I .8
NGC 4605 17.80 H
NGC 4736 20.00 L2 II
NGC 4826 19.39 T2
NGC 5204 17.39 II
NGC 5238 15.79 II N
NGC 5457 21.22 L2/T2 R
NGC 6503 18.28 T2/S2
NGC 6946 19.66 H

Table 5.3: Final spectral classification for the galaxies in the volume-limited sample. The 
different classes are denoted as A =  starlight dom inated nuclei, S =  Seyfert, L =  LINER, 
T  =  transition  object, and H =  HII region. Objects with highly uncertain classifications 
are shown with a Objects th a t have been reclassified are shown with an ‘R ’. New 
classifications are shown with a ‘N ’, and objects w ithout spectra and for which the clas
sification given by Ho, Filippenko & Sargent (1997b) has been adopted are shown with a 
‘IT. NGC253 has also been included and classified as a HII region.
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Total = 33 ; Seyferts = 2 ; LINERs = 2 ; Transition Objs = 5
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Figure 5.3: Distribution of different spectral groups in a sample of 33 classified objects as 
a function of the host galaxy absolute magnitude. Different histograms show the whole 
sample (outer line), Seyfert galaxies (solid black), LINERs (dark grey) and transition  
objects (light grey).

Assuming a Poisson distribution at a low count level and using equations B.3 and B.4 
from appendix B, the number of AGN and Type-1 objects with their respective upper 
and lower ‘l a ’ errors are 9 ^ 9  anc  ̂ To propagate these errors it is necessary to
assume tha t they are Gaussian distributed, and therefore symmetric. To do this the 
mean of the upper and lower ‘l a s ’ will be adopted as representative of a sym m etric error 
distribution. Under this approximation the percentages given above for the detection of 
AGN and Type-1 objects in the volume limited sample of galaxies becomes ~  (30 ±  10)% 
and (6 ±  5)% respectively, which is consistent with the values found by Ho, Filippenko & 
Sargent (1997d).

5 .2 .1  C o m p a r is o n  w i th  th e  n o r m a l g a la x y  p o p u la t io n

Do dwarf galaxies have active nuclei ? It is possible to address this question by looking 
at the distribution as a function ol absolute magnitude of active and ‘norm al’ galaxies 
(i.e., those tha t are not classified as AGN). Figure 5.3 shows the distribution of galaxy 
luminosities for the population of 24 ‘norm al’ galaxies and for the different AGN groups 
(i.e., Seyferts, LINERs and transition objects).

A Ivolmogoiov-Smirnov test was used to compare the distribution of ‘norm al’ galaxies
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Total = 457 ; Seyferts = 50 ; LINERs = 78 ; Transition Objs = 57
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Figure 5.4: D istribution of different spectral groups in the Palom ar sample (Ho, Filip- 
penko & Sargent 1997b) as a function of the host galaxy absolute m agnitude. Different 
histogram s show the whole sample (outer line), Seyfert galaxies (solid black), LINERs 
(dark grey) and transition objects (light grey).

w ith those classified as AGN (for details see appendix B). Given the low num ber of d a ta  
points in the AGN sample, the test shows only marginally significant evidence th a t the 
distributions are different (Q(£) =  1.1 X 10_ l ).

This test can be repeated using the Palom ar sample. Objects with highly uncertain 
classifications (shown with a in table 4 of Ho, Filippenko & Sargent (1997b)) were not 
used in the calculations. Whenever objects had a double classification (e.g., S2/L2), the 
first spectral class was adopted as representative.

Figure 5.4 shows the distribution of norm al galaxies and AGNs as function of the  host 
galaxy luminosity for the Palom ar sample. The Kolmogorov-Smirnov test shows th a t the 
evidence th a t the populations of ‘norm al’ galaxies and AGNs are distributed differently 
is highly significant (Q(£) = 3.7 X 10-4 ). The result is also significant if only Seyfert 
galaxies are regarded as AGN (Q(£) =  1-0 X 10—3).

These results imply th a t the AGN host galaxies show a different distribution to inactive 
galaxies as a function of luminosity. Visual inspection of the histogram s shown in figures 
5.3 and 5.4 confirms previous work th a t claimed th a t the fraction of AGN to field galaxies 
decreases with decreasing host luminosity (Huchra & Burg 1992). The be tte r sensitivity 
of the present surveys shows, however, th a t the fraction of AGN to field galaxies had been
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Figure 5.5: Fraction of AGN to to ta l number of galaxies as a function of galaxy luminosity. 
Results come from the volume-limited sample (o) and the Palom ar sample of galaxies (•). 
The error bars represent la  confidence levels (see text).

underestimated: in the —'20 < M b < —18 bin the fraction ‘A G N /norm al’ found in the 
Palomar sample is equal to ~  0.35, while Huchra & Burg (1992) found a fraction equal to 
~  0.25 from the CfA Redshift Survey (both include Seyfert and LINERs as active galaxies). 
The inclusion of dwarf galaxies in the studies has also extended the low luminosity tail of 
the distributions by more than  2 orders of magnitude.

5 .2 .2  T h e  lu m in o s i t y  d e p e n d e n t  fra c t io n  o f  A G N

It is now possible to study the characteristics of the low luminosity tail of the AGN 
population. The ratio of AGN to the total number of galaxies (i.e., AGN plus ‘norm al’ 
galaxies) as a function of galaxy luminosity is shown in figure 5.5. Results from the volume- 
limited sample of galaxies have been binned into three points and are shown with em pty 
circles. Results from the Palomar sample have been binned into five data-points and are 
shown with filled circles. As before, errors were computed using equations B.3 and B.4 
from appendix B, assuming th a t the mean between the upper and lower ‘l a ’s is Gaussian 
distributed and, therefore, symmetric (as can be seen in figure 5.5 , this approxim ation 
sometimes yields error bars which extend meaninglessly below zero or above one).



A clear trend can be seen in figure 5.5: the fraction of AGN to field galaxies increases with 
galaxy m agnitude. Although errors are large at the low luminosity end, the distribution 
of the ratios suggests a flattening of the fraction for absolute m agnitudes ^  —17. This is a 
result of detecting two active nuclei in galaxies with absolute m agnitudes larger th an  -17. 
However, they correspond to NGC185 and NGC404, which, as discussed before, could in 
fact be powered by star form ation and not by active nuclei. If this is the case, the trend 
seen in figure 5.5 is more suggestive of a lower cutoff for the absolute m agnitude of active 
galaxies around M b  ~  —17.

It has to  be remembered th a t very small galaxies are still poorly represented in the  distri
butions and th a t the detection of nuclear activity in these objects is not easy, particularly 
if the level of activity correlates with galaxy size, as some observations suggest (see section 
5.4.1). It is possible th a t the low luminosity tail of the AGN population would show a 
very different picture if the study of these galaxies could reach sensitivities of 1036 ergs 
s-1 or less.

5 .3  N u clea r  X -ray sou rces

A review of the X-ray emission from nearby galaxies was given in chapter 1. The emission 
observed from these galaxies is understood to be directly associated with stars and the 
la ter stages of stellar evolution. XRBs and SNRs are responsible for the bulk of the X- 
ray luminosity and their properties are reviewed in table 5.4. Although stars and CVs 
are more numerous they have much lower luminosities: about 10,000 individuals sources 
would be needed to account for the X-ray emission of a single luminous XR.B.

AGN are ubiquitous X-ray em itters. The detection of nuclear X-ray sources, therefore, 
is a strong hint for the presence of an active nucleus. The ‘soft’ X-ray spectra of radio 
quiet AGN is normally well fitted by a power la.w with index a = 1.15 ±  0.14 (Laor et al. 
1997). The X-ray continuum accounts for ^  10% of the bolometric luminosity and is 
characterised by very large amplitude variability on short time-sca.les. The am plitude of 
the variability at a fixed time-scale has been found to correlate inversely with the  optical 
luminosity of the source.

In this section the nuclear X-ray sources found in the volume-limited sample of galaxies 
will be studied in detail. Correlations with host galaxy absolute m agnitudes and emission 
line luminosities will be analysed and the relative possibilities of stellar and nuclear activity 
being responsible for the observed emission will be discussed.
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Source log L x  
(ergs s-1 )

Spectrum

The Galaxy
Stars £ 3 3 soft
CV £ 3 2 hard
SNR £ 3 6 soft
HMXRB £  37 hard
LMXRB £ 3 8 hard

The Magellanic Clouds
All sources 35-39

M 31
All sources 35-38

Table 5.4: Average properties of X-ray sources (adapted from W atson (1990) and updated  
with values taken from Van Paradijs & McClintock (1995)).

Of the 12 galaxies classified as dwarfs in the sample (see table 1.1), only four have Einstein 
or ROSAT HRI observations (NGC147, NGC 185, LeoB and UGC6456), and of these 
only one has a positive detection of an X-ray source (UGC6456), and even this one is not 
nuclear. This section will, therefore, not include the dwarf objects in any analysis, unless 
otherwise indicated.

5 .3 .1  X -r a y  n u c lea r  an d  h o s t  g a la x y  lu m in o s i t ie s

Table 2.4 in chapter 2 shows th a t 13 of the 29 galaxies with HRI d a ta  have X-ray sources 
associated with their nuclear regions. This represents a 45% rate  of detection. Figure 5.6 
shows the nuclear X-ray luminosities and upper limits for the galaxies in the sample as a 
function of the blue absolute magnitude of the host. The following interesting results can 
be seen:

• The ra te  of detection of nuclear X-ray sources correlates strongly with host lu
minosity: the rate  of detection is zero below M b ~  —17, rises to ~  55% for 
-1 7  < M b  < —19, and finally reaches ~  100% for M b  < -1 9 .

• I  he distribution of detected sources suggests an upper limit for the nuclear X-ray 
luminosity th a t a galaxy can harbour, and tha t this limit is a linear function of the 
host luminosity.

• Extended components are fairly common in objects with large X-ray luminosities 
and large host sizes.
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Figure 5.6: Nuclear X-ray luminosity as a function of the host blue absolute m agnitude. 
Solid symbols show unresolved detections: starlight dom inated nuclei (■), HIIR. nuclei 
( • ) ,  transition  objects (♦), LINERs (★), and Seyfert nuclei ( A ) .  Em pty circles show the 
addition of X-ray flux from an extended component. Arrows correspond to 2a  upper limits. 
The dash-dotted line corresponds to the estim ated X-ray luminosity from a population of 
nuclear LMXRBs (see the star form ation model).

• No strong correlation is seen between the optical (spectral) classification of the galaxy 
and its X-ray luminosity. However, both LINER, objects (N G C404 and N G C4258) 
lie close to the upper envelope of the distribution of detected sources, as does the 
Seyfert galaxy NGC 3031. The second Seyfert nucleus, NGC4395, is unusually X-ray 
quiet, as discussed in chapter 4.

W hy does the nuclear X-ray emission (or its upper envelope) correlate with the parent 
galaxy luminosity? One hypothesis is th a t the luminosity function of the X-ray source 
population scales with the galaxy brightness, so th a t the probability of detecting a source 
of a particular strength  increases with host galaxy luminosity. It is reasonable to  assume 
th a t galaxies of different luminosities will have scaled versions of a ‘universal’ luminosity 
function and the chances of finding a luminous source (or several less luminous sources 
located in the same region), corresponding to the bright tail of the luminosity distribution, 
will correlate with the brightness of the host galaxy.

W hat is this universal luminosity function? M 31 is the only galaxy where the luminosity 
distribution has been determined to a reasonable degree. Primini, Forman & Jones (1993) 
found the cumulative luminosity distribution of X-ray sources within the central 5'. The
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Figure 5.7: Predicted X-ray cumulative luminosity functions for galaxies of different sizes. 
Each curve has been scaled using the galaxy absolute magnitude (see tex t).

most luminous source has L x  A 1038 ergs s_1 and the luminosity dependent distribution

Primini, Forman & Jones (1993) found a  =  1.74 ±  0.46 for sources above '2.0 X 103' ergs 
s-1 to a significance limit ~  14a.

Figure 5.7 shows the predicted X-ray luminosity functions for galaxies spanning the whole 
range of optical luminosities seen in figure 5.6. The distributions have been found us
ing equation 5.2 and by assuming tha t K  scales with galaxy size, i.e., K  =  IiM 3i x 
(Lgai/Lm 3i) ,  where IiM 3i is the normalization of equation 5.2 found for M 31, and L gai andX/y/3i 
are the optical luminosities of the galaxies. The dasli-dotted line in figure 5.7 shows when 
the distribution predicts tha t a source can be detected. Notice th a t the index a  in equa
tion 5.2 has been chosen to  be the lowest value allowed by the fit (i.e., a  =  1.28) in order 
to obtain the largest possible X-rav luminosity for the first detected source. As can be 
seen from figure 5.7 the most powerful sources for galaxies with M b  ~  —20 m agnitudes 
are predicted to have L x  ~  1039 ergs s-1 , while the observations show th a t galaxies of 
this brightness can harbour nuclear X-ray sources one order of m agnitude brighter. More 
im portantly, the model predicts tha t a change in the luminosity of the galaxy by ~  3

shows a. clear flattening for sources below 1037 ergs s 1. For the following param etrisation

(5.2)
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Figure 5.8: X-ray luminosity of off-nuclear sources as a function of the host absolute blue 
m agnitude. The dotted line across the figure shows an estim ation of the average sensitivity 
limit for the  IIRI observations. Sources with luminosities above 1039 ergs s-1 (dasli-dotted 
line) have been labeled. Comments on their identifications can be found in table 5.5.

m agnitudes corresponds to  a change in the X-ray luminosity by a factor ~  10. Figure 5.6 
shows, however, th a t the X-ray luminosity changes by a factor ~  30. This disagreement 
is probably even larger, since the flattest possible value for a  has been adopted. In other 
words, the model predicts a too shallow upper envelope, in clear disagreement with the 
observations.

It is possible th a t the luminosity function determined by Primini, Forman & Jones (1993) 
is not valid for L x  above 1038 ergs s-1 and th a t a steeper slope is required. In this case 
the disagreement between the luminosities predicted for the m ost powerful sources and 
the observed values would be even larger.

5 .3 .2  S u p e r - lu m in o u s  X -r a y  o ff-n u c lea r  so u r c e s

The argum ent given in the previous section is not restricted to the nuclear regions, since 
large galaxies also have more populated disks. Therefore, in principle, the distribution of 
X-ray luminosities for off-nuclear source should look similar to  the one seen in figure 5.6. 
However, when this figure is reproduced using all off-nuclear sources reported in chapter 
2 (except for those cases where the link between the source and the galaxy was not clear, 
as noted in table 2.4), a clearly different pa ttern  is found: figure 5.8 shows no correlation
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Number Host ID log L x
(ergs s 1)

Remarks

1 NGC 247 X-l 39.08 No optical counterpart
•2 IC 342 X-3 39.18 Possible faint counterpart
3 NGC 2403 X-l 39.47 No optical counterpart
4 NGC 2403 X-3 39.01 Possible very faint counterpart
5 NGC 3031 X-6 39.10 Located on a spiral arm and coincident 

with a radio source (Fabbiano 1988a)
6 NGC 4136 X-l 39.10 Diffuse blue counterpart
7 NGC 5204 X-l 39.77 Faint counterpart of unknown nature
8 NGC 6946 X -l 39.13 No optical counterpart
9 NGC 6946 X-7 39.21 No optical counterpart
10 NGC 6946 X-8 39.87 Known SNR; faint red counterpart

Table 5.5: Luminous off-nuclear X-ray sources. The numbers in the first column corre
spond to the labels shown in figure 5.8.

between the luminosity of the off-nuclear sources and the brightness of the host galaxy. 
Remarkably luminous point sources (Lx  > 1038 ergs s- 1 ) are seen in galaxies spanning 2 
orders of magnitude in luminosity. The most luminous sources (Lx  > 1039 ergs s_1) have 
been labelled with numbers and brief comments about them can be found in table 5 .5.

As discussed in chapter 1, the population of X-ray sources in the Milky Way and M 31 does 
not include luminosities above 103S ergs s-1 . The presence of luminous (L x  ^  1038 ergs 
s_ l ) sources in the Magellanic Clouds was assumed to be a metallicity effect (Helfand 1984; 
Van Paradijs & McClintock 1995). However, as more galaxies were surveyed using the 
capabilities ol the Einstein and ROSAT satellites it became clear th a t extremely luminous 
objects (L \  103J ergs s 1) were not rare (Fabbiano 1995). At least one super-luminous
source has been identified as a multiple object formed by several interacting SNR.s in 
the disk of NGC6946 (Blair, Fesen & Schlegel 1997). However, most of these super- 
luminous objects are probably individual sources and, therefore, XRBs (see table 5.4). 
Their luminosities are several times greater than the Eddington limit for a ~  1.4Mq 
neutron sta i. Ihese super-Eddington luminosities could be due to anisotropic emission 
from neutron stars in binary systems with very strong magnetic fields (Van Paradijs & 
McClintock 1995) or black hole XRBs with masses a few times the mass of the sun, which 
would allow for much higher luminosities without reaching the Eddington limit.

It is clear, then, tha t super-luminous point sources are common. However, unlike nuclear 
sou ices, and as discussed above (figure 5.8), there is no correlation between the probability 
ol having a super-luminous off-nuclear source and the brightness of the parent galaxy.



5 .4  T h e  n atu re o f  th e  nuclear sou rces

The very different correlations between X-ray luminosity and host galaxy absolute mag
nitude seen in figures 5.8 and 5.6 for nuclear and off-nuclear sources imply two different 
populations. Nuclear sources are not disk or bulge sources located in the nuclear region 
by chance. Instead, nuclear sources have a particular nuclear nature.

The next step is to try  to unveil this nature. W hat are these sources? Are they connected 
with stellar processes in the nuclear region of the galaxies? Could they be an expression 
of nuclear activity th a t somehow escapes detection at optical wavelengths?

To assess the nature of the nuclear X-ray sources the observed H a spectral luminosities 
for the nuclear regions will be used in conjunction with the X-ray measurem ents. Since 
the flux calibration for the spectra presented in chapter 3 is highly unreliable, the I la  
luminosities determined by Ho, Filippenko & Sargent (1997b) will be used instead. Their 
spectra were obtained using an effective aperture of 2" x 4" with a spatial resolution of 
0.4" -  0.8" per pixel.

Figure 5.9 shows the correlation between nuclear X-ray and H a luminosities. The d a ta  are 
shown in table 5.6. The conversion of F (H a ) to  luminosities has been done assuming the 
distances given in table 1.1. For those objects with X-ray observation in the Einstein 0 .2- 
4.0 keV band-pass (see table 2.6) a correction factor equal to 1.4 has been applied (K oratkar 
et al. 1995). NGC6503 and NGC5457 are plotted assuming a transition object spectral 
classification. The dwarf galaxy UGC6456 has also been included in the figure. The I la  
lum inosity for the brightest IlII region observed in this galaxy is L (H a) =  6.8 X 1037 ergs 
s“ 1 (Tully et al. 1981). Papaderos et al. (1994) point out th a t, to  account for the to ta l 
H a  emission, this luminosity lias to be scaled by a factor 10 since about th a t num ber of 
bright knots of emission are seen in the central star forming region in UGC6456.

The positions of two objects seem to disagree with the general trend observed in figure 
5.9: NGC598 and NGC224 are both separate from the main cluster of points in the X- 
ra y /H a  luminosity plot. It lias to be remembered th a t Ho, Filippenko & Sargent (1995b) 
apparently acquired the wrong target when observing N G C598, and so its H a luminosity 
lias probably been overestimated (see discussion in chapter 3), so the discrepancy is even 
stronger.

As mentioned in chapter 2 the high luminosity, slightly extended X-ray source detected 
in the nucleus of NGC598 (M 33) is one of the most intriguing nuclear sources seen in
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Figure 5.9: Nuclear X-ray luminosity plotted against nuclear H a luminosity (taken from 
Ho, Filippenko & Sargent (1997b)). Solid symbols show unresolved detections: starlight 
dominated nuclei (■), HIIR nuclei (• ) , transition objects (♦), LINERs (★), and Seyfert 
nuclei (A). Em pty circles show the addition of X-ray flux from an extended component. 
Arrows correspond to '2a upper limits. Observations of the dwarf galaxy UGC 6456 (em pty 
stars) have been included. A correction by a factor 10 in the to ta l Ha- luminosity is shown 
(see text). The solid line shows the correlation between the X-ray and H a luminosities for 
AGN (adapted from figure 5 in Koratkar et al. 1995). The dotted and dash-dotted lines 
are from the star formation model.

nearby galaxies because its soft spectrum is not consistent with the presence of an active 
nucleus. NGC224, on the other hand, has a relatively high X-ray luminosity (relative to 
the H a luminosity). A single XRB coincident with the position of the nucleus is the most 
obvious explanation for this excess. The observed variability of the source agrees with this 
scenario (Trinchieri & Fabbiano 1991).

The observed trend in figure 5.9 can be tested against two hypotheses: first, th a t the 
relation is the result of AGN-like activity; and second, th a t the relation between the X- 
ray and I la  luminosities can be explained as a result of star forming processes in the 
nuclear region of the galaxies. These two possibilities will be explored in the next two 
sections.

5 .4 .1  T h e  A G N  h y p o th e s is

The X-ray emission from active galactic nuclei correlates with the luminosity seen at 
other wavelengths. Correlations between X-rays and the continuum at IR, optical and
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Galaxy log F (H a ) 
(ergs s_l cm-2 )

Class log L x  
(ergs s_1)

NGC 404 -13.21 L2 38.21
NGC598 -14,70 H 39.04 (39.11)
IC 342 -12.67: H 39.23
NGC 1560 -13.47: H upper limit
NGC 2403 -14.85: H upper limit
NGC 2976 -13.70 H upper limit
NGC 3031 -12.73: S I.5 39.88
NGC 3738 -13.63 H upper limit
NGC 4136 -13.94 H upper limit
NGC 414-4 -14.56 H upper limit
NGC 4150 -13.87 T 2 upper limit
NGC 4236 -14.37: H upper limit
NGC 4244 -14.41 H upper limit
NGC 4395 -13.31: S I .8 37.95
NGC 4605 -14.10 H upper limit
NGC 4736 -13.60: L2 39.78 (40.32)
NGC 4826 -13.14: T 2 38.88 (39.47)
NGC 5204 -14.53: H upper limit
NGC 5457 -13.33 T2/L2 38.43
NGC 6503 -14.09 T2/S2 38.81 (39.19)
NGC 6946 -13.01: H 39.06 (39.47)

Table 5.6: Nuclear properties of nearby galaxies. Narrow R a  fluxes for objects in the 
volume-limited sample are taken from Ho, Filippenko & Sargent (1997b). Observations 
during non-photom etric conditions are indicated with a and are therefore subject to 
corrections by some unknown factor. The spectral classification is taken from table 5.3. 
The galaxies are classified as HII nuclei (H), transition objects (T ), LINERs (L) and 
Seyfert nuclei (S). The number attached to the spectral class indicates ‘Type-1’ or ‘Type- 
2’ objects, along with interm ediate Types (1.2, 1.5, 1.8 and 1.9). In subsequent plots 
NGC6503 and NGC5457 will appear as transition objects. Nuclear X-ray luminosities 
are taken from table 2.4. Point plus extended luminosities are shown in parentheses.
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UV frequencies have been found in earlier work (Kriss 1988; Mushotzky & W andel 1989). 
Kriss, Canizares & Ricker (1980) found tha t Seyfert galaxies show a significant correlation 
between the 2 keV X-ray flux and the If/3 line flux.

A large compilation of soft X-ray and broad Ha luminosities by K oratkar et al. (1995) 
showed a strong correlation between these two quantities, spanning about 6 orders of 
magnitude. The sample includes low-luminosity AGN with T (H a) ~  1010 ergs s 1. An 
indication of the relationship they found (L x  ~  Z (H a) +  1.5) is p lotted in figure 5.9 with 
a solid line.

From figure 5.9 it is clear tha t objects like NGC3031 and NGC4736 (both shown us
ing a black triangle) show the expected correlation between X-ray and Ifa  luminosities. 
NGC4395, however, is X-ray underluminous by about 1.5 dex. This confirms the pre
diction made from the spectral index, a ^ ,  in chapter 4. Notice th a t the two Seyfert 
galaxies in figure 5.9, NGC3031 and NGC4395, are plotted using their narrow component 
luminosities and tha t corrections by factors of ~  5 and ~  2, respectively, are required 
to obtain the H a broad component luminosities. Introducing these corrections does not 
strongly affect the positions of the galaxies in the figure: NGC3031 is still in very good 
agreement with the Koratkar correlation and NGC4395 remains in poor agreement.

The remaining objects in figure 5.9 are all Ifa  over-luminous compared with the expected 
AGN correlation. This is in agreement with the idea of an undetected and unresolved 
AGN I la  component: if an extremely low luminosity active nucleus is present in these 
galaxies its point-like emission would be buried in the nuclear starlight. From the K oratkar 
correlation the AGN H a component, if it exists, should be about ten times fainter than  
the observed (HII region dominated) emission. In other words, the X-ray nuclear sources 
could be AGN-like but with their expected H a components completely masked by the HII 
emission.

D is tr ib u tio n  u p p e r  en v e lo p es

The distribution of X-ray sources with galaxy absolute magnitude, shown in figure -5.6, 
can be bounded by a nearly linear upper envelope.

A similar linear upper envelope has been found in the correlation between nuclear (AGN) 
luminosity and host galaxy luminosity for samples of Seyfert galaxies and low redshift 
quasars at 1R. and optical wavelengths (Yee 1992; McLeod 1997). This suggests th a t there 
is a maximum allowed AGN luminosity which is an increasing function of the luminosity
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of the parent galaxy. The limit could be the result of a correlation between the to ta l mass 
of the host galaxy and the mass of the central engine. The observed range of nuclear 
luminosities would be given by different accretion rates, with sources accreting a t the 
Eddington limit showing the maximum possible luminosity.

Nuclear radio luminosities seem to  depend much more steeply on galaxy luminosity. Sadler, 
Jenkins & Kotanyi (1989) searched for weak nuclear radio sources in a sample of 114 
nearby E/SO galaxies and showed th a t the ‘characteristic radio power’ (defined as the 
power above which 30% of the galaxies have a nuclear source) varies as L a Based 
on their spectroscopic characteristics most of these galaxies have been classified as AGN 
(Ho 1998). Figure 5.10 reproduces these d a ta  to show th a t the upper envelope to  the 
observations seems even more extreme, with a slope ~  3.0.

It is interesting to compare these results with the dependency between host galaxy absolute 
m agnitude and nuclear H a luminosity. Figures 5.11, 5.12 and 5.13 show the correlations 
found for the narrow and broad H a components in Seyfert galaxies and for HII region 
nuclei. The d a ta  were taken from the Palom ar sample (Ho, Filippenko & Sargent 1997b). 
A clear difference is seen. While the upper envelope for the distribution of the narrow I la  
luminosities in Seyferts is very steep ( i Opt0), a, much more shallow envelope is observed for 
the broad component and for HII region nuclei (£ 0pt5).

A lthough it is unclear which physical process causes the observed distributions, the  upper 
envelopes give strong evidence for a correlation between the host galaxy luminosity and 
the level of nuclear activity. The fact th a t an upper envelope is also observed in the 
distribution of the nuclear HII regions might suggest th a t the correlations are governed by 
the am ount of gas available in the nuclear regions. If bigger galaxies are more efficient in 
dragging gas to  their nuclear regions they could show more vigorous star form ation and, 
potentially, feed their massive BHs more efficiently.

W hat limits the broad I la  component in Seyferts from being more luminous (compared 
with the steeper correlation seen for the narrow component) is not obvious. The best 
candidate is th a t the nuclear sources are reaching their Eddington limits above the ob
served envelope and, therefore, pliotoionization is no longer possible. However, this idea 
is in disagreement with the Eddington ratios inferred from nearby Seyfert galaxies, which 
appear to be em itting at only a few percent of their Eddington luminosities (K oratkar & 
Gaskell 1991).
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5 .4 .2  T h e  s ta r  f o r m a t io n  m o d e l

In this section an attem pt will be made to explain the trend observed in figure 5.9 assuming 
tha t the X-ray and H a luminosities are the result of star forming processes in the nuclear 
region of the galaxies.

High mass XRB and SNR (with Type lb or Type II progenitors) are the direct end points 
of the evolution of massive stars. Therefore regions of active star form ation show enhanced 
X-ray luminosities which, in principle, should correlate directly with their I la  luminosities. 
The X-ray emission from SNRs and XRBs for this scenario will be estim ated below.

T he sum  o f  individual S N R

As massive stars have relatively short lifetimes (<; 10 Myr), the X-ray emission from SNRs 
is proportional to the current star formation rate (SFR), which measures the am ount of gas 
tha t is converted into stars per unit time. Unfortunately, it is not possible to m easure the 
SFR. directly, and indirect techniques have to be used. The most massive stars dom inate 
the Lyman continuum (A < 912A) and their presence can be detected as they ionise their 
surroundings. Therefore, an estim ate of the OB SFR can be made by m easuring the 
nebular H a emission which is, in principle, proportional to the number of Lyman photons 
(Osterbrock 1989).

An accurate determination of the OB SFR and its extrapolation to a to ta l SFR requires 
the assumption of a initial mass function (IMF - the mass distribution of newly formed 
stars) which is not an easy problem to solve for the low-mass end of the distribution. In 
contrast, studies of globular cluster and nearby starburst galaxies have shown th a t the 
upper end of the IMF is well described by a ‘universal’ function, which is param etrised 
a.s a power la.w with index a  =  2.35 ±  0.5 (Leitherer 1996), a value first determ ined by 
Salpeter (1955), so th a t, if clN is the SFR per year per mass interval, then

dN  =  N t  M ~ a dM  (5.3)

where the value ol N j  sets the to tal SFR in units of solar masses per year.

Kennicutt (1983) used H a measurements from a sample of 170 galaxies to obtain quanti
tative estimates ol their SF R. T he H a luminosities were converted to Lyman continuum

196



SFR

-2

150Mo

0 50 100 150

M (M 0 )

Figure 5.14: Star form ation ra te  between 8 M q  and 150 M q  assuming a Salpeter IM F 
(see equation 5.3). The curve was normalised assuming a total SFR (between 0.1 and 
150 M q )  of 10 M q  y r” 1. Shaded areas represent masses in the ranges 8 — 12 M q  and 
50 -  150 M q .

fluxes and combined with evolutionary tracks for massive stars and models of UV emission 
to  yield a relationship between the SFR. (N ) and the H a luminosities:

The result is mildly sensitive to  the (Salpeter) IM F adopted, bu t more critically, as men
tioned before, the extrapolation to a to ta l SFR will be very sensitive to  the chosen slope 
(K ennicutt 1983).

O ther m ethods to  trace the current SFR include the measurem ent of non-therm al radio 
continuum  as an estim ate of the synchrotron radiation em itted by relativistic electrons 
accelerated in SNRs (Condon 1992), and the dust-reprocessed far-IR emission (Hunter 
et al. 1986: Telesco 1988).

Once the SFR is estim ated, the number of SN per unit time will be given by assuming an 
IM F upper cut-off and a. critical mass (M c) above which all stars produce SN. Figure 5.14 
shows the SFR in the 8 -  150 M q  range of masses, assuming a Salpeter IM F and a to ta l 
SFR. (between 0.1 and 150 M q ) of 10 M q  y r-1 . Shaded areas show the ranges for M c

N { >  10 M q )  = i ( H a ) (5.4)
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and the IMF cut-off normally adopted in the literature (Junkes et al. 1995; Elson, Fall k  
Freeman 1989; Kennicutt 1983). The final number of SN is not particularly sensitive to 
the adopted value of the cut-off (the upper shaded area represents ~  15% of the unshaded 
area), but it can show variations by a factor of two for the range of M c shown in figure 
5.14 (note the logarithmic y-axis in the figure).

Using expression 5.4 and assuming a Salpeter IMF, M c =  10 M {., and an upper cut-off 
for the IMF of 100 M q  (shown as dotted lines in figure 5.14), the number of SN per unit 
time will given by:

X(Ha) _i , .
VSN =  7TTd— TTTis--------------r r  .V1' ( 5-5)2.19 X 101,3 ergs s L

This relationship can now be tested against observations, comparing SN rates from optical 
surveys with the predicted v sn  given by equation 5.5. The ra te  of SN has been taken 
from the Asiago and Crimea surveys at 0.43 ±0 .22  SNu (with iSNu =  1SN X (10joX q )  X 
(lOOyr)“ 1) for SOa-Sb galaxies, and 1.75T0.67 SNu for Sbc-Sd galaxies (Cappellaro 1996). 
The predicted SN rate  is found using equation 5.5 and the to ta l H a luminosties from the 
integrated spectra of a sample of nearby galaxies (Kennicutt 1992). The galaxies were 
binned into the same two morphological groups defined by Cappellaro (1996). Figure 5.15 
shows a reasonable agreement between the observations and the model predictions.

Once a relationship between the SN rate  and the H a luminosity has been found it is 
necessary to estim ate the final X-ray emission from the the to ta l population of SNR. 
The X-ray luminosity of individual SNR can vary substantially, from dim (probably old) 
rem nants with L x  ~  1035 ergs s-1 (Iielfand 1984) to the extreme objects found in the 
Magellanic Clouds with L x  & 1038 ergs s“ 1 (Hughes 1987). An estim ate of the life time 
of the X-ray emitting phase is tSn r  = 2 X 104 yr (Cioffi 1990; Cowie, McKee k  Ostriker 
1981). A relationship between the to tal X-ray emission from SNR.s and the H a luminosity 
will then be given by:

— L x  x vsn  x t s n r  — 9.1 x 10 x X(Ha) ergs s 1 (5.6)

where the range in the exponent reflects the range in SNR X-ray luminosities. Equation 
5.6 has been used to infer the limits of the expected X-ray luminosity from the SNR. 
population in a starburst in figure 5.9 (dash-dotted lines). It is clear th a t the predicted
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relationship does not agree with the observed range of X-ray and Ida luminosities even in 
th e  extremely unlikely situation of all SNR, having luminosities as high as 1038 ergs s- 1 . 
One possible explanation for the disagreement is th a t the I la  luminosities are severely 
underestim ated, although for most of the objects in figure 5.9 the corrections would need 
to  be of several orders of m agnitude which is, again, very unlikely.

T h e  co llective  effect o f  SNR s: the  bubble scenario

A more complex scenario than the one described in the previous section arises when the 
SFR is high enough for SNR to overlap and form a cavity or bubble filled with ho t, low- 
density, expanding gas (a ‘wind’). W hen the size of these bubbles becomes com parable to 
the height scale of the galactic disks, the hot gas will escape into the intergalactic medium.

Observational evidence for the existence of this hot gas comes m ainly from the detection of 
extended X-ray emission well above and below the disk in nearly edge-on nearby starburst 
galaxies like M 82 and NGC253 (W atson, Stanger & Griffiths 1984; Fabbiano & Trinchieri 
1984; Fabbiano 1988b). The detection of this emission is much more difficult to  establish 
for face-on galaxies, where a dim population of point sources in the galactic disk or halo 
can mimic the distribution of an extended component.

S O a — Sb S b c — Sd
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The theoretical aspects of galactic bubbles and winds have been extensively studied (Heck 
man, Armus & Miley 1990; Chevalier & Clegg 1985; Mac Low & McCray 1988; Tomisaka 
& Bregman 1993) and include models relating the expected X-ray emission to the H a 
luminosities. These normally assume spherical symmetry and a. continuous and constant 
deposition of kinetic energy at the centre of the bubble where the starburst is located. The 
wind expands into the interstellar medium which is assumed to be homogeneous with an 
exponential density profile. More realistic models, considering a clumpy ambient medium, 
show th a t the presence of cool, dense clouds could be an efficient cooling mechanism inside 
the bubble.

In principle the X-rays will be dominated by the free-free emission from the hot gas whose 
X-ray luminosity in the R.OSAT band is given by (Heckman et al. 1996):

L x  ~ 3 X  104° £ 3f /35 ?iiY35 4 9/3S ergs s ~ \  (5.7)

where E 43 is the rate of energy deposition in units of 1043 ergs s_1, ?r_ 2 is the ambient 
medium density in 10“ 2 cm-3 and £7 is time in units of 10' yr. Two types of object domi
nate the injection of mechanical energy: stellar winds from massive stars and supernovae. 
The stellar winds dominate in the very early stages of the starburst (particularly in m etal 
rich clusters), but become negligible once the SN phase has started  (Leitherer & Heckman 
1995). Therefore E 43 can be estimated using equation 5.5 and adopting an average energy 
of 1051 ergs per SN, giving a relationship between the wind X-ray luminosity and the H a 
luminosity, given by:

L x  ~  L {H a )33/35 ?i1_7/ 35 i49/35 ergs s^ 1 (5 .8)

The predictions from this model have been included in figure 5.9 (dotted lines) for two 
sets oi values for the pair (n _ 2, t7): (1, 0.1) and (104, 10). The radiative cooling of the 
hot gas in the bubble becomes im portant at t £  10s yr and therefore values for t7 > 10 
are not considered.

This time the model predictions are in much better agreement with the observed ranges in 
X-ray and Ha luminosities for some of the galaxies shown in figure 5.9 -  the bubble model 
gets closer to the observed data  than summing individual rem nants. For other galaxies, 
however, im portant corrections in the Ha luminosities are required before they agree with 
the upper curve predicted by the model.
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One question th a t has to be addressed is whether the galaxies in the sample have SFR 
high enough to drive a wind or not. The model has been developed and tested assuming 
very high supernova rates which is probably not the case for some of the galaxies seen in 
figure 5.9. In order to drive a wind the hot gas phase has to  dom inate the interstellar 
medium.

This criterion can be expressed in term s of the ‘porosity’ param eter P h o t  (Heckman, 
Armus & Miley 1990) given by:

P h o t  = 1 -  e~Q with Q ~  3 x S_8 n - ° A4 P f 1-3 (5.9)

where S 's  is the rate of supernova in units of 10-8 SN per year per pc3, n0 is the ambient 
density in units of 100 cm- 3 , and Pr is the ambient pressure expressed as P /k  in units of 
107 K cm- 3 .

The weak dependency of equation 5.9 on the density implies th a t, for a wide range of 
densities, Uq0'14 ~  1. The nuclear ambient pressure in norm al galaxies has been found to 
be 107 K cm-3 (Heifer & Blitz 1997) and therefore P7-1 '3 is also of order unity. 5 _8 
can be found using equation 5.5 and the typical H a luminosities seen in figure 5.9. For 
m ost galaxies ¿ (H a )  is in the l ()38-39 ergs s_1 range and the emission volume has been 
estim ated at ~  3 X 106 pc3 (the volume of a cube with side length d — \/8  arcsec2 -  the 
square root of the effective aperture during the acquisition of the spectroscopic d a ta  -  at 
a typical distance of 5 Mpc). This implies S_8 ~  10“ *3~H and therefore Q  ~  3 X ICH3'4), 
corresponding to a. porosity P h o t  <C 1-

The hot gas dominates the interstellar medium for S 's  A 1 and this requires ¿ (H a )  ^  1042, 
which is typical for starburst galaxies. Therefore, for the assumed param eter values most 
of the galaxies in figure 5.9 will not be able to drive a supper-bubble, unless the H a 
luminosities have been underestim ated by several order of magnitudes.

T h e  possib le  contribution  from X R B s

As discussed in chapter 1, HMXRB are binary systems containing a young massive star 
and a com pact companion. The compact component, a neutron star or BH, is probably the 
rem nant of the evolution of an even more massive star. To estim ate how many HMXRBs 
are associated with a star forming region it is necessary to establish w hat fraction of the
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stellar population form such systems. This is an extremely difficult task due to the inherent 
complexity and many uncertainties in the formation and evolution oi binary systems.

Since HMXRB with Be stars are significantly dimmer than binaries with supergiant OB 
stars (the to tal luminosity of Be binaries in the Galaxy is estim ated to be ~  2 X 1036 ergs 
s-1 , Van Paradijs & McClintock 1995), only the population OB binary systems will be 
taken into account.

Using population synthesis Vanbeveren, De Loore & Van Rensbergen (1998) have shown 
th a t at most l%-2% of all OB-type stars have a companion neutron star. An even smaller 
fraction of HMXRBs to OB stars (~  1/500) has been determined by Fabbiano, Feigelson 
& Zamorani (1982). The number of OB stars in a star forming region can be estim ated 
using equation 5.3 for masses above 50 M q  and assuming an upper cut-off for a Salpeter 
IMF of 150 M q .  Using expression 5.4 to relate the SFR to I ia  luminosities it is found th a t 
the population of OB stars is given by ~  3 X 10~45 X ¿ (H a ). The number of HMXRB 
will be then given by:

N x r b  ~  3 x 10 45 x ¿.(Ha) x ¡ x r b  x i~X r b  ~  3 x 10 43  x ¿ (H a )  (5.10)

where f x r b (— 0.01) is the fraction of HMXRB to OB stars and t x r b {& 104 yr, Srinivasan 
1997) is the lifetime of the HMXRB. Given the range of H a luminosities for the galaxies 
seen in figure 5.9 (¿ (H a) ~  io(38-39) ergs s_ l ), the probability of finding a HMXRB in 
the nuclear region of the galaxies is found to be very small.

LMXRBs are binary systems tha t consist of a compact object accreting from a low-mass 
companion tha t fills its Roche lobe and tidally loses mass. The typical age of a LMXRB 
is ~  109 years and so they are not connected with the current SFR.

1 he distribution of the Galactic population of LMXRB is well param etrised by an ax- 
isymmetric function p(r, z) =  e x p ( - r / r 0) ex p (-s /,?0) with r0 ~  4.5 kpc and z0 ~  0.5 
kpc (Van Paradijs & W hite 1995). The normalization for this function is given by the 
observed number of Galactic LMXRB which is thought to be ~  100 -  200 objects (Van 
Paradijs 1995). It follows th a t the number of LMXRB within the central 100 pc of the 
Milky Way is 2 to 4, implying an X-ray luminosity of a few times 1037 ergs s_1 for an 
average luminosity per LMXRB of 1037 ergs s-1 .

Since the LMXRB population does not correlate with the current SFR (and therefore with
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the  H a  luminosities), but with the past star form ation history of the galaxy, it is difficult 
to estim ate the contribution to the nuclear X-ray emission from LMXRB in o ther galaxies. 
Assuming th a t the number of LMXRB scales with host galaxy brightness and using the 
estim ated num ber of systems in the nuclear region of the Milky Way, the expected num ber 
of LMXRB will be ~  0.2 — 0.4 for a galaxy like NGC404 with M g  ~  —17 m agnitudes 
and ~  8 — 16 for a galaxy like NGC5457 with M g  ~  —21 m agnitudes. The luminosity 
associated with these sources is shown in figure 5.6 as a dash-clotted line.

There is a large uncertainty in these extrapolations. This is shown by M 31, which has a 
brightness similar to the Milky Way. The spatial distribution of bulge sources (spectral 
observations of M 31 with Ginga (2-20 keV) suggest th a t the overall X-ray emission in 
this galaxy is dom inated by LMXRBs -  M akishima et al. 1989), however, is much more 
concentrated towards the nucleus than  in the Milky Way, with an enhancement by a factor 
4 in the central 5' (Prim ini, Forman & Jones 1993). Naively, therefore, the expected X- 
ray luminosity is ~  103S. However, the observed nuclear X-ray source has a luminosity 
~  2 x 103' ergs s- 1 .

From figure 5.6 it is clear th a t although a population of LMXRBs could explain p a rt of the 
X-ray nuclear luminosities the observed X-rays are normally 1 to 2 orders of m agnitude 
more luminous (except for the cases of M 31 and possibly NGC5457). It should be noted 
th a t the calculations clone here are very uncertain and a b e tte r understanding of the 
past s ta r formation history of each individual galaxy is required to assess the LMXRB 
population more accurately.

C orrections to  th e  H a  lum inosities

The results from the previous sections show th a t if the observed X-ray nuclear emission 
is a result of s tar form ation activity then the implied H a luminosities are greater than 
those inferred from observations. There are two possible explanations for this problem: 
either the galaxies have severe internal extinction, or the measured H a emission has been 
underestim ated. These possibilities will be discussed below.

E x tin ctio n  corrections

It is well known th a t in starburst galaxies the visual extinction towards the nucleus can 
be as large as a few tens of magnitudes (see for example McLeod et al. 1993 for extinction 
estim ations in the starburst galaxy M 82). However, for the galaxies seen in figure 5.9,
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Galaxy E {B  -  C )int E ( B - V )Gal 1 Tot. A y A log L(Ha)
NGC404 0.13 0.06 0.59 0.19
NGC598 0.41 0.04 1.40 0.46
IC 342 0.14 0.56 2.17 0.71
NGC3031 0.00 0.08 0.25 0.08
NGC4395 0.00 0.02 0.06 0.02
NGC4736 0.01 0.02 0.09 0.03
N GC 4826 0.53 0.04 1.77 0.58
NGC5457 0.33 0.01 1.05 0.34
NGC 6503 - 0.03 > 0.09 > 0.03
NGC6946 1.16 0.34 4.65 1.53

Table 5.7: Internal extinction estimates for objects in the volume-limited sample with 
detected X-ray nuclear sources (from Ho, Filippenko & Sargent (1997b)). A y oi =  3.1 X 
(E (B  -  Vr)Int -)- E (B  -  f / ) Gal) (in magnitudes).

there is no evidence to support this.

Table 5.7 gives the internal extinction for those galaxies with X-ray nuclear detections 
shown in figure 5.9 assuming an intrinsic Ha/H/3 ratio of 2.86 (Ho, Filippenko & Sargent 
1997b). The Galactic extinction values are taken from Sclrlegel, Finkbeiner & Davis (1998). 
The values of A vlot show th a t some of the galaxies might have up to 5 magnitudes of to ta l 
visual extinction. However, the corresponding extinction corrections to the logarithm  of 
the H a luminosities (A log L (Ha) =  AATot/2.5, where A =  6563 A and the extinction law 
determined by Cardelli, Clayton & M athis (1989a) was used) are still quite small, except 
for NGC6946 and IC 342, and are not able to explain the deficit in H a emission found 
earlier.

H a  e x te n d e d  profiles

As discussed earlier, the luminosity of a single knot in UGC6456 is only a tenth  th a t of 
the to tal inferred H a emission for the galaxy. Similar corrections for extended or multiple 
sources may also be needed for the estimated luminosities of the galaxies shown in figure 
5.9. The H a fluxes were obtained by Ho, Filippenko & Sargent (1995b) using a 2" x 4" 
aperture (equivalent to 50 x 200 pc2 for a. galaxy at a distance of 5Mpc). Since in some of 
the galaxies there is clear evidence of X-ray emission extending several arc-seconds away 
from the galactic nucleus it is im portant to check whether the H a emission is similarly 
extended. To see whether these corrections are necessary, the long slit spectroscopic da ta  
shown in chapter 3 will be used.

01 the galaxies listed in table 5.6 with detected X-ray emission (i.e., excluding those objects
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IC 342
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Figure 5.16: Long slit spectroscopic images in the ~  6480-6770 A range for objects th a t have detected 
nuclear X-ray emission.
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with only observational upper limits) the nuclear Ha emission of NGC404, N G C598, 
NGC4395 and NGC4736 appear point-like and do not seem to be significantly extended 
(see figure 5.16). As discussed earlier, the nuclear H a luminosity for NGC 598 has probably 
been overestimated and an inspection at the long slit data, shows th a t no extended H a 
emission is observed in the nuclear region. No spectral long-slit observations exist for 
NGC 3031.

Figures 5.17, 5.18 and 5.19 show the I la  spatial profiles observed at the parallactic angle 
for four galaxies with detected X-ray nuclear sources and H a extended emission: IC 342, 
NGC 4826, NGC 6503 and NGC 6946. The extended X-ray profiles obtained in chapter 
2 have been also included in the figures and scaled to m atch the central peak of the H a 
emission (gray thick lines), as have the model PSFs fitted to the HRI observations (thin 
dotted lines).

The observed H a morphologies are complex and in general do not show good agreement 
with the azimuthally averaged X-ray profiles, particularly for NGC 5457 and NGC 6503 
where the H a emission is significantly more extended than in the X-ray data. It should 
be remembered, however, th a t the spectral da ta  have been obtained at a single position 
angle through the nucleus of the galaxies and tha t 2 dimensional H a observations are 
required for a thorough comparison of the morphologies. For an idea of the noise in the 
X-ray features, figures 5.17, 5.18 and 5.19 should be compared with the profiles shown in 
chapter 2.

For IC342 and NGC 4826 the central emission profiles at both wavelengths have similar 
widths. For NGC 6946 the X-ray emission departs from the model PSF only for a radius 
^  3" -  no obvious extended Ha emission is seen along the slit at this radius. NGC 5457 
and NGC 6503 show complex and extended H a emission in disagreement with the X-ray 
profiles which show narrower profiles.

The next step is to determine the corrections to apply to the H a luminosities m easured by 
Ho, Filippenko & Sargent (1997b), which were measured through a 2" x A" aperture, in 
order to find the to ta l emission. Gaussian profiles were fitted to the peaks seen in figures 
5.17 and 5.18. The integral of a 2D Gaussian generated as solid rotation of the ID profile 
is given by

/ =  2 7T A a (5.11)
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Figure 5.17: Observed H a (lines with black dots) and X-ray (thick gray lines) extended 
profiles. For comparison, the model PSFs for the HRI observations have also been included 
(thin  dotted  lines).
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Figure 5.18: Observed I ia  (lines with black dots) and X-ray (thick gray lines) extended 
profiles. For comparison, the model PSFs for the HRI observations have also been included 
(thin dotted lines).
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NGC6946

Shift from nuclear position (arcsecs)

Figure 5.19: Observed H a (lines with black dots) and X-ray (thick gray lines) extended 
profiles. For comparison, the model PSFs for the HRI observations have also been included 
(th in  dotted lines).

Galaxy log A 
(ergs s-1 arcsec-2 )

a
(arcsec)

log F (H a )° bs 
(ergs s-1 )

log i ( I l a ) Tot 
(ergs s-1 )

log(XTot/ i ° bs)

IC 342 37.93 3.05 38.98 39.70 0.72
NGC4826 37.35 3.87 .38.44 39.33 0.88
NGC 5457 37.75 1.05 38.51 38.59 0.08
NGC6503 36.70 1.75 37.67 37.99 0.32
NGC 6946 37.98 1.19 38.81 38.93 0.12

Table 5.8: Param eters of the Gaussian fits to the extended H a profiles and observed and 
corrected (to tal) H a luminosities.
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Figure 5.20: Nuclear X-ray luminosity plotted against nuclear H a luminosity after correct
ing by the to tal extinction and estimating the to ta l H a emission. Symbols are the same 
as in figure 5.9. The dotted and dash-dotted lines correspond to the estim ated X -ray /H a  
correlations for the super-bubble model and for a population of nuclear SNRs, respectively.

where A  is the amplitude of the ID Gaussian and a  is its standard  deviation. The nor
malisation of the amplitudes is determined using the I ia  luminosities determined by Ho, 
Filippenko & Sargent (1997b) and assuming th a t the apertures (equal to 8 arcsec2) were 
centered on the Gaussian distributions of the H a emission. Table 5.8 shows the fitted 
Gaussian param eters and the observed and corrected luminosities. The last column in 
the table shows tha t for galaxies with broad emission peaks, like IC 342 and NGC4826, 
corrections by about one order of magnitude are appropriate.

For NGC6946 the narrow spatial profile seen in figure 5.18 implies th a t m ost of the 
emission was seen through the slit.

NGC5457 and NGC6503 show extended morphology within a radius of ^  16" and <; 30" 
from the nuclei respectively, and it is clear than the estim ate of the to ta l emission in table 
5.8 is not appropriate. In cases like these it becomes difficult to adopt good criteria for 
what is ‘nuclear’ and what is not.
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Fina l H a  lum inosities

Figure 5.20 reproduces the X -ray /H a plot taking into account the corrections for extinction 
and underestim ated H a nuclear emission. For those galaxies where the corrections were 
found to be larger than a factor 2, the shift introduced by the new H a luminosities are 
shown. For three objects the corrections are uncertain: NGC3031 does not have an 
estim ation of the to ta l amount of H a emission, NGC 6503 has only an upper limit to the 
internal extinction and its to ta l nuclear H a flux is probably larger than  th a t found in the 
previous section, as is the case for NGC 5457.

For three galaxies (IC 342, NGC 4826 and NGC 6946) the corrections have been significant. 
Their final H a  luminosities should be regarded as good estim ates of the true values since 
satisfactory corrections for the spatial extent of the emission and of the degree of extinction 
have been applied. These three objects are now much closer to  the ranges of H a and X-ray 
luminosities predicted by the star form ation model. It has to be remembered, however, 
th a t galaxies with L{H a) ~  lO40 are not expected to efficiently drive a super-bubble 
and, therefore, the dash-dotted line representing the X-ray emission from a collection of 
individual SNRs is the appropriate model.

O ther interesting comments associated with figures 5.9 and 5.20 are: (1) the presence 
of extended bright X-ray emission in NGC 4736, NGC 4826, and NGC 6946 is difficult to 
explain outside the super-bubble model; (2) the locations of NGC 3031 and NGC 4736 in 
figure 5.20 are in clear disagreement with the star form ation model; and (3) given the 
observed H a luminosities most objects in figure 5.20 seem to be X-ra.y over-luminous with 
respect to  the star form ation model predictions.

5 .4 .3  C o n c lu s io n s

In trying to unveil the nature of the X-ray sources in the nuclear regions of galaxies two 
possible scenarios have been presented: th a t the nuclear emission is driven by an active 
nucleus, or th a t it is produced by nuclear star formation.

Given th a t the physics of AGN are not well understood, the AGN hypothesis has been 
analysed in a ra ther empirical manner. The observations have been compared with cor
relations observed for more luminous AGN, extrapolating them  to  the luminosity ranges 
observed in the volume-limited sample.

A b e tter understanding of star form ation processes allows the star form ation hypothesis
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to  be tested more thoroughly -  the conclusions reached under this scenario are on much 
firmer grounds.

Neither of the hypotheses explains all the data. A few objects are in excellent agreement 
with the correlations seen for brighter AGN. However, most of the galaxies have H a 
luminosities th a t exceed what is predicted from their X-ray luminosities. On the other 
hand, following the star formation model, most of the objects do not have sufficient H a 
luminosity to explain the X-ray emission, even under the most optimistic assumptions.

Therefore, in order to explain both the observed X-ray and H a luminosities, the two 
models must be combined with active nuclei dominating X-ray emission and star form ation 
activity dominating at optical wavelengths. X-ray spectra and variability inform ation from 
the isolated (X-ray) nuclear source are required to test this.
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C h a p te r  6

Summary

This thesis has presented X-ray images and optical spectra th a t were obtained for a volume- 
lim ited sample of galaxies. Chapters 2 and 3 described how the d a ta  were acquired and 
reduced, and also reported on the m ajor results.

C hapter 4 presented conclusive evidence for X-ray and optical variability in the active 
nucleus of one galaxy in the sample — the nearby spiral galaxy NGC 4395. This object had 
been classified, from its optical emission line spectrum , as a Seyfert galaxy. However, being 
an extremely faint nucleus located in a small galaxy, the nature  of the observed emission 
had been questioned and star form ation activity had been proposed as an alternative 
explanation of the observations. In particular, the lack of detected variability was a 
m ajor obstacle to the AGN hypothesis. Optical and X-ray d a ta  presented here show 
clear evidence of variability which not only mimics the patterns observed amongst more 
luminous AGN, but also suggests th a t N G C 4395 could vary in a much more extrem e way 
than  its brighter relatives.

The results from the first chapters were used to gain a deeper insight into the  role of 
nuclear activity amongst small galaxies. The main questions addressed were: (1) whether 
AGN are restricted to big, luminous galaxies, or if they are also present in small galaxies; 
and (2) if the correlation between the level of nuclear activity and the luminosity of the 
parent galaxy seen at higher luminosities is still present in the fainter objects.

The optical spectroscopic classification for the nuclei of the galaxies in the volume-limited 
sample was given in chapter 5. The relative numbers of active and norm al nuclei were found 
to  agree with the results from a m ajor spectroscopic survey carried out by Ho, Filippenko & 
Sargent ( 1995a; 1997a,; 1997c; 1997d). Analysis using both surveys together showed th a t 
the fraction of active galaxies declines steadily as a function of host absolute m agnitude
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from ~  0.8 for M B ~  -2 4  to ~  0.1 for M B ~  -1 7 . For dimmer objects m arginal evidence 
suggested th a t the distribution does not drop to zero for M B ^  —17, but remains constant 
at a very small value.

Analysis of the X-ray emission from the galaxies in the volume-limited sample, also pre
sented in chapter 5, showed some surprising results. Both the probability of harbouring 
an X-ray nuclear source and the luminosity of tha t source correlated with the absolute 
magnitude of the host galaxy. A completely different picture was found for off-nuclear 
sources, where super-luminous sources (L x  A 10:!8' 39 ergs s-1 ) did not show any corre
lation with the luminosity of the parent galaxy. Finally, an extended component of the 
nuclear X-ray emission was common amongst the most luminous galaxies.

The physical nature of the nuclear sources was investigated. The observed X-ray and H a 
luminosities were compared with the empirical correlation found for more luminous AGN, 
and with models of star formation activity. Although a few objects could be explained 
by either the AGN or the star formation hypothesis alone, most galaxies would require a 
combination of both models. In these cases the AGN would dominate the nuclear X-ray 
emission while the star formation activity would provide the emission line spectra seen at 
optical wavelengths.
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A p p e n d ix  A

X-ray emitting mechanisms.

The four most common processes responsible for X-ray emission are: black body rad ia
tion, Brem sstrahlung (or free-free) emission, synchrotron radiation and inverse Com pton 
scattering. W hile black body and (therm al) free-free radiation are described as therm al 
processes, synchrotron radiation and Compton scattering are non therm al, in the sense 
th a t the energy distribution of the particles involved cannot be described in term s of a 
single tem perature T.

A . l  B lack  B o d y  R a d ia tio n

In a medium with optical depth r  —> oo, the radiation will be in therm al equilibrium and 
its intensity will depend solely on the tem perature T.

The spectrum  of black body radiation is given by the Planck function:

(in units of energy per unit time, unit volume, unit frequency and unit solid angle). 
The radiation of a black body with tem perature ^  106 degrees will peak at soft X-ray 
frequencies. The most likely sources of this emission are the neutron stars newly formed 
during a supernova explosion.



A .2 T h erm al Free-Free or B rem sstrah lu n g  E m ission

In a hot, optically thin gas, free electrons will be accelerated under the presence of ions 
of charge Ze  and will radiate. Assuming a therm al distribution of the electron velocities 
it is possible to show th a t the intensity of the output radiation is given by:

I ( E , T )  = 6.8 x 10 ~38 G { E , T )  Z 2 m n eT - 1/2 e~E/kT (ergs s ^ c m ^ H z -1 ) (A.2)

where E  =  hu is the photon energy, T  is the gas tem perature, ne and rii are the electron 
and ion densities, and G ( E , T )  is the ‘G aunt correction factor’ to the classical treatm ent 
to account for quantum effects during the collision processes. No radiation is produced 
during encounters of similar particles (e.g. electron-electron) since there is no net dipole 
associated with the collision.

The cut off in the above expression shows th a t in a Maxwellian distribution of velocities 
and for high energies [hv >  k T ) the number of electrons capable of producing photons of 
frequency v  will decay exponentially.

A low density hot gas (plasma) will also contain elements partially ionized, such as oxy
gen, carbon, etc, depending on the gas tem perature and composition. Collisions between 
free electrons and these ions will produce emission lines in the output spectrum . If the 
tem perature is too high, almost all the atoms will have lost their electrons and the lines 
will be weaker. At 10' K half of the X-ray emission is radiated in lines and half as free-free 
emission. At T ^  10s K almost all atoms will have lost their electrons and the spectrum  
will show very few emission lines (e.g., see Sarazin k  Bahcall 1977).

A .3 S ynchrotron  rad iation

Relativistic charged particles in the presence of a magnetic field B  will radiate due to 
the acceleration exerted by the magnetic forces. The motion of the particles will consist 
of a constant velocity along the magnetic held (®||) and a circular motion on the plane 
perpendicular to B  (uj_). 1 he centripetal acceleration due to the change in the direction 
of uj_ is given by:
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a l =  Vj_ /  r =  Z e v  B  sin 9 /  7 mo c (A.3)

where r is the gyroradius of the particle, 7 =  (1 +  (v /c )2)~ 1 2 is the particle Lorentz factor, 
6 is the angle between B  and the velocity v, and mo and Ze  are the rest mass and charge 
of the particle. The angular frequency or gyrofrequency of the ro ta tion  is given by:

d  =  2 ir v  — v±_ f  r =  Ze B  /  70  mo c. (A.4)

The to ta l radiated power from an isotropic distribution of velocities (i.e. averaging over 
the pitch angle 9 ) is:

P  = l r 3 c ( - ) V £ J =  (A.5)9 c 3 c

where <j t  — 87t ?,2/3  is the Thompson cross section, and Ub  = B 2/8 n  is the magnetic 
energy density.

The cycling path  of a single electron in the magnetic field direction will beam  the radiation 
towards the observer, resulting in a series of pulses shorter than  1 /u  by a factor y 3, and 
therefore a spread over wavelength range much broader than  27r/uu

The overlapping of pulses from an isotropic population of electrons with a power law kinetic 
energy distribution with index p (i.e., 71(7 ) oc 7 -p ) will produce an ou tpu t spectrum  with 
a power law distribution of index —(p — l ) /2  ~  —1, which will dom inate emission at low 
frequencies.

At sufficiently low frequencies self absorption of the synchrotron radiation becomes im por
tan t. A self absorbed spectrum  of a source th a t has becomes optically thick to synchrotron 
radiation will have a power law index of 5 /2  at frequencies lower than  the transitional fre
quency vm .

A .4 Inverse C o m p to n  S catter in g

Inverse Com pton scattering involves the scattering of low energy photons to  high energies 
by ultrarelativistic electrons. The process results in the increase of the photon energy by
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a factor 7 2, where 7 is the electron Lorentz factor. The maximum attainable energy e is 
given by e' < 7 m 0c2 + e, where (' is the photon energy before the collision.

At high energies the effectiveness of the process is reduced due to the introduction of 
quantum  corrections to the Thompson cross section (given by the Klein-Nishina form ula), 
which reduces the efficiency of the scattering.

The to ta l power em itted by an electron under the presence of an isotropic radiation field 
is given by:

P  ~  \  C  ( c)2 7 2 U r a d i  (A.6)

where Urad is the energy density of the radiation field, provided th a t, in the rest frame 
of the electron, hv' <  m 0c2 (with h i/  =  the energy of the incident photon), so th a t the 
interaction is well described by Thompson scattering.

To obtain the emergent spectrum it is necessary to know both the spectrum  of the incident 
radiation field and the energy distribution of the relativistic electrons. In an analogous way 
to Synchrotron radiation, the Comptonisation of photons with a power-law distribution 
of electron energies will produce scattered radiation with the spectrum  I ( v )  oc

Ultrarelativistic electrons with, for example, 7 =  1000 will produce a final photon 106 
times more energetic than the incoming photon. This Compton scattering process will 
shift photons in the far-IR wavelengths ( ^  1012 Hz) to X-ray frequencies ( ^  1018 Hz, or 
~  10 keV).



A p p e n d ix  B

Statistical formulism

B . l  C on fid en ce lim its  for P o isso n  S ta tis t ic s

W hen working with small numbers of counts ( N ) drawn from a Poisson distribution the ap
proxim ation of a l a  (Gaussian) confidence level as y /N  becomes inaccurate. The problem 
arises not ju st in the estim ate for a , but also in the fact th a t the shape of the distribution 
becomes increasingly asymmetric.

Gehrels (1986) has shown th a t if N  events drawn from a Poisson distribution are detected, 
then the upper (Xu) and lower (A/) limits at a confidence level CL are given by:

N ' -  —A\ X  p -

—  =  1 — CL (B .l)xl

1 e -A(y  =  CL A  #  0
. à  *! (B-2)

0 N  = 0

U nfortunately it is not possible to analytically solve equations B .l and B.2 for A„ and 
A;. Using numerical techniques Gehrels (1986) tabulated  values of \ u and A/ for N  = 0 
to  N  = -50 and for different (and most commonly used in Astronomy) values of CL. He 
has also deduced approxim ate algebraic expressions for both limits which are accurate to 
within 1% for N  < 10 at a l a  (0.8413) confidence level:
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A„ «  ( JV +  i ) (1 9(iY +  ) (B.3)

A/ m N  ( l  — —1 ,5' 3

9 N  3 y/N (B.4)

where ,5' is the equivalent number of Gaussian cts corresponding to the confidence level.

B .2  T h e K olm ogorov-S m irnov te st

The Kolmogorov-Smirnov (KS) test compares the cumulative distribution of a one-dimensional 
data-set with a model, or compares the cumulative distribution of two different da ta -se ts  
or samples. In the la tte r case no previous knowledge of the parent population is required. 
One of the most im portant characteristics of the KS test is th a t no binning of the d a ta  
is necessary and therefore all points in the sample are used. W hen comparing two d a ta 
sets the test gives the likelihood th a t the samples have been drawn from the same parent 
population.

The KS statistic corresponds to the maximum absolute vertical distance between the two 
distributions within a specified range of the measured variable:

where S ni(x )  and 5'„2( x ) are the two samples with n l  and n'2 d a ta  points respectively. 
Once the statistic has been determined its significance can be computed using:

D =  max | 5 nl(a:) -  Sn2(x)
X (B .5)

(B .6)
j = i

where

(B.7)
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Press et al. (1992). Q(£) is a monotonic function with limit values 1 and 0. The null 
hypothesis th a t the two samples have been drawn from the same parent population can 
be rejected if Q(£) is smaller than  an adopted value. A conservative significance level 
to  reject the null hypothesis is found for Q(£) < 0 .01, while suggestive evidence for its 
rejection is found for 0.01 < Q{£) < 0 .10.
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