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Chapter 1

Introduction

1.1 Overview

‘Active galaxy’ is a general term which refers to any galaxy that produces significant
emission in addition to that from its constituent stars. In this Chapter we introduce
the various types of active galactic nuclei that are generally recognised (Section 1.3),
and try to make clear as we proceed how these may or may not be related. We then
focus on Seyfert galaxies, develop a unification model for them and present evidence
in support and against it (Section 1.4). In the final two Sections (Sections 1.5 and 1.6)
we discuss our goal and the organisation of the thesis.

1.2 Active galactic nucleus

A galaxy that has an exceptionally high luminosity from its nucleus and which radiates
large amounts of non-stellar radiation is known as an active galactic nucleus (AGN). A
typical active galaxy will exhibit some (or all) of the following properties: a bolometric
luminosity in excess of 1037 watts; a much (several orders of magnitude) higher output
of radiation than a normal galaxy; a highly luminous and compact central core, known
as an AGN which varies in brightness, narrow jets of radiating matter emerging from the
central core; large-scale clouds (~ kpc) of radio-emitting material; and broad emission
lines (Av > 1000 km s™%) in its spectrum (e.g. Krolik 1999, pp. 5-13).

A complete picture of an AGN can be obtained only by observing it at many wave-
lengths, preferably simultaneously over the entire electromagnetic spectrum. Active
galaxies are classified according to their appearance, luminosity and spectra into the

following principal types: Seyfert galaxies, radio galaxies, quasars, BL Lacertae ob-
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jects (BL Lacs). There are only surprisingly subtle spectroscopic differences between
a quasar with a luminosity of 10*® erg s~* and what had previously been identified as
a ‘Seyfert galaxy nucleus’ of luminosity 104 erg.s™' (Peterson 1997). The evidence
is overwhelming that these two astronomical categories must have a single common
physical explanation. Thus, today, hardly any distinction is made between a ‘quasar’

and a ‘Seyfert nucleus’, as their main difference is in their luminosity (Urry & Padovani
1995).

1.3 AGN taxonomy

In the following Section we briefly describe the different classes of AGNs.

1.3.1 Radio-loud and radio-quiet AGNs

The commonly adopted criterion (Kellermann et al. 1989) to: distinguish between radio-
loud and radio-quiet AGNs is the ratio of radio to optical, Ry o, of flux densities (in,
say, mJy) at 6 cm (5 GHz) and 4400 A ; for radio-loud objects Rg/0 is generally greater
than 10, and most radio-quiet objects fall in the range Rgjo < 10. The distribution
of Rgr/o, divide AGNs into two classes: radio-loud and radio-quiet objects. Radio-
quiet AGNs primarily reside in spiral host galaxies, while radio-loud AGNs are found
in elliptical hosts (Antonucci 1993).

1.3.1.1 Radio-loud objects
1. Quasars:

Quasars comprise the most luminous class of AGNs, with nuclear magnitudes
Mg < —23 (Schmidt & Green 1983). Historically, quasars were distinguished
from other AGNSs since they were spatially unresolved on the Palomar Sky Survey
photographs. Many of these sources are now known to be surrounded by a low
surface brightness halo or ‘fuzz’, which does indeed appear to be starlight from
the host galaxy (Peterson 1997).

2. Radio galaxies:

Strong radio sources are typically identified with giant elliptical galaxies. Two
types of radio galaxies have optical spectra of the sort that one identifies with
the AGN activity; broad-line radio galaxies (BLR galaxies; widths are typically
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Av =2 5000 km s™') and narrow-line radio galaxies (NLR galaxies; Av < 1000 km s71)
(Peterson 1997). ‘

3. BL Lac objects and optically violent variables:

In general, AGNs show continuum variability at all wavelengths at which they
have been observed, from X-rays to radio wavelengths. A small subset of quasars
show short time-scale variations that are abnormally large, e.g. Am > 0.1 mag
in the visible wavelengths on time-scales as short as a day. In addition to their
large variations in flux density, they also tend to have high polarisation which also
varies, in both magnitude and position angle. These sources are always radio-loud
and are known as ‘optically violent variables’ (OVVs) quasars (Peterson 1997).

Some of the properties of OVVs are shared by ‘BL Lac objects’, named after the
prototype of the class, BL Lacertae, which was originally identified as a highly
variable star. BL Lac objects are distinguished by the absence of strong emission

or absorption lines in their spectra.

It is believed that both OVVs and BL Lacs are those AGNs which have a strong
relativistically beamed component close to the line of sight. Collectively, OVVs
and BL Lacs are sometimes referred to as ‘blazars’.

Galaxies

|
[ |
AGNs Normal galaxies

!
! I
Radio-quiet AGNs Radio-loud AGNs

L
} l l | l

Seyfert galaxies ~ Radio-quiet quasars Radio galaxies Quasars Blazars

—— — | =

L Seyfert 1s  Seyfert 2s NLR galaxies BLR galaxies = OVVs BL Lacs

Figure 1.1: The main classes of AGNs.
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1.3.1.2 Radio-quiet objects
1. Radio-quiet quasar:

Objects where the ratio of radio emission to the optical emission is < 10, are
referred to as radio-quiet quasars (Peterson 1997, p. 18).

2. Seyfert galaxies:

An AGN sitting in a spiral host galaxy, having a bright active nucleus, and
a spectrum covering a wide range of ionisations is known as a Seyfert galaxy
(Peterson 1997, p. 21). They are low-luminosity AGNs, with Mp > —23 for the
active nucleus (Schmidt & Green 1983)

1.4 Seyfert galaxies

As said above, there are a number of different classes of AGN; Seyfert galaxies consti-
tute the low luminosity end of the AGN phenomenon, i.e. their nuclear luminosities
are roughly comparable with the total luminosity. Carl Seyfert (1943) was the first to
recognise “a very small proportion of extragalactic nebulae” which consistently had a
dominant nucleus with high-excitation emission lines that were wider than the absorp-
tion lines of normal galaxies. |

Over the past two decades much effort has gone into finding Seyfert galaxies amongst
the more normal galaxy population (Krolik 1999, pp. 22-37). Efficient ways to detect
Seyfert galaxies include looking specifically for galaxies with excess of ultraviolet emis-
sion, bright X-ray emission, or unusual far-infrared colours, since these are common
characteristics of Seyfert galaxies (Krolik 1999, pp. 22-37). Currently, about 800*
Seyfert galaxies are known, though the number continues to rise.

A few attempts to explain activity in Seyfert galaxies have been made in the past

using starburst alone or a combination of AGN and starburst. The following paragraph
discusses the starburst model.

Can AGN activity be powered by a starburst alone?

A significant fraction of galaxies show the signatures of recent large-scale star
formation activity (Smith et al. 1998B). Such galaxies are known widely as “star--

burst galaxies”. These are generally characterised by an excess of blue colours

A catalog of all known Seyfert galaxies has been maintained by Veron-Cetty and Veron, and in

its last edition (1998) about 790 Seyfert galaxies were listed with redshifts, z < 0.1 and brighter than
17" in V band
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and strong H II region—type emission-line spectra (due to a large number of O
and B—type stars) compared with normal galaxies. They also show relatively
strong radio emission (due to recent supernova remnants) (Peterson 1997, p. 28).
In some cases, the starburst is apparently confined to an unresolved region at
the galactic center, which looks very much like an active nucleus (Peterson 1997,
p. 28). These “nuclear starbursts” are typically 10 times brighter than the gi-
ant H II region complexes seen in normal spirals and are thus distinct from the

otherwise inactive late-type spirals.

It is the majority view that although the AGNs may harbour starburst activity in
their nuclei, they are powered by a ‘monster’ (supermassive black hole) (Krolik
& Begelman 1998). But there is also the alternate view that AGNs are powered
by starbursts alone.

Starburst model: AGNs without black holes Terlevich and his colleagues
have argued that a great majority of the AGNs are powered by massive stars
and supernovae, albeit somewhat unusual stars in a highly unusual environment.
Below we briefly summarise: (1) how this model attempts to explain properties of
Seyfert galaxies. The arguments are given in more detail in Terlevich & Melnick
(1985), Terlevich & Melnick (1987, 1988), Terlevich, Melnick & Moles (1987),
and Terlevich (1989, 19904, 1990B); and (2) the problem faced by this model in
explaining the activity in Seyfert galaxies.

The starting point for this model is a starburst occurring in the nucleus of an
early-type galaxy. The duration of the episode of star formation is a few million
years. The observational manifestations of this iuclear starburst are hypothesised
to differ from those of ordinary regions of high-mass star-formation. The nuclear
starburst rate is usually a factor of hundred more than normal star-formation
rate. For the first several million years (during the main sequence phase of
the massive stars) the nuclear starburst will look like an ordinary giant H II
region. After several million years, the starburst enters the “Warmer’ phase.
‘Warmers’ is the name given by Terlevich & Melnick (1985) to post-main-sequence
‘bare-core’ stars with Top; > 10* K. They take an input spectra predicted for
‘Warmers’ and show that the spectra naturally account for the narrow emission
lines (A v < 1000 kms™!) seen in Seyfert galaxies. After about 10 million
years the starburst enters the phase in which it is dominated by emission from

supernovae and supernova remnants (SNRs). Depending on the strengths of the



Chapter 1. Introduction

starburst, the phase is supposed to produce Seyfert nuclei or radio-quiet quasars.
. The X-ray, ultraviolet, and radio continua are produced by a combination of
supernovae and SNRs which interact with the inter-stellar medium. The optical
continuum is produced by supernovae while the infrared continuum is reprocessed
thermal emission. The strong broad (A v > 1000 kms™!) emission lines seen
are hypothesised to be produced by individual supernovae. The variability of the
lines and continuum arises due to ‘flares’ of total energy 1049~ ergs lasting a few
weeks and associated with individual supernovae (short-term); and longer term
variations with energies of 10%77°2 ergs and time-scales of ~ year that are driven
by individual SNRs interacting with the dense inter-stellar medium. Terlevich
(1989, 1990B) argues that these variability time-scales and energies are consistent
with individual optical events in Seyfert nuclei.

Problems with the starburst model: The starburst model of Terlevich
and his colleagues tries to explain activity seen in a Seyfert nucleus. This
model does not attempt to explain radio-loud AGNs, it also fails to explain
the kpc-scale jets seen in the Seyfert galaxies. For explaining kpc-scale jets
seen in Seyfert galaxies, the host galaxy has to be seen edge-on, so that
the emission from starburst and SNRs in the disk of the galaxy would be
able to show kpc-scale elongated structures. This then is highly geometry
dependent. However when the galaxy is mapped at higher resolutions (sub-
arcsec to mas-scales) the individual emission from SNRs is resolved out and
the kpc-scale emission is no longer jet-like (e.g. M 82: Muxlow et al. 1994;
ARP 220: Smith et al. 1998A). Also, elongated radie structures are seen in
face-on host galaxies as well, therefore the star-burst model is insufficient to
explain activity in Seyfert galaxies.

Seyfert-starburst connection It is therefore reasonable to assume that Seyfert
galaxies are primarily powered by a supermassive black hole (‘monster’). How-
ever, galaxy interactions (tidal etc.) are expected to trigger star-formation and
also provide material to fuel the central supermassive black hole (Heckman 1990A).
Further, there may still be a strong physical link between the ‘monster’ and the
starburst phenomenon (Heckman 1990B): The [O III] emission line maps in sev-
eral Seyfert galaxies have been used to décompose the ionised gas into a ‘monster’

and a ‘starburst’ component (e.g. Wilson et al. 1986, Baldwin et al. 1987, Keel
1987, and Pogge 1989). A possible way to discriminate between the ‘monster’ and
the starburst components is the morphology of the radio-emission: attribute those
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sources with ‘linear’ (jet-like, double, or triple) morphologies to the ‘monster’ and

those with diffuse morphologies to regions of star-formation (Heckman 1990B).

Heckman and his group (Heckman et al 1997) believe that compact starburst
activity may coexist with AGNs in some Seyfert galaxies, the radio emission from
starburst region consists of synchrotron radiation from SNRs plus thermal free-
free emission from H II regions, whereas radio emission from the ‘monster’ (or

AGN) is purely non-thermal emission.

From a wide range of studies, a picture of the structure of the central regions of
Seyfert galaxies has emerged. Briefly, the gravitational field of a supermassive (10°-
10 Mg) black hole provides the ultimate energy source, as gas falls inwards via a
luminous accretion disk. A small region of fast moving clouds surrounds this central
engine, spanning a few light days or weeks, while a larger region of slower moving clouds
extends out to a few kiloparsecs. In some cases, oppositely directed collimated jets of
low density gas plow into the surrounding galaxy, accelerating the interstellar medium
and creating jet-like or linear radio structures. In at least some Seyfert galaxies, dense
gas and dust cloud shroud the innermost regions, hiding them from our direct view,
though the radiation escapes from the nucleus in other directions to light up the gas
and dust residing much further out in the galaxy (Krolik 1999).

The conditions that give rise to Seyfert activity are still under debate. Though
Seyfert galaxies are found in a wide range of galaxy types, they are more commonly
found in reasonably early-type spirals (Dahari 1985; e.g. types S0/a, Sa, Sb in the
Hubble classification scheme (Sandage 1975)). It seems, therefore that prerequisites
favouring Seyfert activity include a massive galaxy bulge and the presence of an inter-
stellar medium (Heckman 1990B).

1.4.1 Discovery, classification and detection

The early identification of nearby Seyfert galaxies rested on two observational proper-
ties, viz. their unusual nuclear spectra and their unusual nuclear surface brightness.
Fath in 1908 noted strong emission lines in the spectrum of the nucleus of NGC 1068
while studying galaxy spectra (Fath 1909). These observations were later confirmed
by Hubble (1926). It was not until 1943 that Carl Seyfert recognised a distinct class
of galaxies with unusually bright and concentrated nuclei, and studied a few more of
similar kinds (Seyfert 1943).

Khachikian & Weedman (1974) identified two types of Seyfert galaxies on the basis

of the widths of the nuclear emission lines. While spectra of type 2 Seyfert galaxies
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have a single set of relatively narrow emission lines (whose width can be characterised
in terms of full width at half rhaximum, FWHM = 300-1,000 km s™!), in the spectra of
type 1 Seyfert galaxies the hydrogen and helium lines have an additional much broader
component (FWHM > 1,000 km s7*). In the simplest cases, the broad component
is either absent (Seyfert 2) or strong and dominant (Seyfert 1). With better data it
became clear that there is a wide range in the relative strength of the broad and narrow
emission lines, and this led Osterbrock in 1981 to refine the Seyfert classification by
introducing intermediate types (Osterbrock 1981, Osterbrock & Pogge 1985). They
chose the hydrogen Hf line at rest wavelength 4861 A. As the broad component of HA
becomes weaker relative to the narrower component, the Seyfert type changes from 1
to 1.2 to 1.5 to 1.8. For Seyfert 1.8 galaxies, weak broad wings are just visible at the
base of Hf while in Seyfert 1.9 galaxies they are only visible on the Ha emission line at
6563 A. In practice, these Seyfert sub-types have not been formally defined but instead
give an overall indication of the degree to which the broad component is present.

The first survey which identified many Seyfert galaxies was that of Markarian and
his collaborators at the Byurakan observatory, Armenia, during the period 1962 to
1981 (Markarian 1967, Markarian et al. 1986). This survey used a technique known as
‘objective prism spectroscopy’ to find galaxies with unusually blue continuum emission.
The combination gives relatively wide field photographs in which each star and galaxy
that appeared unusual was listed. The survey covered ~ 10,000 square degrees and
vielded 1500 galaxies with blue continua, of which ~ 10% were Seyfert galaxies.

X-ray emission also provides an effective means to find Seyfert galaxies (Veron
1986). Starting in the late 1970s, surveys have included observations of the Ariel V,
HEAO-1, Einstein and ROSAT satellites. Some of these were all-sky surveys, some
included deeper .pointed observations, some were sensitive to hard X-rays (2-10 keV)
and others to soft X-rays (~ 0.2-4 keV).

In 1982, the IRAS satellite provided a large list of galaxies which were relatively
bright in the far infrared (25-100 um). Although bright, infrared Aux density by itself
1s no guarantee of Seyfert activity, the ‘colour’ of the infrared emission can help distin-
guish between Seyfert and normal galaxies. Normal galaxies have colder dust (~ 30 K)
than Seyfert galaxies (~ 100-300 K) in which nuclear activity provides an additional
heating source. Thus, IRAS-selected galaxies with ‘warm’ spectra have yielded many
Seyfert galaxies (Miley et al. 1985, de Grijp et al. 1987).

Perhaps the most reliable method of detecting Seyfert galaxies, though also the
least efficient, is optical spectroscopy of the galactic nuclei. In the earlv 1990s the
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CfA redshift survey of about 2,000 galaxies brighter than absolute magnitude 14-15,
found about 2.5% to be Seyfert galaxies with an even mix of Seyfert 1 and Seyfert .2
galaxies (Huchra & Burg 1992). Using smaller apertures and higher quality daLta, the
deep Palomar survey of the nuclei of nearly 500 bright galaxies from the RSA catalogue
(Sandage & Tammann 1981) yielded about 10% Seyfert galaxies, including many of
lower luminosity.

The following Section gives the observed properties of Seyfert galaxies.

1.4.2 Observed properties of Seyfert galaxies

Seyfert 1 galaxies show spectrophotometrically observed broad (FWHM of the lines >
1000 km™!) emission lines and Seyfert 2 galaxies show narrow (FWHM < 1000 km™)
lines. The technique of spectropolarimetry yielded spectra that showed broad lines in
polarised light in Seyfert 2 galaxies. This polarised light was interpreted to be the light
that was initially moving out of the nucleus in one direction which was then reflected
into our line of sight. This provides a sort of periscope, allowing one to look around a
corner and into the nucleus from a different direction. The mirrors of the periscope are
dust particles or electrons in the surrounding gas which scatter light in all directions,
some of which comes towards us. Since the scattered light is so faint compared to
the normal light we need a way to isolate them. Fortunately, the scattering process
also induces polarisation, and so the polarised light spectra shows a Seyfert 1 form,
strong non-stellar continuum and broad hydrogen and helium lines. Such a technique
could detect BLRs in a Seyfert 2 galaxy, e.g. NGC 1068 (Miller & Goodrich 1990).
Subsequently Tran et al. (1992) and Tran (1995), added a few more Seyfert 2 galaxies
to the list.

The nucleus of face-on Seyfert 2 galaxies is clearly seen in Ho as the brightest
knot in the central region, but is barely detected in the ultraviolet images (e.g. Colina
et al. 1997). Kinney et al. (1991) showed similar ultraviolet slopes for Seyfert 2
and Seyfert 1 galaxies, they also show that there is a paucity of ionising photons in
Seyfert 2 galaxies (lack of ultraviolet emission in Seyfert 2 galaxies is also supported
by Mas-Hesse et al.’s (1994) observations). The featureless continuum is stronger in
Seyfert 1 than in Seyfert 2 galaxies. Seyfert 1 galaxies have bright nuclei, whereas in
Seyfert 2 galaxies the featureless continuum and broad lines are either weak or absent
(e.g. Lawrence 1987).

Both types of Seyfert galaxies possess narrow line regions which can be imaged in
[O 111] A5007 emission lines in the well-resolved cases (e.g. Whittle et al 1988) and are
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sometimes cone-shaped (Pogge 1989, Evans et al. 1991A, Evans et al. 1991B, Evans-
et al. 1993, and Evans et al. 1994). It seems that the ionizing radiation is roughly
collimated before emerging into the narrow line region, perhaps due to an obscuring
torus (Kriss et al. 1994). The narrow line regions appear smaller in Seyfert 1 than
Seyfert 2 galaxies.

For a given far-infrared luminosity Mas-Hesse et al. (1994), (and also Lawrence
& Elvis 1982), found a significant lack of soft X-ray emission in Seyfert 2 gdlaxies
compared to Seyfert 1 galaxies. The infrared emission of Seyfert 1 and Seyfert 2
galaxies are quiet similar, whereas the ratio of soft X-ray to infrared emission is higher
for Seyfert 1 than for Seyfert 2 galaxies (Mas-Hesse et al. 1994). Similarly, the hard
X-ray emission show similar distribution for both kinds of Seyfert galaxies (Mas-Hesse
et al. 1994). |

Observations of Seyfert galaxies in radio waveband show that: (1) both kinds of
Seyfert galaxies have similar amount of molecular gas. Maiolino et al. (1997) and
Curran (2000) found no difference in the mean ratio of CO and far-infrared luminosity
between the two Seyfert classes. Thus, both Seyfert types, type 1 and type 2 Seyfert
galaxies, have the same amount of molecular gas. (2) Greenhill et al. (1995) detected a
subparsec diameter disk in the nucleus of NGC 4258; they made a VLBI synthesis map
of the luminous H,O maser in the nucleus of NGC 4258. They explained their data
using a model where they established a 0.2 pc diameter Keplerian disk for the nucleus of
NGC 4258. Later Gallimore et al. (1997) found pc-scale HoO maser emission which is
perpendicular to the large scale (kpc-scale) jet which they attribute to the emission due
to an ionised disk surrounding an AGN, and (3) lastly, in recent observations, Morganti
et al. (1999) found that Seyfert 2 galaxies tend to have a larger projected radic linear
size than Seyfert 1 galaxies, whereas there is no statistically signiﬁcant‘difference in
radio power between Seyfert 1 and Seyfert 2 galaxies (Morganti et al. 1999).

We now present a brief outline of the basic structure of Seyfert galaxies.

1.4.3 Overall structure and geometry

Figure 1.2 gives a cartoon of the structures nested from innermost to outermost. The
region sizes probably scale with luminosity, larger for quasars and smaller for low
luminosity Seyfert galaxies. The values given are rough guides for the case of a ty;iiéal
Seyfert galaxy.

The ultimate origin of the energy which drives nuclear activity is believed to lie
in the gravitational field of a central supermassive black hole of mass ~ 107-108 Mg
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Figure 1.2: Cartoon illustrating the nested structures thought to be present within Seyfert
galaxies.

(Peterson 1997, p. 32, also see Section 1.4 for a contrary view). Gas falls into the black
hole via an accretion disk, which radiates powerfully across much of the electromagnetic
spectrum. The disk may span from a few Schwarzschild radii (Krolik 1999, p. 97) to a
few thousand Schwarzschild radii, probably with X-ray emission coming from the inner
parts, ultraviolet and optical from farther out (Peterson 1997, pp. 118-122). It is this
radiation which floods out into the galaxy and ionises any surrounding gas, causing it
to radiate emission lines. The innermost center contains gas with density ~ 10°-10'2

% moving with speeds of a few thousand km s™'.

atom cm™ Doppler shifts therefore
lead to broad emission lines, hence the name: Broad Line Region (BLR) (Peterson
1997, p. 67). Outside the BLR, on scales from one to a few parsec (pc) lies thick
dense gas, possibly in the form of a torus. This gas blocks radiation coming from the
innermost regions, which can only escape out of the equatorial plane along the torus
axis (Peterson 1997, pp. 112-113). This partially collimated radiation field emerges
further into the galaxy to ionise gas residing in a region out to a few kiloparsec (kpc).

In this region, the gas has a lower density ~ 102-10% atoms cm™ and moves with



12 Chapter 1. Introduction

speeds of a few hundred km s~?, leading to narrower emission lines, hence the name:
Narrow Line Region (NLR) (Peterson 1997, p. 93). Because of the partially collimated
radiation field, the NLR often appears elongated or even biconical, with axis matching
that of the central radiation field (Pogge 1989). When a radio source emerges from the,
inner regions as a bipolar flow, it accelerates and possibly shocks the NLR (Bicknell
et al. 1998). The entire NLR and associated radio structure usually fills a region, a few
kpc across, within the bulge of the host galaxy, but randomly aligned with respect to
obvious galactic structures and orientation (Kinney 2000). If there is a more extended
gaseous component, it can be illuminated by the central ionising radiation field, leading
to faint extended emission, sometimes showing conical or biconical form. This is the
so called Extended Narrow Line Region (ENLR) (Peterson 1997, p.120).

Inherent in this picture is a lack of symmetry, rooted in the non-spherical accre-
tion that powers the Seyfert galaxy. Both the radiation and radio emitting flows are
anisotropically emitted and the origin of the anisotropy might arise in either of the two
ways: (a) an intrinsic nuclear axis, perhaps defined by a black hole spin and/or the
accretion disk, and (b) partial obscuration by dense gas which blocks radiation in some
directions but not in others. For Seyfert galaxies, partial obscuration is thought to be
important. The simplest geometry envisioned is a thick disk or torus a few parsecs
to 100s of parsecs in size and aligned with the central axis. More recently, images
from the Hubble Space Telescope (HST) have shown that dust lanes and filaments are
common in the central few hundred parsecs (Malkan et al. 1998). Either way, the
fact that the nuclear radiation can only emerge along particular lines of sight raises an
interesting possibility which was first noted by Lawrence & Elvis (1982): namely, that
Seyfert 2 galaxies might actually be Seyfert 1 galaxies but oriented in such a way that
our view to the central region is blocked. On the basis of the ratio of hard to soft X-ray
flux densities in Seyfert galaxies, they concluded that Seyfert 2 galaxies were in fact
obscured Seyfert 1 galaxies. Stated slightly differently, the same Seyfert galaxy might
appear as Seyfert 1 from some directions and a Seyfert 2 from others. This constitutes

a ‘unification scheme’, since apparently different classes of objects are ‘unified’ into a
single class.

1.4.4 Unified scheme model

This is the key idea which is being used to organise and make sense of our large and
growing observational information about Seyfert galaxies.

The unified scheme is consistent with the observations that the narrow-line spectra,
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of types 1 and 2 are statistically indistinguishable from one another, so Seyfert 2
‘galaxies seem to be Seyfert 1 galaxies without the broad lines. This, along with several
observations listed above (Section 1.4.3) led to the unification hypothesis, in which
Seyfert 2 galaxies are intrinsically Seyfert 1 galaxies whose continuum and broad-line
emission is attenuated in the direction of the observer.

A breakthrough occurred when Antonucci & Miller (1985) found that the polari-
sation spectra of some Seyfert 2 galaxies such as NGC 1068 contained broad emission
lines like those seen in Seyfert 1 spectra.

Obscuration forms the essence of the orientation based unification scheme. A torus
of dense obscuring gas and dust is believed to girdle the continuum source and BLR.
Looking down the axis of the torus one can directly see the BLR and accretion disk.
However, when viewed edge-on, the torus blocks our view of the BLR (and absorbs soft
X-ray), making the AGN look a type 2 (Figure 1.3). The same torus blocks ionising
photons from reaching the NLR in certain directions, hence explaining the cone-shaped
NLRs that are seen in some Seyfert 2 galaxies (Pogge 1989). Thus, different orientations
of axis-symmetric active nucleus to our line of sight show different kinds of Seyfert
galaxies, ‘pole-on’ viewing angles produce Seyfert 1 galaxies and ‘edge-on’ viewing
produce Seyfert, 2 galaxies (Figure 1.3).

Evidence against the unified scheme While the unified scheme is simple and
attractive, there are some observational results that are inconsistent with it. They are
listed below.

o Hubble type (T) of Seyfert galaxies.
Recently Malkan et al. (1998), found that Seyfert 2 galaxies, on average, tend to
have later morphological types than the Seyfert 1 galaxies.

¢ Tlhe close environments of Seyfert galaxies:
Dultzin-Hacyan et al. (1999) confirmed an important but disturbing result that

Seyfert 2 galaxies have an excess of nearby companions over Seyfert 1 galaxies.
o The scattered BLR is not detected in many Seyfert 2 galaxies.

e Lower detection rates of compact features at radio wavelength in Seyfert 1 than
Seyfert 2 galaxies.
Roy et al. (1994) using 275 km long single baseline, Parkes-Tidbinbilla Inter-
ferometer (PTI) at 1.7 or 2.3 GHz (PTI: Norris et al. 1988B and Norris et al.
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Figure 1.3: Zeroth order model of Seyfert galaxies.

1992) found a surprising result that compact radio cores are much more common
in Seyfert 2 than in Seyfert 1 galaxies. This was in their far-infrared selected
samples and possibly in the combined mid-infrared and optically selected sample
as well, which is inconsistent with the unification scheme.

1.5 Motivation

'It.was Roy et al.’s (1994) observational result which prompted us to take up this
study. In the unified scheme, since the torus is expected to be transparent to emission
at radio wavelengths, the compact features should be similarly visible in Sevfert 1 and
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Seyfert 2 galaxies. Further, the inconsistency with the unification scheme cannot be
eased by invoking relativistic bearﬁing, because then, the face-on AGNs, viz., Seyfert 1
galaxies, would be more likely to show compact structures. We aimed to rigorously test
the predictions of the unified scheme by investigating the compact radio morphology
of Seyfert galaxies. To achieve this goal, we constructed a sample of Seyfert 1 and
Seyfert 2 galaxies that are matched in orientation independent parameters.

Our goal was to study the pc-scale radio structures of Seyfert galaxies so as to test
if indeed Seyfert 1 galaxies have a lower tendency to show compact radio structures as
compared to Seyfert 2 galaxies. We used global 6 cm Very Long Baseline Interferometry
to probe the pc-scale structures.

1.6 Thesis outline

In Chapter 2, the result that poses a challenge to the unified scheme, which we aim
to address, is discussed. We introduce aperture synthesis and Very Long Baseline
Interferometry (VLBI) which is the key to achieve pc-scale resolution. We then outline
our rationale for the selection of our sample and describe its construction.

In Chapter 3, we first give the description of the observing procedure, data re-
ductions and analysis. We give the description of the images for our sample sources
supplemented by data from the literature wheresoever necessary.

Chapter 4 uses results from Chapter 3 within the formalism in which our sample
was constructed to test the unified scheme. We present our interpretations in the
framework of the starburst versus accretion powered central engine debate as well as
the unified scheme hypothesis and relativistic beaming.

Chapter 5 compares the radio data with data at other wavebands that are published
in the literature. We primarily focus on the infrared and the X-ray emission.

The final chapter (Chapter 6) summarizes the main results obtained in the thesis
and brings together the conclusions from this work, highlighting our contribution to the
understanding of Seyfert galaxy phenomenology. We also critically assess the strengths
and weaknesses of our work and highlight opportunities for further study.

A Hubble constant of Hy = 75 km s~ Mpc ~! and q, = 0 is used throughout the
thesis unless mentioned otherwise.
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Introduction




Chapter 2

Motivation and methodology

2.1 Introduction

In this Chapter the challenge to the unified scheme that we propose to address is first
discussed. Subsequently the construction of our sample is described.

The Sections 2.2 and 2.3 discuss the challenge to the unification scheme and our
goal. The techniques of aperture synthesis and Very Long Baseline Interferometry
(VLBI) (Section 2.4) are introduced, where the emphasis is on the steps involved while
working with the Very Long Baseline Interferometry data. Section 2.5 discusses the
construction of the sample and Section 2.5.3 discusses the criteria for the feasibility of
our experiment where, the choice of our interferometric array is described. The phased-
VLA (see Section 2.4.2.4) was chosen as one of our VLBI stations in the array. We
therefore have simultaneous arcsec-scale data for our objects, and can derive ratios of

the emission on mas-scales and arcsec-scales which are unaffected by possible variability.

2.2 A challenge to the unification scheme

As described in detail in Chapter 1, the challenge to the unified scheme has been the low
detection rates of compact structures in Seyfert 1 galaxies as compared to Seyfert 2
galaxies. Roy et al. (1994), using 275 km-long single baseline Parkes-Tidbinbilla
Interferometer (PTI) at 1.7 and 2.3 GHz (PTI: Norris et al. 1988B and Norris et al.
1992) found no significant difference between disk radio luminosities of Seyfert 1 and
Seyfert 2 galaxies in their eclectic sample (the far-infrared selected samples of de Grijp
et al. (1987) and Norris et al. (1990), the optically selected samples of Norris et al.
(1990) and Edelson (1987; the CfA Seyfert sample), and the mid-infrared selected

17
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sample of Spinoglio & Malkan (1989)). But they did obtain a surprising result that
compact radio cores are much more common in Seyfert 2 than in Seyfert 1 galaxies
in their far-infrared selected samples and in the combined mid-infrared and optically
selected sample as well. This is inconsistent with the unification scheme. The unified
scheme would predict an equal fraction of detections for Seyfert 1 and Seyfert 2 galaxies.

It was this observational result which prompted us to take up the VLBI study of
Seyfert galaxies that we describe in the following Section. We note that the inconsis-
tency with the unification scheme cannot be eased by invoking relativistic beaming.
In that case it is the face-on AGNs, wviz., Seyfert 1 galaxies, whose cores would be
more Doppler boosted than Seyfert 2 galaxies, and therefore are more likely to show
compact structures. We aimed to rigorously test the predictions of the unified scheme
by investigating the compact radio morphology of Seyfert galaxies. To achieve this
goal, we constructed a sample of Seyfert 1 and Seyfert 2 galaxies that are matched in
orientation independent parameters.

2.3 The goal

Our goal was not only to test whether Seyfert 1 galaxies have a lower tendency to show
compact radio structures than Seyfert 2 galaxies, but more generally to see if there were
any systematic differences between the compact radio structures in the two sub-classes
or not, in order to test the unified scheme. We used global 6 cm Very Long Baseline
Interferometry to investigate the compact radio morphology of Seyfert galaxies.

Often in any sample of Seyfert galaxies the differences observed can be explained by
the selection techniques used for assembling the sample. For example, in the Markarian
Survey, Markarian (1967) and Markarian et al. (1986) discovered 1500 galaxies with
a strong ultraviolet continuum. They found all galaxies with U — B < 0.3 and a
decreasing fraction of the redder galaxies. Spectroscopic investigations have shown
that ~ 10% are Seyfert galaxies. This sample suffers from deficiency of Seyfert 2
galaxies, which is most probably a result of the survey selection effect. This is due
to the fact that Seyfert 2 galaxies do not have excessive ultraviolet continua and thus
could easily elude the ultraviolet search method. Hence, Meurs & Wilson (1984) find
a higher fraction of Seyfert 1 galaxies. The CfA Seyfert galaxy sample is the first of
the optically selected complete samples with spect'roscop'ic identifications and is due
to Huchra & Burg (1992). This is treated to be complete by them and the sample
is within the spatial bounds and magnitude limit of the CfA survey. The sample
has an equal number of Seyfert 1 and Seyfert 2 galaxies (25 & 23 respectively). The
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unresolved optical nucleus of a Seyfert grows fainter with the square of distance, whilst
the surface brightness of its host galaxy remains constant over a constant aperture.
Therefore, in this sample the ratio of the two components (the host galaxy to the
active nucleus surface brightness) is highly variable. Similarly, the IRAS survey would
most probably detect reddened Seyfert 1 galaxies, but it may not be easy to isolate
them from the much more luminous starburst galaxies (Heckman 1990A and 1990B).
In other words, the Seyfert samples based on the IRAS survey would be contaminated
due to the presence of luminous starburst galaxies. Soft X-ray surveys may contain
a population of soft X-ray Seyfert 1 galaxies (Seyfert 2 galaxies are weak soft X-ray
sources and cannot be efficiently discovered by X-ray soft surveys: Veron 1986).

Thus, most of the Seyfert galaxy samples (optical, infrared, and/or X-ray) have
their biases and hence do not provide a good platform to test the unification scheme
hypothesis. A Seyfert sample selected based on the orientation independent parameters
which are measures of AGN power and host galaxy properties would provide a good
platform to test the predictions of the unification scheme hypothésis.

Before describing our sample selection criteria (Section 2.5), we present some in-

formation about radio interferometry and VLBI in particular in the following Section
(2.4).

2.4 Aperture synthesis and Very Long Baseline In-
terferometry

2.4.1 Aperture synthesis

Aperture synthesis is a method where two or more antennas are arranged so that their
relative positions may be altered to occupy successively the whole area of a much larger
equivalent antenna. By combining mathematically the information derived from these
different positions, it is possible to obtain high resolution maps equivalent to that of a
single large antenna.

Interferometry is the pre-eminent method of achieving high angular resolution.
Virtually all radio-wavelength systems use the principle of the Michelson interferom-
eter and determine the amplitude and relative phase of the signal reaching each of
the antennas in the interferometer. In a conventional radio interferometer the radio

telescopes are linked to a common clock to maintain the coherence™ of the interferom-

*Coherence is a statistical description of the radiation field due to a signal from the source in
terms of the correlation between the vibrations at different points in the field. With a perfectly
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eter and the signal from each telescope is brought together, through appropriate phase
delays,! to be correlated in real time to produce the interferometer fringes.

Long baseline interferometry achieves high angular resolution by using two or more
widely (> 1,000 km) separated radio telescopes and recording data on magnetic tapes,
which are later brought. together and cross-correlated off line.

The operation of a radio telescope is limited by two dominating factors. One is
the sensitivity, which specifies the smallest radio flux density which may be detected,
and the other is the angular resolving power. The relative importance of these factors
is strongly dependent upon the type of investigation and specialised instruments are
often developed for particular applications.

2.4.1.1 The aim of aperture synthesis

The angular resolution of a telescope is proportional to the ratio of observing wave-
length and diameter of the antenna. Thus in the radio domain of the electromagnetic
spectrum, the angular resolution is much worse than in the optical for a given telescope
size, e.g. the diffraction limit of a large optical telescope of 6 m diameter is 0.025 arc-
seconds whereas a filled aperture radio telescope of similar size would give a diffraction
limit of ~ 1/2 degree. The radio astronomical antennas have to be of large size to
achieve comparable angular resolution. But even at the highest radio frequencies such
as 43 GHz, a 100 m diameter antenna has an angular resolution of ~ 15 arcsec. To
further enhance the angular resolution, a possibility is to use two or more telescopes
at large separations. This idea of linking together signals from two physically distinct
telescopes, has advanced from two element interferometers (Michelson interferometer)
up to the concept of aperture synthesis using many telescopes spaced at distances
limited only by the size of the Earth.

A two-element interferometer measures the cross correlation of the electric field
measured at two different places on the image plane 7.e. the earth’s surface. This
correlation coefficient is equal to a component of the Fourier transform of the radiation
intensity distribution in the sky (or sky brightness distribution). Thus, a given baseline
of an interferometer measures one Fourier component of the source. To construct the

source we need to measure all (as many as possible) the Fourier components of the

monochromatic point source, the variations of the electric field at any two point in space are completely
correlated.

tOmne of the reason for the phase difference between wavefronts reaching the earth at two different
points is: as the earth rotates the ‘hour angle’ increases and so the ‘phase difference’ between the two
signals in a two element interferometer changes. The rate at which this happens is called the ‘fringe
frequency’. This needs to be compensated in a long baseline interferometer.
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source. The two-element interferometer (e.g. PTI, (Norris et al. 1988B and Norris
et al. 1992)) achieves resolution in the direction parallel to the projected baseline. In
this way one is limited to a few kinds of scientific investigations. Earlier attempts (Mills
1952) using a two-element interferometer allowed observers to measure angular sizes
of discrete radio sources. One can extend this idea to multi-element interferometry by
using many combinations of two-element interferometers. Then the angular resolution
equivalent of a “single dish” with the dimension of the largest baseline can be achieved,
while at the same time increasing the total number of Fourier components measured.
Thus, aperture synthesis is aimed at obtaining high angular resolution maps of radio

sources using a large number of Fourier components measured simultaneously.

2.4.1.2 The principle of aperture synthesis

The two-element interferometer is an important building block in the synthesis of larger
apertures (Ryle & Hewish 1960). A filled aperture antenna has all element spacings,
from zero to some upper limit fixed by its maximum dimension, with their relative
weighting determined by the geometry of the antenna surface and the feed system;
whereas as discussed above, a two-element interferometer of a given baseline measures
one Fourier component of the source, corresponding to that baseline. To obtain a
large number of Fourier components and thereby high angular resolution in all direc-
tions, Ryle and his co-workers in Australia (Ryle & Hewish 1960, Christiansen 1953,
and Mills & Little 1953) extended the two-element interferometer to multi-element
interferometry.

If the phase as well as the fringe amplitude can be found for a number of baselines
then we may be able to do inverse Fourier transform and find the two-dimensional
sky brightness distribution.? To measure a large number of Fourier components of the
source, we can either deliberately vary the relative positions of the antennas in time
and/or have several elements. Another method of measuring large number of Fourier
components of the source is to use the rotation of earth to change the aspect of base-
line(s). This type of antenna system with multi-elements is called an array. The term

array, now applied to a collection of antennas whose outputs are correlated pairwise,

tvan-Cittert Zernicke Theorem
A radio-astronomical interferometer measures the cross-correlation of the signals measured at two
different places on the image plane. Thus

Ry, = < E|.E, >,

where R;; is the correlation coefficient and it is equal to the Fourier transform of the sky brightness
distribution. This statement is called the van-Cittert Zernicke theorem.
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is essentially a large number of two-element interferometers operating simultaneously.
An array which contains all of the relative"positions of a filled aperture is called a
‘skeleton array’. One can obtain a particular “system response pattern” (response of
the instrument to a point source, see Section 2.4.1.3) by combining the outputs from
many antennas with a given‘ set of baselines. Arrays of antenna elements are essen-
tially probes of the spatial coherence (also termed as the visibility) of the radiation
field. With a large number of elements suitably connected, a sufficient number of
spatial coherence components can be measured in a reasonably short period of time
in order to obtain a satisfactory reconstruction of the angular brightness distribution.
The baseline coverage is augmented both by the earth’s rotation, and by changing the
relative positions of the antennas themselves.

If the number of spacings cover all baselines up to some maximum (up to the
diameter of an equiira,lent aperture) then we have synthesized a fully filled aperture.

However, typically we have a limited number of baselines and so the aperture is only
partially filled.

2.4.1.3 Interferometry techniques

The two-element interferometer provides high resolution by correlating the signals of

the two antennas. The correlation is normally achieved by multiplication of the sig-
| nals, which produces a spatial modulation of the primary beam of the antennas with
interference fringes. In this way fine structure is introduced into the primary beam to
increase the resolution.

A schematic diagram illustrating the geometry for two antennas receiving a signal
from a point source of monochromatic radiation of frequency w is shown in Figure 2.1.
A voltage V' proportional to the electric field E caused by the source is generated at
the feed of each telescope, at slightly different times. This time difference is called the
geometric delay and is denoted by 7. The voltages at the multiplier input are

Vi <« E cos (wt),

V2 x E cos [w(t — 7)]
=E cos [wt — (2rB/X) cos 6],
where B is the separation of the two antennas, ) is the wavelength of the radiation
and § is the angle between the point source and line joining the two antennas. The

expression (B/M)cos 6, the interference term, gives the phase path length difference of
the radiation travelled along the two possible paths. The diurnal motion of the Earth
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Figure 2.1: Two element interferometer.

causes 8 to vary with time. The output R(t) of the correlator after a high frequency
term is rejected by a low pass filter is

R(t) « S cos [(2mrB/)) cos 6(t)].
This is the basic equation of interferometry. Here, E? has been replaced by S. Or
R(t) « S cos [2m B.s(t)],

where B is the physical spacing of the interferometer in units of wavelength and its
direction is that of the line joining the elements. s gives the direction to the source.

In a connected element interferometer, the signals from individual telescopes are
correlated in real time. The present day connected element interferometry uses several
elements to occupy some of the positions that are present in a large aperture. The
relative positions get changed due to the rotation of the earth. If a radio source is
followed in its diurnal motion by all the elements, the relative positions between the
antennas as viewed by the radio source, change both in length and orientation. Thus,
by utilizing both the rotation of the earth and many elements suitably placed, very
large apertures can be synthesized.

The response of a two-element interferometer to an extended source can be ob-

tained by considering the source to be a collection of point images and summing their



24 Chapter 2. Motivation and methodology

individual responses. Therefore, the response to the extended source is
x / do I(0) cos 27 B.(s(t) + o)),

which is the response to a point source (previous Equation) integrated over the source.
In this Equation, o denotes the spatial variable in the plane of the sky and I(o) is
the true brightness distribution of the source on the sky. If s is the phase center, any
other point is denoted by s(t) + ¢, I(0) describes the brightness distribution (angular
distribution of the power), and the flux density of the source is equal to [do I(o).

Since the angular size of the region observed is limited by the extent of the antenna
response (typically less than one degree), the phase term in the above equation can be
expanded to first order for sufficient accuracy.

B.(s + o) = Bs(t) + Bo

= B.s(t) + b.o.
Since ¢ is nearly perpendicular to s , only the projected spacing b is used in the second
term of the cosine. The response becomes

R(t) = /_Z do I(0) cos [27 B.s(t) + 27 b.ol.

This may be expanded into

R(t) = cos (2r B.s(t) / do I(o) cos (27 b.o)

— sin (27 Bs(?)) /_ ” do 1(0) sin (2r b.o)

R(t) = m[ exp {127 Bs(t)} || : do I(o) exp {i27 b.o}
= R[V(b) exp {i27 B.s(t)}]

where
V(b) = /oo do I(o) exp {i2r b.o},

Is the complex visibility of the source. The components of b (in units of wavelengths)
along east and north directions are denoted as u and v respectively. The integral,
denoted as the visibility function V, is a complex number. The amplitude of V is
proportional to the amplitude of the fringe pattern while the argument of V equals
the phase shift in the fringe pattern from that of the response to a point source at the
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phase center. From the above equation the visibility function is obviously the Fourier
transform of the brightness distribution.

In practice, a Cartesian coordinate system, moving at the diurnal rate in the neigh-
borhood of the source, is used. Let s = (o,d) and o = (z,y), where, z is an eastward
displacement from ¢, and y is a northward displacement from §. With such a coor-
dinate system, and the convention that the phase increases for a source displacement
towards the north and the east, we get

V(u,v) = /da:/dy I(z,y) exp {+i27 (uz + vy)}.

Thus for an extended source the emission may be recovered from the observed response

by performing the inverse Fourier transform

I(z,y) = /du / dv V(u,v) exp {—i27 (uz + wvy)}.

Since I(z,y) is real, V(-u, —v) = V*(u,v). Thus at any instant the correlator
output provides a measure of the visibility at two points in the (u, v) plane. In practice,
the spatial coherence function V is not known everywhere, but is sampled at particular
places on the (u,v) plane.

As an interferometer observes a point on the celestial sphere, the rotation of the
earth causes the u and v components of the baseline to trace out an elliptical locus.
This ellipse is the projection onto the (u,v) plane of the circular locus traced out by
the tip of the baseline vector. For an array of antennas, the ensemble of elliptical
loci is known as the sampling function. The sampling can be described by a sampling
function S(u,v), which is zero where no data have been recorded. Then instead of the

previous equation, one actually calculates
IP(z,y) = /du/dv V(u,v) S(u,v) exp {—i2n (uz + wvy)}. (2.1)

Radio astronomers often refer to I2(z, y) calculated this way as the ‘dirty image’; its
relation to the desired intensity distribution I(z,y) is seen by using the Fourier theorem

I°(z,y) = I(z,y) * B(z,y), (2:2)
where the ‘*’ denotes convolution, and
B(z,y) = /du/dv S(u,v) exp {—i27 (uz + wvy)},

is called the synthesized beam or ‘point spread function’ or ‘dirty beam’ corresponding
to the sampling function S(u,v). Equation 2.2 says that IP is the true intensity
distribution I convolved with the synthesized beam B.
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We can measure only I?, the Fourier transform of the sampled visibility function,
and not I . The dirty beam can be thought of as composed of two parts: a compact
central Jobe surrounded by a series of sidelobes that can initially be strong and fall off
with distance from the central peak. A deconvolution (Cornwell & Wilkinson 1984)
algorithm solves the convolution equation for an estimate of the true sky brightness I.
The following is a discussion on the simplest and also the most widespread deconvolu-
tion algorithm called CLEAN (Hégbom 1974).

The ‘CLEAN’ Algorithm:

CLEANing corrects a map for the presence of sidelobes described above. It is a band-
limited deconvolution in which the brightness distribution is decomposed into a sum
of beam patterns.

The ‘CLEAN’ algorithm provides one solution to the convolution equation by rep-
resenting a radio source by number of point sources in an otherwise empty field of view.
A simple iterative approach is employed to find the positions and strengths of these
point sources. The final deconvolved image, usually known as the ‘CLEAN? image,

is the sum of these point components convolved with a ‘CLEAN’ (usually elliptical
Gaussian) beam.

The basic steps are:

1. Find the peak brightness in the “dirty” (observed) map and log its position and
amplitude.

2. Position the centre of the synthesised beam pattern, or “dirty” beam, there.

3. Multiply the “dirty” beam with the émplitude of the peak times a number called
the loop gain, which is typically 0.1 and is always less than 1.

4. Subtract the multiplied “dirty” beam from the “dirty” map.

5. The result will be a residua] map which in the next step will be considered as the
new “dirty” map.

6. Steps 1 to 5 are iterated until some cutoff level has been reached. The usual
criterion for stopping the iterations is when the noise level has been reached, i.e
when we believe that all the real emissio from

' n has been identified and removed from
the dirty map.
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7. The clean components found by the iterative procedure are convolved with a
restoring, or “clean”, beam corresponding to the appropriate resolution of the
interferometer. These elliptical Gaussian components are then added on to the

last residual map. The resulting image is called the “clean” map.

2.4.1.4 Very Large Array

The Very Large Array (VLA) is a 27 element interferometric array (each element is
of 25 m diameter) laid out in “Y” shape, stationed in New Mexico, US. It produces
images of the radio sky at a wide range of frequencies and resolutions. The basic data
produced by the array are the visibilities, or measures of the spatial coherence function,
formed by correlation of signals from the elements of the array. The most common
mode of operation uses these data, suitably calibrated, to form images of the radio sky
as a function of sky position and frequency. Another mode of observing (commonly
called phased array) allows operation of the array as a single element through coherent
summation of the individual antenna signals. This mode is commonly used for VLBI
observing and for observations of rapidly varying objects, such as pulsars.

The VLA can vary its resolution over a range exceeding a factor of ~ 50 through
movement of its component antennas. There are four basic arrangements, called con-
figurations, whose scales vary by the ratios 1 : 3.2 : 10 : 32 from smallest to largest.
These configurations are denoted D, C, B, and A respectively. In addition, there are 3
‘hybrid’ configurations labeled BnA, CnB and DnC, in which the North arm antennas
are deployed in the next larger configuration relative to the SE and SW arm antennas.
These hybrid configurations are especially well suited for observations of sources south
of § = —15 degree or north of 6 = 475 degree. Figure 2.2 shows VLA array antenna
positions during our observations.

Observing time intervals on the VLA vary in duration from as short as 1/2 an hour
to as long as several weeks. Most observing runs have durations of a few hours, with
only one, or perhaps a few, target sources. However, since the VLA is a two-dimensional
array, images can be made with data durations of less than one minute. This mode,
commonly called ‘snapshot’ mode, is well suited to.surveys of relatively strong, isolated
objects.

The VLA correlator has two basic modes, Continuum and Spectral Line. In Contin-
uum mode, the correlator provides the four correlations (RR, RL; LR, LL; where R and
L refer to right and left circular polarisations) needed for full polarimetric imaging at
both sidebands. This mode is particularly well suited to high sensitivity, narrow field-
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Figure 2.2: VLA array antenna positions (inset shows inner 500 x 500 m?) during our
observations.

of-view studies. The Spectral Line mode is a spectrum-measuring mode principally
intended for observing spectral lines.

2.4.2 Very Long Baseline Interferometry

Very Long Baseline Interferometry (VLBI) was born in the mid 1960’s out of the wish
of astronomers to achieve better angular resolution than a regular radio interferome-
ter. It is a special case of the aperture synthesis and is an extension of interferometric
techniques to the largest obtainable baselines. With telescopes separated by intercon-
tinental distances and operating at cm wavelengths, a resolution of about 1 mas can be
achieved. This is the highest angular resolution achieved in any branch of astronomy.

VLBI observations are now conducted regularly at many radio observatories around
the world at cm wavelengths.
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2.4.2.1 VLBI techniques

While the basic principle of VLBI is similar to connected element interferometry, it
differs from the normal connected-element radio interferometry in several aspects. In
a conventional radio interferometer the radio telescopes are linked to a common clock
to maintain coherence of the signals from each telescope which are brought together,
through appropriate delays, to be correlated in real time to produce the interferometric
fringes. This type of operation is not usually possible in VLBI, because of very long
distances between two elements. Mainly the cost considerations have prevented direct
communication links to be established. '

There are two main technical differences between VLBI and conventional radio
interferometry. First, in VLBI each observatory relies on its own highly stable clock to
maintain coherence. For mas-resolution a hydrogen maser is usually employed. This
has a precision of one part in 10!* which is adequate; indeed coherence times are then
limited by atmospheric effects. Coherence times range from 100 s at 7 mm wavelength
up to tens of minutes at cm wavelengths. Second, the data from each VLBI station are
separately digitized and recorded onto magnetic tape for subsequent processing. Later
the tapes are brought together and the data correlated to produce the interferometer
fringes. The recording system used has high sensitivity and large bandwidths.

Another difference with connected-element radio interferometry has evolved in the
way VLBI data are processed to make radio maps. Compared with most conventional
radio interferometers, a VLBI array is very sparse and irregularly filled. Also the abso-
lute phase of the interferometer is virtually impossible to determine. Special mapping
techniques, viz., self-calibration (or hybrid mapping), have been developed to deal with
this situation. The Self-calibration technique (see below for a discussion on it) makes
use of the redundancy in the data to determine corrections for telescope dependent
errors.

Further differences compared to connected element interferometry result from the
varied sizes, construction and locations of each array element which are normally used
as multipurpose radio astronomical instruments not optimized for VLBI. The locations
of the participating VLBI-antenna elements on the earth’s surface are in some sense
a random distribution with baseline lengths ranging from several 100 kms to nearly
10,000 kms (Figure 2.4 shows a global map with positions of individual antennas used
for our experiment). Therefore the coverage of the so called (u,v) (or projected base-
line) plane changes with the experiment and is often quite sparse. The process of
recovering the source brightness distribution from the measured interference pattern
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(the visibility function) uses deconvolution procedures (e.g. the “CLEAN” algorithm
or Maximum Entropy Mapping (Narayan & Nityananda 1986)); they have come to
play a major role in enhancing the quality of the images obtained with VLBI and/or
connected arrays.

The quality of the VLBI images is determined by several factors - the number of
telescopes, their collecting area, their relative geographical location, and the celestial
coordinates of the source being observed - all of which govern the efficiency with which

earth rotation synthesises the large aperture of the array.

Self-calibration: Self-calibration is the correction of the effect of telescope depen-
dent calibration errors on the deconvolved image. If there are three or more telescopes

in the array we can construct quantities of the form

Pro3 = @12 + o3 + ¢,

where ¢; is the phase angle on the baseline formed by stations 7 and 5. These quantities
are known as closure phases, and depend only on the structure of the radio source. In-
strumental and/or atmospheric/ionospheric phase errors introduced at any one station
will appear twice in the closure phase equation with opposite sign, and so will cancel.
For an array of n > 4 telescopes the number of independent closure phases exceeds the
number of telescopes, and so it is possible to solve for the telescope-dependent phase
errors. There is a penalty; the absolute phase information is lost.

A generic mapping algorithm incorporating self-calibration proceeds as follows:

(a) Choose an initial model Imedel ¢ o point source.

(€) Solve for the antenna phase errors using the least-squares criterion.
(f) Correct the observed visibilities for the antenna phase errors.
(g) Form a new dirty image from new visibilities.

h) Fo ode i
(h) Form a new mode] J™model 1y, CLEANing the new dirty image.
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(1) Go back to step (b) and repeat until the process converges.

In a similar way closure amplitudes of the form

rnay be constructed from the fringe amplitudes a;; on individual baselines, and used to
determine telescope dependent gain errors.

A.mplitude calibration: The power received by a radio telescope is given by (e.g.,
Roolfs 1986)

1
P =zhv / L,(S) A(Q) dO,

where I, is the specific intensity of the source as a function of solid angle {2, A is the ef-
fective collecting area of the antenna and Av is the receiver bandwidth. By the Nyquist
theorem, the received power can be related to an equivalent antenna temperature Ty
by the relation

P = kT4 Av,

where k is the Boltzmann’s constant. If the source is small with respect to the antenna
beam, the usual case in VLBI, then A can be taken out of the integral as a constant.
The integral of the intensity is the flux density S, so that

SA

Ty = o
For a VLBI system, based on a quantised signal representation, the computed correla-
tion function p, is converted to temperature units by multiplication by the geometric
rmean of the system temperatures, Ty and Tsy. As suggested by the above equation,
the conversion to units of flux density is accomplished by multiplying by 2k /AL As.

Hence the relation between visibility and normalised correlation is

Tsl Ts2

1
Vip = .1026.5[——-——] 7,
12 p TA], TA2 (Y)

where the areas are in m2. In terms of the complex antenna gain g;

/2

47 [Ty Tea ]

Vio = p.2k .10% [——] [-———’ 8} Jy),
12 = p ) | 0 o Jy)

where k is in watts K.
The RMS sensitivity is proportional to the term in brackets. Thus the quantity

used to describe performance of a station is the system temperature T, in units of Jy.
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Thus, the amplitude calibration requires measurement of the receiver temperature
and the antenna gain curve. The former is obtained from tipping scans and the latter
is obtained by measuring the antenna temperature of a source as a function of the
zenith angle. The ratio of the two provides the necessary calibration for the visibility

amplitude.

2.4.2.2 The Very Long Baseline Array

The Very Long Baseline Array (VLBA) is an array of ten, 25 m diameter antennas
distributed over the territory of the United States (Napier 1995). It is the first astro-
nomical array dedicated for observing by the method of VLBIL. The VLBA offers (1) in
absentia, year-round antenna and correlator operation; (2) antenna locations selected
to optimize (u,v) plane coverage; (3) 9 receivers in the range 90 cm to 7 mm at each
antenna; (4) quick computer control of receiver selection and of frequency selection for
a given receiver; and (5) smooth integration of data flow from the acquisition to the
processing stages.

2.4.2.3 The European VLBI Neéetwork

The European VLBI Network (EVN) is an interferometric array of radio telescopes
sp;ead throughout Europe and beyond. It conducts unique, high resolution, radio
astronomical observations of cosmic radio sources. It is the most sensitive VLBI array
in the world, thanks to the collection of extremely large telescopes that contribute to
the network. _

In addition to “EVN-only” observations, the EVN array often links-up with the
Multi-Element Radio Linked INterferometer (MERLIN), an interferometer network of
telescopes distributed around the southern half of the UK. In this extended mode, the
baselines of the EVN-MERLIN array ranges from a few tens to many thousands of kilo-
meters. The EVN-MERLIN array is thus sensitive to a wide range of radio structures
from the arcsecond scale to the milli-arcsecond scale. The EVN also observes simul-

taneously with the US VLBA, so-called “global VLBT’, obtaining submilli-arcsecond
resolution at frequencies higher than 5 GHz.

2.4.24 The phased arrays as VLBI elements

Men sensitivity is important to a VLBI experiment, it is advantageous to use all the
available antennas at 5 single geographical location as a phased array (Wrobel et al.
2000B) element in a VLT network. The signals from the antennas are summed after
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correcting for geometric delay and phase. For a phased array of N identical antennas,
a beam with an angular width of A/d, is formed, where d, is N~1/2 times the diameter
of each antenna, thereby increasing the sensitivity of the station as a VLBI unit, by a
similar factor.

The normal procedure is to phase the array on a calibrator source which is nearby
in the sky to the programme source. If the programme source is strong enough, it can
be used for this purpose. Instrumental phases are derived and the results applied to
the received signals before summation. Since the array will slowly dephase with time,
the phasing sources must be observed periodically and the phases readjusted.

The VLA often participates in VLBI observations along with the VLBA (Section
2.4.2.2), and in Global Network sessions. The VLA has a data acquisition system for
writing on instrumentation tapes in VLBA formats, a hydrogen-maser frequency and a
time standard. Rather than recording a system temperature, the VLA system records
the ratio of antenna temperature to the system temperature, which varies as the array
phases up. The flux density of each of the program sources must be used to calibrate
the amplitudes on VLBI baselines involving the VLA for that source. Together with the
ratio of the antenna and system temperatures for the VLA, the total flux densities of
each VLBI source at the epoch of observation are required to form the correct coefficient
to calibrate the amplitudes for the VLBI baselines that include the VLA. These total
flux densities are obtained from the reduction of the interferometric VLA data that are
obtained in parallel with VLBI data from the phased-VLA.

2.5 Construction of our sample

2.5.1 Bona fide Seyfert galaxies

Often the similarities between the nuclei of Seyfert galaxies and QSOs have been
pointed out (Seyfert and starburst galaxies: Dahari & De Robertis 1988, LINERs and
radio-quiet quasars: Falcke 2000, Low-Luminosity AGN: Nagar et al. 2000, etc.) and
numerous efforts have been made to demonstrate a continuity between these objects.
Any Seyfert sample is rarely ever free from starburst galaxies, LINERs (low;ionisation
nuclear emission line regions), radio-quiet quasars or radio-loud objects. In order to
specifically limit our study to Seyfert galaxies, we confine our sample to (a) radio-
quiet AGNs sitting in spiral hosts, thus avoiding any confusion due to the dichotomy of
host-galaxy type which may be linked with the radio-loud/radio-quiet dichotomy, and
(b) objects with low optical luminosity, in order to eliminate radio-quiet quasars. We
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further define Seyfert 1 galaxies to be those objects which have spectrophotometrically
detected BLRs either with permitted line widths FWHM > 1000 km s~! or significantly
greater than their forbidden line widths.

Thus, we require that the Seyfert galaxies that we select satisfy the following defi-

nition:

o Tts host is a spiral galaxy (Weedman 1977) of Hubble type S0 or later (i.e. SO,
Sa, Sab, Sb, Sbe, and Sc), Sandage (1975).

We restrict our study to spiral hosts and avoid objects of other classes. Radio-
loud AGNs tend to reside in elliptical host galaxies (Urry & Padovani 1995) and
radio-quiet AGNs inhabit mostly spiral galaxies.

» Objects that have low optical luminosity, Mp > ~923 (Schmidt & Green 1983).

o Tt is a radio-quiet object, i.e. the ratio of 5 GHz to B—Band flux density is less
than 10 (Kellermann et al. 1989). The distribution of radio flux density for the
BQS sample appeared bimodal. The radio-quiet objects were the ones which had
radio flux density comparable to the optical flux density.

o nuclear line width of Seyfert 1, HBpwan (or Horwar ») is more than 1,000 km s~}
(Khachikian & Weedman 1974), and line intensity ratio of [O III] A5007 to H is
greater than 3 for Seyfert 2 (Dahari & De Robertis 1988).

LINERs or H II region galaxies never have nuclear HBrwrm (or Harw mm) line
width more than 1,000 km s™! (Peterson 1997, p. 24), they also never show line
intensity ratio of [O III] A5007 to HB greater than 3 (Krolik 1999, p. 318). Thus,

we avoid any likely contamination due to the presence of LINERs and H Il region
galaxies in our Seyfert sample.

2.5.2 Criterion to minimise obscuration of optical properties

N‘ext, we restﬁct our list of objects to those which have ratio of minor to major isophotal
diameter axes of the host galaxies to be greater than half. We thereby exclude edge-
on spir'al hosts, and hence try to minimise obscuration of optical properties due to
: trafxsmmsion through an edge-on galactic disk. Figure 2.3 shows the distribution of the
ratio of minor to major isophotal diameter axes for the final list of objecfs for the two
Seyfert sub-classes. The isophotal diameter ratios are gleaned from de Voucouleurs
et al. (1991) and Lipovetsky et al. (1988) catalogues. We note that Pringle et al.
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(1999) and Nagar & Wilson (1999A) have shown that there is no correlation between
the host galaxy rotation axis and the direction of the radio jet.
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Figure 2.3: Histograms showing distribution of ratio of minor to major isophotal diameter
axes (b/a) for the two Seyfert sub-classes (final sample).

2.5.3 Criteria for the feasibility of our experiment

We needed to achieve pc-scale resolution with high sensitivity. The sensitivity of an
array is defined by the System Equivalent Flux Density (SEFD; Wrobel 1995, 2000A).
The typical zenith SEFDs can be used to estimate root-mean-square (RMS) noise levels
on a baseline between 2 VLBI stations.

Determination of the System Equivalent Flux Density
The RMS thermal noise AS in the visibility amplitude of a single polarization
baseline between antennas 7 and j is (Wrobel 1995, 2000A)

1 /SEFD; x SEFD;
AS = — x Jy,
Ns V2XAv X T
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and between two identical antennas ¢ and j is

1 SEFD

as = 77_5' X V2XAVXT

where g < 1 accounts for the VLBI system inefficiency, T is the integration time (sec)
for an individual scan, which should be less than or equal to the coherence time, and
Av is the bandwidth (Hz). |

The RMS thermal noise Al, expected'in a single polarization image, assuming
natural weighting (Wrobel 1995) is

Jy,

1 SEFD -1
= — X Jy beam™",
s /N X (N =1) X Av X ting

Al

where N is the number of antennas used and t;,; is the total integration time on
source. For example, the image sensitivity for a total on-source integration time of 8
hours with the full VLBA recording at the maximum data rate (128 Mbits sec™?) is
Al, ~ 45 pJy beam™L.

The RMS noise level o on a baseline between 2 VLBA antennas for a data rate
of 128 Mbits s~!, 2 minute scan integration time, and 6 cm observing wavelength is
4.7 mJy (Wrobel 2000A). A signal of 6 ¢ is required to ensure reliable detection of the
correlated signal; i.e., the minimum detectable correlated flux density on each baseline
1s 6 x 4.7 = 28.2 mJy. Increasing the scan integration time will decrease the detectable
flux density on all baselines; adding the sensitive Effelsberg (Germany) and phased-
VLA to the array will provide additionally reduced detectable flux densities on baselines
involving these antennas. We adopted a scan integration time of 8.8 min, since this
is convenient from the point of view of tape consumption, and does not exceed the
expected coherence time at 6 cm. A single tape pass lasts 44 minutes, and it is most
efficient to have the pass duration be an integral multiple of the duration of a scan;
with a scan duration of 8.8 minutes, exactly five scans will fit in each tape pass.

Table 2.1 gives 6 o correlated flux densities on various baselines, for the parameters
adopted for our experiment.

Thus, if we wish to have at least ~ 4 mJ y of correlated flux density, corresponding
to the 6o detection limits for baselines between one of the smaller antennas in the
array and either the phased-VLA or Effelsbe’rg',' the flux density in compact arcsec-
scale structure must be ~ 8 mJy, assuming that 50% of the flux density seen with

arcsec-scale resolution would be detected with the above baselines. Therefore, the
following constraint was enforced.
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Baseline Correlated flux density
Phased-VLA and Effelsberg ~ 0.7 mJy
Phased-VLA and VLBA ~ 2.6 mJy

Effelsberg and VLBA ~ 3.4 mJy
VLBA and VLBA ~ 13.5 mJy

Table 2.1: Table showing 6 o correlated flux densities on various baselines.

The source must have been observed with at least arcsec-scale resolution, at
wavelengths of 6 or 3.6 cms (i.e., VLA A or B array observations at these wave-
lengths) and it must have a detected compact component, at these resolutions
and wavelengths, with flux density greater than & mJy.

Figure 2.4: Geographical positions of the VLBI stations used in our observations.

We decided to use 11 US stations (10 VLBA antennas and the phased-VLA) and
3 EVN stations. Figure 2.4 shows a global map with positions of individual antennas
used for our experiment.

For 6 out of 20 of the objects in our list A¢ . measurements were not available.
We used A3 on VLA A array flux densities and assumed a flat spectral index between
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these two wavelengths for these objects; For the flux density of one of the objects
(NGC 7212), we used single baseline correlated flux density from Roy et al.’s (1994)
work.

This constraint provides us with a reasonable sample size with minimum correlated
flux density that is detectable on baselines involving Effelsberg antenna or phased-VLA.
Torun and Noto stations provided us with a closure triangle in Europe and gave a range
of baseline lengths for the sensitive baselines involving Effelsberg antenna. Similarly
for phased-VLA, VLBA stations spread all over the United States provided us with a

range of baseline lengths for it.

2.5.4 Criteria based on orientation independent parameters

We discussed in Section 2.2 that Roy et al.’s (1994) result is inconsistent with the unified
scheme hypothesis and the inconsistency is only made worse by invoking relativistic
beaming. To rigorously test the predictions of the unified scheme, the purportedly
face-on and edge-on Seyfert galaxies being compared should be intrinsically similar
within the framework of the scheme. They should therefore be selected so that they
are matched in parameters that are orientation independent. We attempt to do this
with orientation independent parameters that are measures of intrinsic AGN power and
host galaxy properties. Such a selection would enable us to test the predictions of the
unified scheme hypothesis rigorously.

From the short list of objects that met the criteria given in Sections 2.5.1, 2.5.2
and 2.5.3 of our Seyfert definition, minimisation of host galaxy inclination, and the
minimum flux density of the compact source, we chose 10 Seyfert 1 and 10 Seyfert 2

galaxies such that the two sub-samples had similar distributions of the following ori-
entation independent observables.

2.5.4.1 Heliocentric redshift

In order to compare the Seyfert 1 and Seyfert 2 galaxies from the same volume of space,
we chose them to have similar distribution of redshift (Figure 2.5).

2.5.42 Luminosity of the [O III} A5007 emission line: Measure of intrinsic
AGN power

It is well known that narrow-line luminosities correlate strongly with nuclear ionising
lTlml.nOSlty (Yee 1980, Shuder 1981). The luminosity of the [O III] A5007 emission
line is clearly associated with the AGN (Whittle 1992B, 1992C, and Nelson & Whittle
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Figure 2.5: Histograms showing distribution of redshift (z) for the two Seyfert sub-classes.

1995) and further, although spatially it could be distributed anisotropically (Pogge
1989, Evans et al. 1991A and 1991B) its luminosity is clearly orientation independent.
We therefore use the [O III]' A5007 luminosity (see Figure 2.6 for distribution of the
[O IIT) A5007 luminosity) as a measure of the intrinsic AGN power (Nelson & Whittle
1995) and we chose only those Seyfert 1 and Seyfert 2 galaxies which had similar range
of [O III] A5007 luminosity.

2.5.4.3 Stellar luminosity of the host galaxy

The host galaxy properties of Seyfert galaxies ought to be orientation independent.
Hence, we chose stellar luminosity of the host galaxy (total luminosity of the host cor-
rected for the nuclear non-stellar and emission line flux, redshift (K) correction, the

internal absorption, and the Galactic absorption) as one of the parameters.

Determination of “corrected” magnitude of the host, Bf:
Most of our sample objects have stellar absolute magnitude of the host galaxy
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Figure 2.6: Histograms showing distribution of [0 IIT] A5007 luminosity for the two Seyfert
sub-classes.

e, Mg tabulated in Whittle (1992A). To determine corrections to total apparent
maguitude, Br (for Mrk 1218, NGC 2639, and Mrk 231), for which Mi% s not available
in Whittle (19924), we stick to the methodology of Whittle (1992A). Four factors,
together called (Am)eomection oonirityite to By, the first is the nuclear non-stellar and
emission line flux, Amy, the second is the redshift (K) correction, Amy, the third is

the correction for internal absorption, Amy;, and the final correction is the correction
due to galactic absorption, Amg.
Thus

B; —_ BT+ (Am)correction,
where ‘

(Am)correction —_ AmA + AmK+Ami+Amg.

The RC3 catalog gives B, i.e. the By corrected for redshift (K) correction, the

correction for interng) absorption, and the correction due to galactic absorption, i.e.

B} = Br + Amg + Am; + Amg.
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We then determine B, using
B% = Bg-v + AmA

Amy, correction due to the non-stellar line and continuum emission is derived from the
two line fluxes Fsoo7 and Fgg, following the procedure described in Whittle (19924).
If only one of Fso7 or Fgp is available, as is the case for NGC 2639, the other is
estimated using Fsoo7/F s = 0.25 for a Seyfert 1.0. As a function of redshift, z, the
effective continuum flux density, F, in ergs s~! cm™? A~! in the B band due to

forbidden and Balmer emission lines is approximated by

FcF = (062 — 352) F5007/980 ‘(Z _<__ 002),
FcF ~ 0.55 F5007/980 (002 <z ‘_<__ 007),
F.y =~ 1.42 Fys/980 (z < 0.03),

Fur ~ (1.51—3.142) Fgg/980  (0.03 < z < 0.07).

The non-stellar continuum luminosity is derived from HpJ, assuming a power law
with spectral index a (F, o v*). The effective continuum flux density in the B Band
is given by

Fo =~ 11002 (1 4 2)@¥2 Fgg/100.
We adopt « = —1.0 for the non-stellar continuum since this corresponds to the canonical

nuclear colors of Seyfert 1 galaxies (@« = —1.0 is equivalent to U — B = —0.75,
B — V = 40.41). The total non-stellar contribution

FcchF+FcH+Fc09

gives
7.2 x107°

),
which is subtracted from BY to give BS for Mrk 1218, NGC 2639, and Mrk 231.
Mictel of the host galaxy is then determined using '

Amy = 2.5 log(

total _ c r
MB - BT 5 loglo (10 (pc)) 3

where r is the distance to the object in parsec. Figure 2.7 shows the distribution of
the total stellar absolute magnitude for the two Seyfert sub-classes.
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Figure 2.7: Histograms showing distribution of total stellar absolute magnitude of the host
galaxy for the two Seyfert sub-classes; values in the bins indicate M*@ for the sources.

2.5.4.4 Absolute bulge luminosity of the host galaxy

Whittle (1992A) has argued that the nuclear stellar velocity dispersion is a measure of
the depth of the gravitational potential within a scale of ~ 3 kpc. Further, dispersion
velocity of stars correlates with the absolute bulge magnitude (Whittle 1992A, Nelson
& Whittle 1995). We took this depth of gravitational potential, and therefore the
absolute magnitude of the bulge (MB)suige, to be an indicator of intrinsic AGN power.

We therefore tried to ensure that our two sub-samples did not differ significantly in the
distribution of this parameter.

Determination of (MB)buige

(MB)buige is available for most of the objects in Whittle (19924). For Mrk 1218,

NGC 2639, Mrk 231, and Mrk 477, we use the formulation adopted by Whittle (1992A).
Thus

(MB)b'u.lge = (MB)total = (Am)disku
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where
(A puige = 0.3247 — 0.0547% + 0.004772,

where 7 = T + 5, and T is the Hubble type (Sandage 1975).

No. of objects
'S
I

9 -20 -21 -22 -23 ~24
Absolute bulge magnitude

Figure 2.8: Histograms showing distribution of absolute magnitude of the bulge (B band)
for the two Seyfert sub-classes; values in the bins indicate absolute bulge magnitude for the
sources.

We find that the distribution of (Mp)puige for the Seyfert sub-samples are statisti-
cally not significantly different.

2.5.4.5 Hubble type of the host galaxy

The Hubble type mainly depends on the size of the nuclear bulge relative to the flat-
tened disk (Sandage 1975). Malkan et al. (1998) have argued that the Seyfert 1 galaxies
are of earlier Hubble type than Seyfert 2 galaxies. We therefore have considered the
distribution of Hubble type of the host galaxy for our sample of Seyfert 1 and Seyfert 2
galaxies.

We use the Hubble type given in the RC3 catalog (de Voucouleurs et al. 1991) for
our sample sources and when not available, we use values from Whittle (1992A) or
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Lipovetsky et al. (1988). The Hubble type of one of the objects, Mrk 1218, which was
unavailable in de Voucouleurs et al. (1991) and Lipovetsky et al. (1988), is taken from
Malkan et al. (1998). We show below, the distribution for Hubble type for the two
classes of Seyfert galaxies.

The distributions are shown in Figure 2.9 and are statistically not significantly
different for the two sub-classes. We have thus controlled for the Hubble type in our
sample. The morphological class given by Malkan et al. (1998) are based on WFPC2,
HST images. We also (Figure 2.10) show below, the distribution of Hubble type for the
two sub-samples of Seyfert galaxies where the Hubble types are preferentially gleaned
from Malkan et al. (1998), 6 out of 10 Seyfert 1 and 7 out of 10 Seyfert 2 galaxies, and
then from RC3 or Whittle (1992A) or Lipovetsky (1988).

Thus, of the 126 Seyfert galaxies that had VLA data in the literature, 52 met
our detectability criterion. 29 of these 54 had all the required parameters listed in
Sections 2.5.1 and 2.5.4 available in the literature. From these 29 we could pick 20 that

met our section criteria and were matched in the orientation independent parameters.

2.5.5 Our Seyfert sample

Our aim was to study the pc-scale radio morphology of Seyfert galaxies so as to test
the predictions of the unified scheme hypbthesis. By matching Seyfert 1 and Seyfert 2
galaxies in the above parameters, particularly [O III] A5007 luminosity (an indicator
of intrinsic AGN power) and stellar iuminosity of the host galaxy, we ensured that
the samples of Seyfert 1 and Seyfert 2 galaxies were intrinsically similar within the
framework of unified scheme. Table 2.2 lists our sample of Seyfert galaxies giving all
the parameters that were used to construct the sample, viz., ratio of minor to major
axis of the host galaxy, the radio flux density of the compact component, redshift,
(@ ITI] A5007 line width, [O ITT] A5007 luminosity, the ratio of emission line intensities
of fluxes in [O IIT] A5007 to H B, stellar luminosity of the host galaxy, bulge absolute
luminosity and Hubble type for the two Seyfert sub-classes.

The fact that we avoided edge-on host galaxies results in a selection of sample
of Seyfert 1 and Seyfert 2 galaxies differing in one intrinsic respect. Current studies
indicate that the orientation of the AGN axis (and therefore the radio-jet) relative to
the host galaxy axis is random (e.g. Pringle et al. 1999). Thus it follows that our
sample has a paucity of Seyfert 1 galaxies with their radio-jets in the host galaxy plane
and similarly there is a paucity of Seyfert 2 galaxies with their jet-axis perpendicular
to the host galaxy plane. If the gaseous inter-stellar medium of the host galaxy has an
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effect on the propagation of the jet through it, then it implies that there is a physical
difference in this respect between our Seyfert 1 and Seyfert 2 galaxies.

2.6 Summary

One of the challenges to the unification scheme is the low detection rates of compact
radio structures in Seyfert 1 galaxies as compared to Seyfert 2 galaxies. We -address
this by probing the mas-scale radio structures for a sample of Seyfert 1 and Seyfert 2
galaxies selected to be intrinsically similar. We do this by constructing a sample of
orientation independent parameters, viz., measures of intrinsic AGN power and host
galaxy luminosity. The sub-classes (Seyfert 1 and Seyfert 2 galaxies) are also matched in
the distributions of redshift and Hubble type. Edge-on host galaxies have been avoided
- to minimise the effect of the galactic disk on the optical properties. However, there is
one respect in which the two sub-classes of Seyfert galaxies differ, viz., the paucity of
Seyfert 1 galaxies with their radio-jets in the host galaxy plane and Seyfert 2 galaxies
with their jet-axis perpendicular to the host galaxy plane.
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sample, with the parameters that were used to constraint it.
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Chapter 3

Observations and results

3.1 Introduction

We have obtained images of our sample of Seyfert 1 and Seyfert 2 galaxies with mas-
scale resolution at 6 cm using Very Long Baseline Interferometry (VLBI). Here we
describe the observations and data reduction procedures, and present the radio im-
ages. We discuss-their radio properties at arcsec and mas-scales in the light of past
observations in Sections 3.2 and 3.3 respectively. Section 3.4 describes the results and
analysis.

3.2 Observations

We were awarded 24 hours of observing time of the requested 36 hours to observe
our sample of Seyfert galaxies (Chapter 2) with the global VLBI array. We could
thus observe only 15 of the sources from a total of 20 sample sources. We chose only
those objects that had not been observed previously at mas-scales at 5 GHz. This
allowed us to exclude Mrk 231 (Ulvestad et al. 1999A), NGC 4151 (Ulvestad et al.
1998B), Mrk 348 (Barvainis & Lonsdale 1998), and Mrk 926 (Mundell et al. 2000).
By excluding NGC 5135 (Seyfert 2.0) which is a low-declination object we could fit in
15 of our sample objects into the 24 hours of award time and obtain sufficiently good

coverage on each object.

3.2.1 VLBI observations

As described in Chapter 2, VLBI observations were performed using the US and Euro-
pean VLBI networks (EVN). We used 10 VLBA, phased-VLA, and 3 of the EVN stations
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viz. Bffelsberg (Germany), Torun (Poland) and Noto (Italy). Torun (Poland) and Noto
(Italy) telescopes were added to provide short baselines for Effelsberg antenna and to
give a closure triangle in Europe. Figure 2.4 shows a global map with positions of
individual antennas used for our experiment. Table 3.1 summarizes the log of VLBI
observations.

A single VLA antenna has the same system-equivalent-flux-density as a VLBA an-
tenna. When all the 27 VLA (Figure 2.2) antennas are phased, then the baselines
between the phased-VLA array and any VLBA antenna is about 4-5 times more sensi-
tive than baselines between any two VLBA antennas; which is similar to the sensitivity

on Effelsberg and any VLBA antenna baseline.

Observing date :  February 18, 1998

Stations : 10-element VLBA, Phased VLA, Effelsberg, Noto and Torun
Wavelength : 6cem

Bandwidth : 50 MHz

Aggregate bit rate : 128 Mbits s—!
(8 baseband channels at 16 MSamples s=* of 1 bit samples)

Processor : Socorro, New Mexico, USA

Table 3.1: Observing log.

Short observations of four compact bright sources, viz., 3C84, 3C345, DA193, and
4C39.25 (Table 3.2) were included in the VLBI schedule as ‘fringe finders’. Detection of
these sources provides a general test of the success of the VLBI experiment in terms of
the setup at each VLBI station, the station coordinates, source coordinates etc. Seyfert
galaxy targets are too weak to be used to phase the VLA array, hence we observed VLA
phase calibrators for the phasing (see also Section 3.2.2). The VLA phase-calibrators
were observed during the slewing of the VLBI stations, taking advantage of the very
high slewing speeds of the VLA antennas.

We used HAZI (Pearson 1994) to generate the (v, v) tracks, and UPTIME (Pearson
1995) to generate source rise and set times at each station and prepared the sequence
of sources observed in snapshot mode in order to maximise (i) number of scans, (ii)
the (u,v) coverage and (ifi) inclusion of as many stations as possible in each scan for
each source. For scheduling we used SCHED developed by NRAO I
generates a VLBA tape control file for each of the :catio:l’s involv o Tone

ed in the experiment.
It also prepares an “observe” file for the VLA,



51

Observations

3.2.

01 ,81,00.1T+
012 ,81,00,11+
£€20°,50,LT.80—
€08, C1,EP.L0+
eIV ,LG,8C.8¢+
9% ,,92,60.,L0+
139,412,088+
N.wm..:wuH\MNovmu—l
9€9°,,00,L0,08+
620 ,1C,£1.6%+
€60°,,82,79. 70+
861" ,£0,1¥.69+
209, ¥¥,10,09+
199 89,8179+
6S0°,,05,01.2€+

0S8 507 wO0EYET
3098 s07wOEyES
LESE s TEwETET
TE0€ e LTwlSyTT
604V s68w9EyTT
1466 s 1€wIGy1Z
6V6L PSSy T
PL6S 9P wBL b1
0380"«2Swl1yTT
L9TT" s€TwTEYS0
TLVT 0P wlEy80
1480 c0€wLEyL0
Y6V s 1805490
€0€9" sSEwP0y90
1000":G€w6TyT0

011+088T
0TT+0€€2
¢80—€TET
LLO+LSTT
¥8¢+9€2¢
1L0+1€1%
€Le+8S%1
ePe+61¥1
10€+2121
267 +2€80
6P +LESO
96S+L€.L0
009+0590
¢Pr+3090
1¢8+6110

£48°,02,20,6€+
991 .tmwvswvoamuuf
£66°',,9€,8V.66+
901", 2¥,08.TH +

096°,,¢€,08.06+

026°146S,1€080+
0ET",;¥¥,9%.80+
096" 48,7 1,00+
021°,9¢,0%.80+
1.8 ,,0€,E¥%.6C+
069,007 101+
0ZV b 1,07,19+
290°,91,08.88+
00¢",97,8¥.6C+
£40°,02,21,06+
¥26" 407,899t
084 1,L8,01599+
L¥6°,¥¥,08,09+
804 418,997+
LS9 »1C,90088+

6€10" 68020460
9908 s08wSGyS0
6608 s8S5wChy91
109T" +8%w614E0

688G s80w1EyEl

0816 5€0:u6ZyET
021L ¢9%wllyET
0899 s95w8T €2
0919"6CTwE04ET
GGGE" «6EwTTyTT
060" s20wl0yTT
091" 490w9T ST
€460+ 8EwOFyF1
0L1S 9 wSTT1
2.0 +8CwEhy80
€576 s0TwS8Ey80
P8EL s Thuwlhyl0
€099’ $80:0%490
LOTY s€SwSyS0
PLIT sL0wITyT0

GT 68DV
£61YU
igholy
¥80¢

goe+18¢el

289. DON
€8S TN
0€S AN

69%. DON
P9S 11y

¢12L DON

6669 DON
LIV N
99 FIN

6£9¢ DON

8T¢T AN

8L 1IN

€422 DON
IT-11-8 DONW
TN

s1opuy adurLLg

I07TRIQIEY A}SUIp XN{q

§301N0S 19418,

(0002€)

29(

A4

107R1qU[E) 95EYJ

(0002r)

2(

Yd

199(qQ

, VLA phase calibrators, flux density calibrator

10ns

Target sources of our observat

Table 3.2

and VLBI fringe finders.



52 Chapter 3. Observations and results

3.2.2 VLA observations

The simultaneous VLA data for the sample due to the phased-VLA being one of the
stations in the VLBI array, was an advantageous addition to our database. As discussed
earlier (Section 2.4.2.4), when the VLA participates as a phased-array VLBI element,
the “VLA-only” correlated data are also written onto a disk. We were awarded 24.5
hours of VLA time for the VLBI observations and we observed the flux density cali-
brator 1331+305 (3C286) (Table 3.2), in the additional 1/2 hour of time. “VLA-only”
aperture synthesis data for Seyfert galaxy targets were obtained whenever the VLBI
array was observing these targets. Phase calibrators were selected from the A-category
NRAO list (‘S’ class unresolved calibrators, chosen such that the separation between
the target source and the phase calibrator is smallest). These phase calibrators served
the dual purpose of acting as bright enough sources to phase the VLA for the VLBI
observations (Section 3.2.1) and interleaved phase calibrators for the “VLA-only” aper-
ture Synthesis data. Since these calibrators were observed during the slew times of the
other VLBI stations, they got interleaved between the targets in the “VLA-only” ob-
servations conforming to the standard procedure. The target sources thus had data in
snapshot mode with 8.8 min on each source and ~ 2 min on the corresponding phase
calibrator.

The centre wavelength and bandwidth of the observations are the same as that of
the VLBI observations.

Table 3.2 gives the list of Seyfert galaxies and the corresponding VLA phase cali-
brator used for each of them.

3.3 Data reductions
3.3.1 VLBI data

The data recorded at each station were correlated at the VLBA correlator in Socorro.
The amplitude calibration was carried out using the gain curves supplied by each

station and the system temperature measured before and after each 8.8 min scan

in each baseband channel. The flux densities of the programme sources were used

together with the ratios of the VLA antenna and system temperatures to calibrate the
amplitudes of baselines involving the VLA. The phases in each baseband channel were
aligned, and then used to solve for the (small)
imaging, the data were averaged over frequenc
time of 30 seconds).

residual phase and delay offsets. Before
¥, and then over time (with an averaging
All the calibration and imaging were carried out using the NRAO
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Astronomical Image Processing System (AIPS, AIPS Cookbook 1999) package.

" The resulting errors in the visibility amplitudes are about 5% or less, as indicated
by the compact fringe finder DA193 (S = 5.38 Jy). Finally, as part of the iterative
imaging procedure, the assumed antenna gains were calibrated along with the source
structure (hybrid mapping) to obtain the best fit. We did the phase-only calibration
while doing self-calibration in the iterative imaging procedure. The process of iterative
self-calibration procedure to correct for the complex gains of individual antennas was
halted when the image quality and the RMS noise stabilized. Since the phased-VLA
is more sensitive than the other antennas, we used the phased-VLA as the reference
antenna. For the final maps the uniform-weighting scheme was used for the Fourier
transform in order to maximise angular resolution. In this scheme, each visibility
sample is weighted in inverse proportion to the local density of the (u,v) coverage.
The RMS noise levels were typically ~ 0.09-0.19 mJy in the final maps.

The model-fitting was done using the Brandeis package (Gabuzda 1988). This
package does model-fitting in the Fourier domain and thus gives us an advantage over
other algorithms, because it avoids the effect of convolution of the synthesized beam
with the source in the final map. The model-fitting provided in the AIPS package
operates in the image plane and the observed image is a convolution of the true image
and the synthesised beam. Therefore the model-fit result for an unresolved source is
given to be of the same angular size as the synthesised beam.

3.3.2 VLA data

The positional information in our final images is limited by the atmospheric phase
stability, the closeness of a suitable (astrometric) calibrator, and the calibrator-source
cycle time. The accuracies are between 10-50 mas. Here again, all the data pro-
cessing, including calibration, deconvolution and mapping, was performed using AIPS.
1331+305 (3C286) was used as the flux density calibrator (see VLA calibrator man-
ual 2000), using Perley’s revised coefficients as described in the AIPS cookbook. The
data were Fourier transformed using the uniform weighting scheme. The sources were
subjected to several cycles of self-calibration until the sensitivity approached thermal
noise levels. The typical 1 o noise level in the map ranges between ~ 30-90 pJy. We
use maps from the first intermediate frequency (IF) channel as it suffers from lower
noise levels as compared to IF2 channel.

The positions, sizes and flux densities of the compact components were found by
fitting a two-dimensional Gaussian function using AIPS task JMFIT (which fits an
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image with up to four Gaussian components with error estimates), except in the case of
extremely irregular objects where the flux density was measured directly with the task
TVSTAT (which finds the mean and RMS in a blotched region on the AIPS TV screen).
Uncertainties in the flux densities are attributed to confusion, receiver noise, residual
atmospheric noise and uncertainties in the flux density as quoted by Rick Perley (VLA
calibrator manual 2000). The combined effect of the first three contributions can be
measured via the RMS noise (o) in the maps, which was calculated in areas carefully
selected to be clear of emission. The net error in the flux density is thus typically
5% arising from the calibration and the RMS noise. The core flux densities are either
found using the MAXFIT (fits a two-dimensional parabola to the maximum within
a few pixels of an image position, and gives the peak of surface brightness and its
position), or JMFIT in AIPS in those cases where a component coincident with the
optical nucleus was clearly delineated. |

3.4 Results and analysis

3.4.1 The radio images

Contour maps for all the sources on mas-scales (t.e. VLBI images) and the arcsec-
scale (i.e. VLA) images are shown along with the optical position in the figures below.
Spatial scales for VLA maps are usually given in absolute units, whereas relative units
with respect to the phase centre are used for VLBI maps. A cross in the arcsec-
scale images marks the position of the optical nucleus. The optical positions are from
Gaullouét et al. (1975), Clements (1981, 1983), and Argyle & Eldridge (1990) with
the size of the cross representing the uncertainty in their observations. Gaullouét et al.
(1975) quote typical position errors of 6 arcsecs and an error of 0.09-0.2 arcsecs is
shown by others. The ellipse in the lower left-hand corner of the maps shows the shape
of the synthesized beam at half power. The beam size along with the position angle
(P.A.), peak surface brightness, RMS noise and contour levels for each map are shown
in Table 3.5 (mas-scale maps) and Table 3.6 (arcsec-scale maps). All positions are given
in J2000 ¢oordinates (except arcsec-scale maps of Mrk 348, NGC 4151, NGC 5135, and
Mrk 926, where B1950 coordinates are shown).

Table 3.7 lists the VLBI observational results. It gives object name, a priori coordi-
nates for the VLBI observations, relative position of the individual compbnehts detected”
with respect to the phase centre, the corresponding flux density, the component size
as determined by the model fit, the peak surface brightness in the map, and the total
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flux density of the source on mas-scales obtained using a model fit.

Data pertaining to the VLA imaging are given in Table 3.8. Individual columns give
name of the object, optical position, radio position of the component, the total flux
density of the corresponding component, radio type (as per the definition of Ulvestad
& Wilson (1984A)) and the largest angular size of the source.

Figures 3.4 to 3.33: VLA and VLBI images, with the spatial scales in absolute
units for VLA maps and in relative units with respect to the phase-centre for the VLBI
maps. The sequence of images is ordered in R.A. along with the source descriptions.
A cross in the arcsec-scale images marks the position of the optical nucleus with the
size of the cross representing the uncertainty in the position. The small ellipse at the
corner of the image gives the size (FWHM) of the VLA/VLBI beam. The beam size
(FWHM) along with the P.A., peak surface brightness, RMS noise and contour levels
for all maps due to our measurements are shown in Table 3.5 (mas-scale maps) and
Table 3.6 (arcsec-scale maps). All the maps are ours from the February 1998 data
unless otherwise specified. For the maps reproduced from the literature, the figure
caption gives its reference, contour levels for each map, beam size (FWHM) along with
the position angle (P.A.). All positions in our maps are given in J2000 coordinates.

3.4.2 Description of the sources

Detailed descriptions of the radio structures of the Seyfert galaxies from our sample
are as follows. The object’s name is followed by its AU name in each case. The se-
quence is ordered in R.A. For each source, the first paragraph describes the VLA radio
morphology and the second gives VLBI-scale radio morphology. The descriptions of
Mrk 231, Mrk 348, Mrk 926, NGC 4151, and NGC 5135, the 5 objects from our sample
that were not observed by us, are all gleaned from the literature. We also give the two-
frequency spectral index, where measurements are available at similar resolution (=
1 arcsec) in the literature (the spectral index o, defined as S, oc v~%). We also give the
projected linear size of the source (and its reference when not from our measurements)
corresponding to the contour size which is 5% of the peak surface brightness. We have
ensured that in all cases the 5% contour is well above the noise level in the map. Radio
variability of the sources and differeing angular resolution of the images used can cause
large uncertainties in the calculated spectral indices; we have attempted to use data
that were obtained as near in time as possible to ours, and with angular resolution as
close as possible to ours when calculating spectral indices using our own data and/or
data from the literature.
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Mrk 348 (0046+316)
This object was not observed by us.

VLA: The map at 8.4 GHz using VLA A array (Figure 3.2) is from Nagar et al. (1999B)

VLBI:

and it shows an unresolved object. Unger et al’s (1984) map at 6 cm using
MERLIN shows a triple structure, an unresolved core with low-level emission
extending ~ 0.1 arcsec in P.A. ~ —30° and 0.2 arcsec in P.A. 170° (Figure 3.1),
which is consistent with the results reported by Neff & de Bruyn (1983) obtained
using VLBI. The map of Ulvestad & Wilson (1984B) shows an unresolved object,
but their 2 cmm map shows the object to be slightly resolved on the 0.2 arcsec scale.
The largest angular extent of the source is ~ 0.2 arcsec (Unger et al. 1984).

This source is highly variable and we discuss the radio variability at various
resolution scales and epochs. Variability in the flux density was first reported by
Sramek & Tovmassian (1974, using NRAO 91 m telescope at 5 GHz) shortly after
it was discovered to be a radio source. Such variability provides indirect evidence
for the existence of an inverted-spectrum, compact radio core. All available
6 and 21 cms flux densities until 1983 (starting from Aug 1972) were discussed by
Neff & de Bruyn (1983). They plotted 6 and 21 cms flux densities and concluded
that this object is non-constant. Between 1992 - 1995 the flux density varied
by ~ 60%, the flux density at 5 GHz varied by 60% between 1980 and 1983.
The object does not show such high flux density variability at 1.5 GHz between
1974 - 1992. We present Table 3.3 giving frequency, peak surface brightness, total
flux density, corresponding size of the synthesized beam and epoch of observation
along with the reference. We show a plot (Figure 3.3) of the flux density as a
function of epoch of observation at these frequencies. The object is unresolved

at these scales, thus we use either total (when available) or the peak of surface
brightness in the plot.

Ulvestad et al. (1999B) used VLBA at 15 GHz to image mas-scale structure of
this source at two epochs (Figure 3.2). The VLBA image shows a small-scale
double source that is aligned with the larger scale radio emission. The total
ﬂu:_c density of 122 mJy at 1997.10 was slightly lower than the flux density of
169 mJy measured at 1995.26 (Barvainis & Lonsdale 1998). Mrk 348 has since
undergone a major radio flare, with the flux density of the southern component
increasing by a factor of 5.5 between 1997.10 and 1998.75, strongly suggesting



3.4. Results and analysis 57

Hkn 348

Figure 3.1: 6 cm MERLIN image of Mrk 348 (Unger et al. 1984). “(b)” The angular
resolution is 0.07 arcsec, and the contour levels are at -1 and 1% and then at intervals of 1%
up to 16% of the peak surface brightness which is 378 mJy per beam. “(c)” 6 cm map of the
nucleus of Mrk 348, with a core component subtracted from the map centre. The angular
resolution is 0.07 arcsec, and the contour levels are at -20, 20, 40, 60 and 80 per cent of the
peak surface brightness which is 21.6 mJy per beam. The crosses labelled 1, 2 and 3 show
the positions and half-power sizes of the VLBI components measured by Neff & de Bruyn
(1983).

I 41068

b4

DECLIHATION {1988}

1967.10

-
-
-

Figure 3.2: 3.6 cm VLA A array (left, Nagar et al. 1999B) image of Mrk 348. the contour
levels are at -6, -4, -2, 2, 4, 6, 10, 50, 100, 200 400, 800, 1200 and 2400 times the RMS which
is 76 pJy; and '

15 GHz VLBA (right, Ulvestad et al. 1999B) images of Mrk 348, The images have
been rotated by 15° from the cardinal orientation, aligned at the southern radio component,
then offset from each other horizontally by 2 mas. Logarithmic contours start at 4 mJy per
beam and increase to 512 mJy per beam by factors of 2. The common restoring beam is
0.80 x 0.45 mas? at a P.A. of -15°.
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Freq Peak Total Synthesised Epoch
flux density flux density beam of Reference
{GHz) (mJy) (mJy) {arcsec) observation

14.9 565 0.14 Sept 8, 1983 Ulvestad & Wilson 19844
8.4 310 346 0.28x0.20 1995 - 1996 Thean et al. 2000
8.4 238 0.70 Dec 1992 - Feb 1993 Nagar et al. 19998
5.0 281 3.5x68  May 1990 Baum et al. 1993
49 480 0.40 Sep 8, 1983 Ulvestad & Wilson 1984A
5.0 494 0.07 Sept 1983 Unger et al. 1984
5.0 337 0.07 July 1982 Unger et al. 1984
1.5 302 1.40 Dec 1992 - Feb 1993 Nagar et al. 1999
16 260 0.25 July 1982 Unger et al. 1984
1.6 300 0.25 Sept 1980 Unger et al. 1984
1.4 340 25 x 47 Dec 1973 - Jan 1974 Neff & de Bruyn 1983

Table 3.3: Radio variability of Mrk 348.

that it is the galaxy nucleus. The nuclear components are identified by strong
variability between epochs, indicating that the double sources represent appar-
ently one-sided jets. The two epoch maps show that the jet has sub-relativistic
velocity of ~ 0.37c. The P.A.’s of Unger et al. (1984), and that of the elongated
structure seen in the VLBI map are nearly the same, indicating that the kpc-scale
and pe-scale elongations have the same axis.

Mrk 1 (0113+328)

VLA:

VLBI:

Mrk 1 is a slightly resolved source (Figure 3.4). The total flux density is 27 mJy
which is similar to the one presented by Ulvestad et al. (1981) and is less than
the value of 38 mJy as found by Sramek & Tovmassian (1975). Ulvestad et al.
(1981) suggest that along with an unresolved éomponent there is a faint (~ 2 mJy)
extension ~ 0.4 arcsec to the south. The peak of radio surface brightness in our

map is displaced from the optical (Clements 1981) nucleus by ~ 1 arcsec and is
to the south-west of the optical-core.

Unresolved source (Figure 3.4). Kukula et al. (1999) detect a compact radio core
surrounded by a halo of emission approximately 100 mas across at 18 cm using
the EVN (angular resolution ~ 20 mas). They suggest likely evidence for weak
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Figure 3.3: Plot showing radio variability of Mrk 348; size of the symbol (scaled as
{0.5 x In [beam/0.07] + 0.5}) gives the relative resolution of the instrument (larger size
of the symbol indicates coarser resolution).

emission extending to the south, perhaps leading into the larger structure (Ul-
vestad et al. 1981). But, they do not find any evidence for linear structure in
this source on scales larger than a few parsec. The maximum extent of the source
detected is ~ 30 pc across.

MCG 8-11-11 (0551-+464)

VLA:

VLBI:

Our map (Figure 3.5) of the source shows a strong nuclear source with the dom-
inant direction for the structure close to it in the north-west (P.A. —45°). It
also has extended emission towards the north. The bright core in our map is
coincident with the optical (Clements 1981) nucleus, and the total extent of the
north-south extension is ~ 3.0 arcsec. The radio image of Schmitt et al. (2000)
at 3.6 cm (VLA A array) is similar to ours. The 15 GHz map of Ulvestad &
Wilson (1986) resolves the nuclear core into a triple. The largest angular size of

the source is ~ 3.5 arcsec.

Unresolved source, presumably corresponding to the central compact component
in the VLA image (see Figure 3.5). The second weak component shown in the

map (if real) has a flux density of ~ 0.6 mJy.
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Figure 3.4: 5 GHz VLA (left) and VLBI (right) image of Mrk 1.

NGC 2273 (0645+609)

VLA:

VLBI:

Mrk

VLA:

Our map (Figure 3.6) has similar features as seen previously by Nagar et al.
(1999B) at 8.4 GHz and Ulvestad & Wilson (1984A) at. 5 GHz. The source
reveals an unequal double with a separation of nearly 1 arcsec at P.A. ~ —80°.
The 6 cm WSRT image of this source reported by Baum et al. (1993) shows
amorphous structure on a larger scale (> 2.5 arcsec). Our core and total flux
density for this object are slightly more than that seen in the 6 cm map of
Ulvestad & Wilson (1984B) at similar wavelength and resolution. The optical
(Argyle & Eldridge 1990) core is ~ 0.6 arcsec east of the peak of radio surface
brightness. The largest angular size of the source is ~ 2.3 arcsec.

The map (Figure 3.6) is essentially unresolved. There is some evidence from the

distribution of CLEAN components for possible weak emission out to ~ 1 mas
from the phase center.

78 (0737+652)

Mrk 78 is an extended source and is nearly 4 arcsec on our 5 GHz map (Fig-
ure 3.7). The bright core is resolved and is coincident with the optical (Clements
1981) nucleus. The second peak of the surface brightness is nearly 2 arcsec away

to the west (P.A. ~ —90°). The brighter component seems to show an extension
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Figure 3.5: 5 GHz VLA (left) and VLBI (right) image of MCG 8-11-11.

towards east (P.A. ~ 80°). This extension towards east is displayed more clearly
in Figure 3.8 which is a map made with a restoring beam that is half the size of
the synthesized beam size and same P.A. The largest angular size of the source
is ~ 3.9 arcsec.

Our map (Figure 3.7) shows faint extension towards the south-west direction
(P.A. ~ —130°). The extension is more prominent in the map made with a
restoring beam that is half the synthesized beam size-and of same P.A. (Figure
3.8). The distribution of the CLEANed components shows a triple component
source which is also shown by the model-fit. Model-fit shows that the two com-
ponents other than the detected bright component are point-like (component size
< 0.5 x 0.5 mas?).

Mrk 1218 (0835+250)

VLA:

Although this object has been observed in the past by Ulvestad (1986) at 6 cm
(VLA A array) and 20 cm (VLA B array), the map was never published. Our map
(Figure 3.9) of this source shows diffuse extensions on fainter levels (~ 2 o) along
the north-west direction at a P.A. of ~ —45°. The total flux density of the source
is dominated by the bright core, which is coincident with the optical nucleus
(Clements 1983) within the errors. The total flux density of 25.5 mJy measured
by us is consistent with the value of 23.0 mJy published previously (Ulvestad
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Figure 3.6: 5 GHz VLA (left) and VLBI (right) image of NGC 2273.

1986). The radio spectral index for the source using observations made by us

and Ulvestad (1986) at 20 cm, af,°™ is 0.8. The largest angular size of the
source is ~ 1.3 arcsec.

The map (Figure 3.9) of this object shows a bright component and faint exten-

sions ~ 4 mas from the peak surface brightness position possibly aligned with
the arcsec-scale structure.

NGC 2639 (0840+503)

VLA:

VLBI:

This, much studied object is a triple with a bright central core (Ulvestad & Wilson
1989, Figure 3.11). Our map (Figure 3.10) does not resolve the triple structure
and as in Ulvestad & Wilson (1989) the peak of radio surface brightness lies to
the south-east of the optical core (Argyle & Eldridge 1990). The flux density
of this object is presently rising (Wilson 1999, private communication). The

spectral index for the source using observations made by Thean et al. (2000)

and Ulvestad & Wilson (1989) is o™, = 0.5. The largest angular extent of the

source. is ~ 1.7 arcsec (Ulvestad & Wilson 1989).

The map of the object is shown in Figure 3.10. The two-component model fit
suggests that there is a jet towards the east (P.A. ~ 90°). The main component
consists of almost ~ 80% of the total detected fux density. Our model fitting
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Figure 3.8: 6 cm VLA (left) image of Mrk 78, the contour levels are at -1.2, 1.2, 1.6, 2, 4, 8,
16, 24, 32, 40, 48, 56, 64, 80, 90 times 72.1 uJy per beam. The restoring beam is 0.35 x 0.26

at a P.A. of 71°.64; and

6 cm VLBI (right) 1mage of Mrk 78, the contour levels are at 6 6, 8, 16, 24, 32
40, 48, 56, 64, 80 and 90 times 64.5 pJy per beam. The restoring beam is 1.81 x 1.22 mas?

at a P.A. of 85°.
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Figure 3.9: 6 cm VLA (left) and VLBI (right) image of Mrk 1218.

gives a flux density of 31.6 and 8.0 mJy for the two detected components. The
flux density of the detected bright component (31.6 mJy, 0.05 x 0.05 mas? beam
size) is less than the 47 mJy ( 47 mJy, 2.0 x 1.7 mas? beam size) detected by
Wilson et al. (1998), but is higher than the early VLBI measurements of Hummel
et al. (1982), which is 27 mJy .

NGC 4151 (1208+396)
This object was not observed by us.

VLA: This, much studied object has a total flux density of ~ 125 mJy at 6 cm(Johnston
et al. 1982). The Figure 3.12 is due to the observations of Pedlar et al. (1993)
using VLA at 5 GHz. The source contains multiple compact radio components.
The main structure is elongated, oriented in P.A. 75°, and extending 4.0 arcsec
on either side of a bright central component whose position coincides well with
the position of the nucleus determined from optical studies (Pedlar et al. 1993).
The A configuration VLA image of Kukula et al. (1995) shows 5 bright.compact
components embedded in a 4 arcsec jet. The total flux densities contained in
Johnston et al.’s (1982) 20 and 6 cm maps are 330 and 120 mlJy, respectively,
giving an integrated spectral index, of,™™ , of 0.8. The radio structure of this
object on many resolution scales is discussed in more detail by Ulrich (2000) and

references therein. The largest angular size of the source is ~ 3.3 arcsec (Kukula
et al. 1995).
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Figure 3.10: 6 cm VLA (left) and VLBI (right) image of NGC 2639.
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Figure 3.11: 6 cm VLA image of NGC 2639 (Ulvestad & Wilson 1989), the contour levels
are at -1, 1, 2, 3, 5, 10, 20, 30, 50, 70 and 90 per cent of the peak surface brightness which is

23.4 mJy per beam. The restoring beam is 0.30 x 0.29 arcsec? at a P.A. of 43°.
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VLBI:

This object was first observed using EVN by Preuss & Fosbury (1983), and re-
cently by Ulvestad et al. (1998B) using VLBA at wavelengths of 6 and 18 cms.
Ulvestad et al. {1998B) detects four radio components, spread over = 0.5 arcsec
(Figure 3.12). The easternmost pair comprises of a bright component elongated
in P.A. ~ 20° (component E, see 18 cm map in the same Figure (3.12)) and
an extension to the north-east (component F) which curves in P.A. 75°, similar
to that of the 3.5 arcsec scale radio jet and the NLR. Only component E is de-
tected at the high resolution (mas-scales) achieved at 6 cm. This 6 cm  source
consists of approximately 5-6 local maxima, strung together like a linear radio
source over an angular distance of 13 mas. This source has a length/width ratio
of > 4, and therefore fulfills one of the classical criteria for a radio jet (Bridle
& Perley 1984). Component E appears to be only part of the radio emission
that contains a significant flat-spectrum component, and the central brightest
unresolved sub-component of E is favoured as the optical nucleus. The peak
surface brightness of 2.5 'mJy/beam corresponds to a brightness temperature of
3.2 x 10" K, and all the detected components have comparable flux densities.

Mrk 766 (1215+300)

VLA:

VLBI:

This source is essentially inresolved in our map (Figure 3.13) at 6 cm but seems
to be having a weak halo-like structure. Whereas Ulvestad & Wilson (1984A)
using VLA A array at 6 cm (Figure 3.14) find it to be slightly resolved showing
bulk of the extended emission to lie slightly north of the bright component, and
they derive a linear size of ~ 100 pc. We detect a flux density of 15 mJy which is
similar to that found by Ulvestad & Wilson (1984A) at 6 cm. The peak of radio
surface brightness and the optical (Clements 1981) core register well within the
error-bars. The spectral indices for this source using our observations along with

observations made in the past (Kukula et al. 1995 and Ulvestad & Wilson 1989)
are o™ = 0.8, and adf ™ = 1.1,

The slightly resolved map (Figure 3.13) shows weak extensions towards the south
(P.A. ~ 160°).

Mrk 231 (1254+571).

This object was not observed by us.

VLA:

:I‘hE object has been observed often and the most recent description of this source
1s presented by Ulvestad et al. (1999A and 1999B). To summarise the results of
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Figure 3.12: 5 GHz VLA (upper, Pedlar et al. 1993) image of NGC 4151, the resolution
is 0.85 x 0.67 arcsec? (P.A. 75°), and contour levels are 0.1, 1 and 10 mJy per beam in the
ranges -0.1 to 1, 1 to 10, and 10 to 50 mJy per beam;

18 cm VLBA (middle, Ulvestad et al. 1998B) image of NGC 4151, contour
levels are at logarithmic intervals of 1.7, beginning at 0.5 mJy. The peak surface brightness
is 6.9 mJy per beam. The restoring beam is 5.8 x 4.8 mas in P.A. -39°; and

6 cm VLBA (lower, Ulvestad et al. 1998B) image of NGC 4151, contour
levels are linear, from 0.3 to 2.4 mJy per beam, with the dashed contour representing -0.3 mJy
per beam. The restoring beam is 2.1 x 1.8 mas? in P.A. -67°. The P.A. of the arcsec-scale

jet is shown by arrows.
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Figure 3.14: 6 cm VLA image of Mrk 766 (Ulvestad & Wilson 1984A), the contour levels
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VLBI:

Ulvestad et al. (1999A) (v = 5 GHz, synthesised beam size of 4 arcsec (FWHM)),
the core has a flux density of 343 mJy and the faint extended emission to the south
is 12 mJy. Kukula et al’s (1995) observations at 8.4 GHz (Figure 3.16) using
VLA A array shows the object to be unresolved with no evidence for extended
emission on intermediate scales. The spectral index of the extended emission is
steep, both in total flux density and in a point-by-point comparison. The spectral
index of the total emission is ~ 1.1 between 1.5 and 4.9 GHz. The total spectral
index of the extended emission between 4.9 and 15.0 GHz is > 0.8.

This object also shows variability. In the Table 3.4 we present the peak surface
brightness, total flux densities measured by various groups in the past at various
frequencies and resolutions. Neff & Ulvestad (1988) found this object to be a
variable radio source with variations usually of 10% - 20% over time-scales of
months. The object shows very high (> 400%) radio flux density variability at
1.5 GHz, it does not show such high variations at 15 GHz. At 8.4 GHz the
flux density decreased from ~ 230 mJy to a low of ~ 180 mJy and increases to
~ 200 mJy in a span of 5 years. At 5.0 GHz, the flux density almost doubles
from ~ 150 mJy to ~ 280 mJy in 2 - 3 years of time and then onwards the flux
remains almost constant. The flux density at 22.0 GHz drops by a factor of 2 in
few years at two occasions. We present Table 3.4 giving frequency, peak’surface
brightness, total flux density, corresponding size of the synthesized beam, and
epoch of observation along with the reference. We also show a plot (Figure 3.15)
of the flux density as a function of epoch of observation at these frequencies. The
object is unresolved at these scales, thus we use either total (when available) or
the peak of surface brightness in the plot.

Ulvestad et al. (1999A) also presented a result from the long observation of the -
source at 1.4 GHz made with the phased-VLA in 1996 December. They also
imaged the source in linear polarised intensity (Figure 3.17). They found that
some regions of the diffuse emission to the south (~ 26 arcsec) of the VLA core
are significantly polarized, reaching a pbeak polarized intensity of 185 uJy beam™?.
At this polarization peak, the percentage of polarization is ~ 57% and x is ~ 15°.

The VLA core is less than 0.1% linearly polarized.

The VLBA and VLA observations for this source are discussed in great detail by
Taylor et al. (1999), Ulvestad et al. (1999A), Ulvestad et al. (1999B), and Lons-
dale et al. (1993). Ulvestad et al.’s (1999B) VLBA, 15 GHz two epoch images
(Figure 3.17) show a double source with P.A. differing by about 65° from the
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Freq Peak Total Synthesised Epoch
FluxDensity - FluxDensity beam of Reference
(GHz) (mJy) (mly) (arcsec) Observation
22.2 62 0.08 1996 Dec Ulvestad et al. 1999A
22.2 136 0.30 1995 Nov Ulvestad et al. 1999A
22.5 82 0.075 1983 Nov Neff & Ulvestad 1988
20.0 123 94.0 1983 July Edelson 1987
15.0 112 0.14 1996 Dec Ulvestad et al. 1999A
15.0 135 0.40 1995 Nov Ulvestad et al. 1999A
15.0 134 0.11 1983 Nov Neff & Ulvestad 1988
8.4 203 0.24 1996 Dec Ulvestad et al. 1999A
84 179 0.70 1995 Nov Ulvestad et al. 1999A
8.4 225.33 2.30 1992 April Kukula et al. 1995
8.4 211.78 234.45 0-29x0.25 1991 June Kukula et al. 1995
4.9 270 0.40 1996 Dec Ulvestad et al. 1999A
49 254 1.20 1995 Nov Ulvestad et al. 1999A
4.9 4.2 7.0x 8.3 1991 May Baum et al. 1993
4.9 278 14.0 1983 July Edelson 1987
5.0 155 170 23x23 1979/1980 Ulvestad et al. 1981
14 231 ' 1.40 1996 Dec Ulvestad et al. 1999A
1.4 241 3.90 1995 Nov Ulvestad et al. 19994
1.6 115 0.004 1991 Sept Smith et al. 1998B
14 318.0 125x 149 1985 Oct Baum et al. 1993
1.6 75 0.036 1983 Oct Neff & Ulvestad 1988
1.5 255 44.00 1983 July Edelson 1987
14 210 260 25.0x 47.0 1974 Aug - Nov de Bruyn & Wilson 1976

Table 3.4: Radio variability of Mrk 231.

larger scale source. From the variability of the weaker component by a factor
of 2.5 between epochs (1996.94 and 1998.71), authors suggest'that the weaker,
north-eastern component is the actual nucleus of the galaxy. The 5 GHz map
(Figure 3.16) of Ulvestad et al. (1999A) obtained with VLBA shows north-south
triple structure. The triple source consists of a resolved central component, to-
gether with two faint unresolved lobes. The approximate size of the triple source
is 50 mas. The brightness temperature of the core is ~ 3 x 10° K.

This object is also observed at slightly lower resolution by Kukula et al. (1999)

at 18 cm using EVN. In their map the diffuse “disk” emission is resolved out,
leaving only the nuclear source.
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Figure 3.15: Plot showing radio variability’ of Mrk 231; size of the symbol (scaled as
{0.5 x ln [beam/0.004] + 0.5}) gives the relative resolution of the instrument (larger size of
the symbol indicates coarser resolution).

NGC 5135 (1322-295)
This is the only source in the sample not observed by us (due to insufficient observing

time).

VLA: Ulvestad & Wilson’s (1989) map shows an asymmetric structure at both 6 cm
and 20 cm, with faint emission extending to the north-east of the peak of surface
brightness. But, Thean et al.’s (2000) observation do not detect radio emission
from the nucleus at 8.4 GHz; instead they detect a weak component with a flux
density of 2.33 mJy which is not related to the active nucleus. Therefore the
authors (Thean et al. 2000) agree with the suggestion made by Wynn-Williams
& Becklin (1993) that most of the radio emission emanates from the structures
on either side of the nucleus rather than from the nucleus itself. The 6 cm,
VLA A array map (Figure 3.18) of Ulvestad & Wilson (1989) gives an overall
linear extent ~ 9.0 arcsec (3.6 kpc). Although the optical core (Gaullouét et al.
1975) is to the north-east of the peak of radio surface brightness and is off by
~ 3 arcsec, the peak radio surface brightness is within the error-bars of optical
core. The largest angular size of the source is ~ 7.1 arcsec (Ulvestad & Wilson
1989).
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Figure 3.16: 8.4 GHz VLA image of Mrk 231 (left, Kukula et al. 1995), the contour levels
are at -0.2, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2 and 102.4 times 2.0 mJy. The restoring
beam is 0.294 x 0.246 arcsec® at a P.A. of 19°.6.

5 GHz VLBA (right, Ulvestad et al. 1999A) image of Mrk 231, the contour
levels are plotted at 250uJy per beam times -4, -3, -2, -1, 1, 2, 3, 4, with higher levels spaced
by factors of 21/2. Restoring beam is 2.08 x 1.47 mas? in P.A. -12°.5.
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Figure 3.17: CLEANed VLA image of Mrk 231 (left, Ulvestad et al. 1999A) of Stokes I and
frequency 1.4 GHz. Peak intensity is 231.4 mJy beam ™!, the contour levels are plotted at
80 pJy per beam times -4, -3, -2, -1, 1, 2, 3, 4, with higher levels spaced by factors of 21/2,
Line lengths represent linearly polarized intensity P (1 arcsec is 36 uJy per beam), and line
orientations represent electric fields P.A. y.

15 GHz VLBA images of Mrk 231 (right, Ulvestad et al. 1999B), the images
have been rotated by 25° from the cardinal orientation, aligned at the north-eastern radio
component, then offset from each other horizontally by 2 mas. Logarithmic contours start

at 2 mJy per beam and increase to 32 mJy per beam by factors of 2. The common restoring
beam is 0.55 x 0.42 mas? at a P.A. of 0°.
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VLBI: This object was observed by Roy et al. (1994) at 2.3 GHz with the 275 km long,

single-baseline, the PTI. They did not detect the source and quote an upper limit
of < 5.0 mJy (5 o).
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Figure 3.18: 5.0 GHz VLA image of NGC 5135 (Ulvestad & Wilson 1989) the contour levels
are at -2, 2, 4, 6, 8, 10, 12, 16, 24, 32, 40, 48, 56, 64, 80 and 90 per cent of the peak surface
brightness which is 16.2 mJy per beam. The restoring beam is 0.92 x 0.62 arcsec? at a P.A.
of 2°.1.

Mrk 477 (1439+537)

VLA: The source in our map (Figure 3.19) is unresolved, whereas Ulvestad et al.
(1984A) found it to be slightly resolved in their observations at the same fre-
quency and at nearly similar resolution (Figure 3.20). The core in their map
shows extensions in several different P.A. Our total flux density in consistent
with theirs within the error-bars, and ~ 90% of the total flux density is in the

unresolved core.

VLBI: Our radio map shows that the object is nearly unresolved with some evidence for

weak halo-like emission.

NGC 5929 (1524+418)

VLA: The central component of this triple source (Su et al. 1996, Figure 3.22; VLA A
array at 8.4 GHz) is not delineated in our map (Figure 3.21). It has a flat
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Figure 3.19: 5 GHz VLA (left) and VLBI (right) image of Mrk 477.
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Figure 3.20: 6 cm VLA image of Mrk 477 (Ulvestad & Wilson 1984A), the contour levels
are at -2, 2, 4, 6, 8, 10, 20, 30, 50, 70 and 90 per cent of the peak surface brightness which is
18.3 mJy per beam. The restoring beam is 0.39 x 0.33 arcsec? at a P.A. of 172°.
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VLBI:

spectrum (Su et al. 1996 (Figure 3.22), Kukula et al. 1995, and Wilson &
Keel 1989) and is close to the position of optical nucleus; hence is likely to be a
core. Between 1.6 and 15 GHz measurements, the components appear to follow
a simple power law. The north-east and the south-west radio components have
steep spectral indices of 0.9 and 0.8 respectively, whereas the central component
has a much flatter spectrum with a spectral index of 0.3 (Su et al. 1996). We
also detect 8 mJy flux density from the unresolved neighboring galaxy, NGC 5930
(Figure 3.22), as reported by Kukula et al. (1995) using VLA C configuration
data at 8.4 GHz. The largest angular size of the source is ~ 2.0 arcsec (Kukula
et al. 1995).

A compact source is detected showing slight signs of extension along P.A. ~ 50°
(Figure 3.21). The second weak component obtained due to our model fit is
point-like located to the north-east (~ 3 mas) of the bright component. Using
the core spectral index, a3®.S™ ~ 0.32 (Su et al. 1996), the core should have
flux density of 1.1 mJy at 5.0 GHz. We detect a tatal flux density of 6.8 mJy
( sum of the two components < 4 mas across), we therefore conclude that the
detected components on mas-scales correspond to one of the two steep spectrum
components of the triple (Su et al. 1996) and not to the core. We have tried to
map a larger field to detect the second steep-spectrum radio component, but we
could not find any; however this does not rule out the possibility of the presence
of a second VLBI component coincident with the far-off steep-spectrum lobe.
With our data, it might be difficult to detect the effect of the second component
because the spacing between the two (~ 1.3 arcsec, Su et al. 1996) will lead
to extremely rapid variations in the amplitudes and phases, which may not be
possible to trace with our “snapshot” (u,v) (time) coverage. Presently we feel
that our data do not rule out the presence of a second component. It will be
impossible to reliably image both components in a single map or to model fit the
data with a double model to get parameters for both components as the expected
variations in the visibilities are too rapid compared to the time coverage of our
data.

NGC 7212 (204+095)

VLA:

Our map of NGC 7212 (Figure 3.23) does not resolve the compact double source
separated by 0.7 arcsec in the north-west direction as clearly as 8.4 GHz, VLA A
array map of Falcke et al. (1998) (Figure 3.24). However, we see an obvious
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Figure 3.22: 8.4 GHz VLA image of NGC 5929 (left, Su et al. 1996). The image is restored
with a 0.298 x 0.159 arcsec? beam (P.A. 74°). The contours levels are -2, -1, 1, 2, 4, 8, 16,
32, 50, 64, 80 and 99 per cent of the peak surface brightness, which is 6.9 mJy per beam.
Our 5 GHz map of NGC 5929 and NGC 5930 (right), the contours levels are
-2.8, 2.8, 4, 6, 8, 10, 12, 16, 24, 32, 40, 48, 56, 64, 80, and 90 per cent of the peak surface

?rightx;es_s, which is 21.1 mJy per beam. The restoring beam is 1.16 x 0.98 arcsec? (P.A.
5°.36).
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VLBI:

extension towards the north (P.A. ~ 10°). Falcke et al. (1998, using VLA A
array at 8.4 GHz) reported that the peak of surface brightness is offset, by almost
~ 1.0 arcsec to the east of the optical (Clements 1983) nucleus; instead, we see an
offset of almost ~ 8.0 arcsec to the east of the same optical nucleus. The origin
of this offset between our map and the map of Falcke et al. (1998) is not clear,
though it is likely to be associated with the different phase calibrators used in
the two sets of radio observations. Since the structures seen in the two maps are
otherwise consistent, we believe the structure in our VLA image to be reliable,
though the absolute position is likely to be offset from its true value.

We also see faint emission ~ 14 arcsec away towards the north-east of the main

structure (Figure 3.24). The largest angular size of the source is ~ 3 arcsec.

Our map (Figure 3.23) shows a weak secondary in the south-west direction (P.A.

~ —110°). In addition, there is some extension towards north-south.

Ark 564 (2240+294)

VLA:

VLBI:

Although our map (Figure 3.25) does not clearly resolve the triple radio source
extending up to 320 pc along the P.A. = 6° seen by Schmitt et al. (2000; 8.4 GHz,
VLA A array), it is extended in the direction of this structure. In our map the
bright peak of radio surface brightness is close to the optical core (Clements 1981)
within the errors. The total flux density at 6 cm is similar to what was quoted
by Ulvestad et al. (1981) within the error-bars. The P.A. of the source is ~ 0°.

Our map (Figure 3.25) shows elongation along P.A. ~ 110°, with 4 components
each with flux density > 1 mJy. The brightest component (~ 3mJy) is at the
phase centre. Although the map shows multiple components, the visibilities are
too sparse in the (u,v) plane to give us any good multiple component model fit.
Our flux density is determined using a single component fit to the data.

NGC 7469 (2300+086)

VLA:

The high resolution, high dynamic range map (Figure 3.27, VLA A, 6 cm) for this
source was presented by Wilson et al. (1991). Their 6 cm radio map is dominated
by a strong compact source coincident with the Seyfert nucleus. This source is
extended by ~ 0.2 arcsec in P.A. = 101° on the 6 cm map and by ~ 0.1 arcsec
in PA. = 85.° on the 2 cm map. They also determine the spectral index to be,
a2 9 — (.87. Our map (Figure 3.26) also shows the object to have a bright core
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Figure 3.23: 5 GHz VLA (left) and VLBI (right) image of NGC 7212.
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Figure 3.24: 3.5 cm VLA image of NGC 7212 (left, Falcke et al. 1998) with 0.21 arcsec
beam. The peak surface brightness is 9.0 mJy per beam and contours are plotted at -1.4, -1,
1,14, 2,28, 4,56, 8,11, and 16 times 0.5 mJy per beam..

5 GHz VLA map of NGC 7212 (right), contours are plotted at -0.8, 0.8, 1, 2,
4, 8, 16, 24, 32, 40, 56, 64, 72, 80, and 90% peak surface brightness
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VLBI:
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Figure 3.25: 5 GHz VLA (left) and VLBI (right) image of Ark 564.

surrounded by a halo of emission ~ 4 kpc in extent. r‘I‘he radio core is coincident
with the optical (Clements 1981) nucleus to within the errors. The features seen
in this source are also seen by Condon et al. (1982) and Ulvestad et al. (1981)
in their lower resolution map. The map presented by Kukula et al. (1995) at
8.4 GHz also shows a point source surrounded by faint emission. Using our flux
density and the flux density given by Kukula et al. (1995) at 8.4 GHz, we obtain
the spectral indices of the integrated emission as o6 ™ = 0.9; which is similar
to a2 < determined by Wilson et al. (1991). The largest angular extent of the

source is ~ 2.8 arcsec.

This source is compact, but appears to be extended toward the north-east. This
is consistent with Smith et al.’s (1998B) prediction, who, based on the visibility
functions suggested the presence of multiple components in it. Using our detected
flux density and the correlated flux density measured by Smith et al. (1998B) at

1.4 GHz of 12 mJy, we obtain the spectral index of the source as a3,°%, = 0.5.

Mrk 926 (2302-086)

This

VLA:

object is not observed by us.

Most of the radio emission comes from an unresolved component in the map of
Ulvestad & Wilson (1984A). But their same radio map, at 6 cm using VLA A
array (Figure 3.28), also shows an east-west extension at a level of ~ 5% of the



80 Chapter 3. Observations and results

- NGC 7489 NGC 7489 4084.474 MHz
T~ { T T T T [} T T T T T T T
ves230 - | {
ghe -
20 -1
1
A e
8- =
T 2+ —
e ° 4 I \
3 A\ §
2 Ll b g gl -
5 26 N = é
z N t /
3 -
o 281 T 2 \ /
A
I
28~ - <= W _
23~ - Py -
22 -
ey | \ | “+ ! ! I ) ! i | 4
2303154 5.8 57 5.6 155 154 : ¢ 4 miecsse iy L Y ®
RIGHT ASCENSION (J2000) Center st RA 23 03 15.81800 DEC 08 52 2€.1197
Peak surface brightness = 21.904 mJy/beam Peak surtace brightneas = 7,3588 mdy/beam

Figure 3.26: 5 GHz VLA (left) and VLBI (right) image of NGC 7469.
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Figure 3.27: VLA image of the 6 cm brightness distribution in the central parts of NGC 7469
with beam 0.39 x 0.37 arcsec? in P.A. 108°. Contours are plotted at -0.5, 0.5, 1, 1.5, 2, 2.5,
3, 4, 5, 7.5, 10, 15, 20, 30, 50, 70, and 90% of the peak surface brightness of 18.0 mJy per
beam (Wilson et al. 1991).
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VLBI:

peak surface brightness. The 8.4 GHz VLA image (left image of Figure 3.28,
Braatz, Wilson & Dressel unpublished, quoted in Mundell et al. 2000) also shows
a compact core with weak east-west extensions. The nuclear radio spectrum is
relatively flat between 5 GHz and 8.4 GHz (o385 = 0.24) but steepens at longer
wavelengths (8™ ) (Mundell et al. 2000). The peak of radio surface brightness
is consistent with the optical core (Clements 1983) within the errors. The largest'
angular size for the source is ~ 1.3 arcsec (Ulvestad & Wilson 1984A).

Mundell et al.’s (2000) observations at 8.4 GHz shows an unresolved source
(Figure 3.28) with a peak surface brightness of 4.6 mJy beam™.

Mrk 530 (2316-000)

VLA:

VLBI:

The source was reported to have a compact point source in Kukula et al.’s (1995)
observations at 8.4 GHz, whereas our 5 GHz map (Figure 3.29) shows a compact
source and a faint (3 o) extension along the north (P.A. ~ —10°). Combining our
total flux density with the 3.26 mJy found by Kukula et al. (1995) at 8.4 GHz,
we derive a spectral index of ¢ff ™ = 2. Our total flux density is consistent
with the measurements of Edelson (1987), 11.5 mlJy, and of Roy et al.’s (1994)
correlated flux density of 11 mJy obtained using 275 km long single baseline PTI

at 2.3 GHz.

A model with two, two-dimensional, Gaussian components gives a good fit to
the visibility data. The source (Figure 3.29) seems to have an extension along
the east-west direction of the peak of surface brightness at fainter levels. The
total flux density of 8.6 mJy detected in mas-scale map is similar to the flux
density associated with the core component (8.0 mJy) on the arcsec scale map.
This implies that almost all of the radio emission detected on arcsec scale map is
associated with the compact core. We also present a map for which the restoring
beam is half the size of the normal beam and has the same P.A. (Figure 3.30).
This map shows the orientation of the source structure to be ~ 40°.

Mrk 533 (2325+085)

VLA:

Our image (Figure 3.31) of this object is resolved and is consistent with the double
radio source structure as seen by Kukula et al.’s (1995) VLA A configuration,
8.4 GHz map (Figure 3.32) and Unger et al.’s (1986) 1.6 GHz, MERLIN map.
The P.A. of the source is ~ —60°. The peak of radio surface brightness is to the
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Figure 3.28: 5 GHz VLA (upper, Ulvestad & Wilson 1984A) map of Mrk 926, contour levels
plotted at -2.5, 2.5, 5, 7.5, 10, 20, 30, 50, 70, a.nd 90% of the peak surface brightness of
7.69 mJy per beam with beam 0.46 x 0.35 arcsec? in P.A. 173°.

8.4 GHz VLA (lower left, Mundell et al. 2000) map of Mrk 926, contour levels
plotted at -1, 1, 2, 4, 8, 16, 32 times 0.36 mJy per beam with beam 0.27 x 0.21 arcsec?, and
8.4 GHz VLBA (lower right; Mundell et al. 2000) map of Mrk 926, contour levels plotted at
-1, 1, 2,4, 8, 16 times 0.42 mJy per beam with beam 2.82 x 1.02 mas?.
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south of the optical core (Clements 1983) and is ~ 0.5 arcsec away. The largest
angular size of the source is ~ 2 arcsec.

VLBI: A linear radio source (Figure 3.31) extending along east-west direction and the
model fit shows it to have five two-dimensional Gaussian components. The
CLEAN components are distributed up to ~ 15 mas on either side of the phase-
centre (total extent of ~ 30 mas) along P.A. ~ 100° and is similar to the P.A.
(~ —60°) of the arcsec scale radio structure. The ratio of length to the width is
~ 3 and is close to one of the criteria laid by Bridle & Perley (1984) for a radio
jet.

NGC 7682 (2326+032)

VLA: Our map (Figure 3.33) of the source shows it to be an unresolved source as seen
by Kukula et al. (1995). The total flux density is 22 mJy. Combining our flux
density along with that given by Kukula et al. (1995) at 8.4 GHz implies the
spectral index, a6 &, of the core as 1.1. The peak of radio surface brightness
registers well with the optical core (Clements 1983) and is within the errors.

VLBI: We were only able to mddel fit a single two-dimensional Gaussian component,
though the map shows clear evidence for extensions to the south (PA ~ 180°)
and the south-east (PA ~ 120°) (Figure 3.33).

3.5 Summary

The maps presented in this Chapter reveal for the first time the mas-scale radio struc-
ture of a large carefully selected sample of Seyfert galaxies.

We presented radio images of 15 objects that were observed by us and 4 objects
that had VLBI images in the literature. Thus 19 sample objects have VLBI images, the
1 remaining has an upper limit to detection at 2.3 GHz, all 20 have VLA images, and
15 of them have simultaneous VLBI and VLA measurements. Thus, all our 19 objects
that we observed with VLBI were detected. Published studies indicate that at least
two (Mrk 348 and Mrk 231) of these are radio variable, underlining the advantage of
the simul_tapeity of our VLBI and VLA data while comparing the structures on mas
and arcsec-scales.

We measured the radio flux densities, sizes of the emitting regions, P.A. of the ex-
tended radio emission and their morphologies.' These measurements provide the database
for investigating the generic properties of compact radio cores in Seyfert nuclei.
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Figure 3.31: 5 GHz VLA (left) and VLBI (right) image of Mrk 533.
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Figure 3.33: 5 GHz VLA (left) and VLBI (right) image of NGC 7682.

At pe-scales, in 40% of the cases we detect a single component and in 45% of the
cases the brightest compact radio component has a flux density more than 70% of
the total detected flux density. Mrk 530 has more than 50% of the total flux demsity
associated with the brightest compact radio component, and NGC 4151 and Mrk 231
have ~ 25% of the total detected flux density associated with the brightest compact
radio component.
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Chapter 3. Observations and results

Optical
RA

position
DEC

(J2000)

Mrk 348

Mrk 1

MCG 8-11-11
NGC 2273
Mrk 78

Mrk 1218
NGC 2639
NGC 4151
Mrk 766
Mrk 231
NGC 5135
Mrk 477
NGC 5929
NGC 7212

Ark 564
NGC 7469
Mrk 926
Mrk 530
Mrk 533
NGC 7682

00%48™47%.16
01%16™078 .25
05454™53¢ 61
06*50™08%.72
07"42™41°.73

08"38™10%.95
08%43™38¢.00
12*10™32% .58
12"18m26%.51
12h56™14°% .23
13h25m44% 17
14%40™38%.11
15"26™06°.13
22k07™02¢8 01

22h42m39% 34
23h03m15% .62
2304m43% 45
23h18™56¢.62
23727M568 72
23h29m037 93

+31°57'25".27*
+33°05'22" 40°
+46°26'21".61%
+60°50'45".01¢
+65°10'37".46°

+24°53/42" 92b
+50°12/20%.32¢
+39°24720" 63%
+209°48'46" .34°
+56°52725" .20°
—29°5001" 282
+53°30'16".00°
+41°40°14" .72
+10°14'00".34

+29°43/31".31°
+08°52'26".39*
~08°41/08" .49*
+00°14'38" 232
+08°46'44" 53"
+03°31/59" 99"

Total Largest
Radio - Peak position flux Radio angular
RA DEC density  type size
(J2000) (mJy) (arcsec)
00%48™475.141 +31°57'25".19/  346.00 L 0".20°
01%16™07°.209 -+33°05'21".66¢ 27.65 U < 07.65™
05"54™53%.620 +46°26'21".41¢ 75.76 A 3".48™
06"50™08%.640 -+60°50'44".95¢ . 19.93 L 21.25™
07%42™41°.723 +65°10'37".48° 938 L 3".88™
07"42™41%.341 +65°10'37".58¢ 1.07
08"38™10%.945 +24°53'42".82¢ 24.04 L 17.28™
08"43™38%.072 +50°12'19".97¢ 83.63 L < 0".65™
12%10™m328.576 +39°24'20".81¢  120.00 L 3".30"
12h18m262.517  +29°48'46".50¢ 15.16 U < 0".65™
12h56™14%.238  +56°52/25".21*  173.00 U < 07.297
13h25™43%.932 —20°50'02".68¢ 58.80 A 77.11¢
14240™38%.097 +53°30'15".96¢ 24.39 U < 0".99™
15"26™06%.113  +41°40'14".027 31.74 L 3".40"
22k07™02°.560 +10°14'00".39¢ 31.21 L 3".09™
22h07™029.946  +10°14'14".19¢ 2.74
22142™m30%.332  +29°43/31".07¢ 11.30 U < 0".85™
23703™15%.616 +08°52'26".02¢ 43.56 R 2".76™
23704™43%.471 ~08°41'08".49* 9.00 S 17.337
23"18™56%.653 +00°14'37".96° 9.17 U < 0".82™
23h27™56°.712  +08°46'44".13¢ 60.37 L 17.89™
23h29™03°.918  +-03°31'59".92¢ 22.21 U < 0".94™

References:

Optical position:

¢Clements 1981.
Clements 1983.

Radio peak position:

€Qur measurements.
fThean et al. (2000).

Largest angular size:
™Qur measurements.

cArgyle & Eldridge 1990.
4Goulloudt et al. 1975.

4Johnston et al. (1982).
KUlvestad et al. (1999A).
*Ulvestad & Wilson (1989).

3Su et al. (1996)

"Kukula et al. (1995).
°Pedlar et al. (1993).

PUnger et al. (1984).
2Ulvestad & Wilson (1989).
"Ulvestad & Wilson (19844).

¥Ulvestad & Wilson (1984A).

Table 3.8: VLA observational results.



Chapter 4

Radio continuum emission of
Seyfert galaxies on kpc and
pc-scales: Interpretations

4.1 Introduction

Our sample of Seyfert galaxies, matched in orientation independent parameters, which
have arcsec and mas-scale observations at 6 cm, was constructed to rigorously compare
(i) the detectability of compact structures on mas-scales, (ii) the radio luminosities
of Seyfert 1 and Seyfert 2 types on pc-scales, (iii) the fraction of integrated X6 em
emission that is associated with the active nucleus, as opposed to star formation or
other extended emission, and (iv) the fraction of the VLA flux density on kpc-scales
that is present on pc-scales.

In Chapter 3 we presented the radio images that were obtained from our observa-
tions and described the properties at these scales in the light of past observations. Here
we discuss the impact of these observations on the unified scheme hypothesis. In the
section below (Section 4.2) we first discuss if a starburst alone can power Seyfert galax-
jes. In the next Section (4.3.1) we compare the rates of detection of the Seyfert galaxy
radio emission by our VLBI array. In Section (4.3.2) we further discuss the pc-scale
radio morphology and its consistency with the unified scheme. We then compare the
distribution of radio luminosities for Seyfert galaxies from our sample at the kpc-scales
(Section 4.3.3). In Section 4.3.6 we test if relativistic beaming is likely to be present
in Seyfert 1 galaxies. In the end, we also compare the distribution of radio structures

of the CfA Seyfert galaxy sample at kpc-scales (Section 4.4).

91
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4.2 Seyfert nuclei: Starburst or accretion-powered
central engine 7

A key question is, can a compact starburst alone power Seyfert galaxies, thus not
requiring the presence of a supermassive black hole in their nuclei? While emission
from the hot stars in the torus might account for the featureless continua in Seyfert 2
galaxies (Cid Fernandes & Terlevich 1995, Gonzélez-Delgado et al. 1998), starbursts
cannot produce the necessary collimation to form radio jets. The existence of radio
jets is, therefore, often used as an indication of the presence of a black hole and the
accretion disk. Although some Seyfert galaxies are now known to possess strikingly
collimated jets (e.g. Nagar et al. 1999B, Kukula et al. 1995, etc.), the resolution of the

radio images is often insufficient to demonstrate the high degree of collimation seen in
radio galaxies and radio-loud quasars.

A question that can be addressed with the help of the data presented in Chapter 3
is whether the cores of Seyfert galaxies are primarily made up of radio supernovae.
For example, although Arp 220 shows a “double-structure” on kpc-scales, recent VLBI
observations have revealed 13 faint sources in one of the components of the double,
interpreted as radio supernovae. They occur in the inner 100 pc at 1.3 GHz with flux
densities between 0.1 and 1.2 mJy, and three with flux densities between 1.0 and 1.2
mJy (Smith et al. 1998A). Smith et al. (1998A) show that these radio supernovae are
of the same class as radio supernova 1986J observed in the disk of NGC 891 (Rupen
et al. 1987): Type Il radio supernovae with luminosities of order 10%® ergs s—'Hz™! and
exponential decay time of 3 yr. The number of radio supernovae observed in Arp 220
would require a massive star formation rate of 70 Mg yr~1.

To examine whether compact starbursts alone can power Seyfert galaxies, we con-
sider the following arguments. Cid Fernandes & Terlevich (1995) and Gonzalez-Delgado
et al. (1998) suggest that although emission from hot stars in the torus might account
for the featureless continua in Seyfert 2 galaxies, starbursts cannot produce the neces-
sary collimation to form radio jets. We note that elongated radio structures could be
attributed to star formation along the galactic plane of a Seyfert host galaxy if it is
edge-on (e.g. M 82 a starburst galaxy, Muxlow et al. 1994). In our sample, however
this cannot explain any of the elongated structures, since the sample was selected so
as to avoid edge-on host galaxies (ratio of minor to major axis of the host galaxy is
greater than 0.5 for all our Seyfert sources). Ulvestad et al. (1999B), on pc-scales,
confirmed that Mrk 231 and also Mrk 348 are jet-producing central engine systems.

Thus, clearly all objects with elongated or “linear” radio structures, viz., Mrk 348,
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Component  Component size

Object Relative position  Flux density Maj x Min Ty Radio power
w.r.t. phase centre 5 GHz (pc_’ca‘“f VSN
a(mas) 8(mas) (mJy) (mas?) (K) ergs s— Hz™!  (yr~1)
Mrk 3482 115.0 120x 1.2° 4.43x 10° 7.043 x 10% 72
Mrk 1 — 0.044 +0.039 4.38 1.04x 1.04 2.24x 108 2.115 x 10% 2
MGC 8-11-11 - 0.013 —0.045 4.89 0.79x0.79  4.35 x 10® 5.866 x 10%8 6
NGC 2273 + 0.012 —0.104 6.31 1.17x1.17 2.56x 108 4.364 x 10%7 0.4
Mrk 78 —~ 0.002 +0.042 5.55 0.71x0.71 6.11 x 108 2.055 x 10%° 21
- 0.920 ~0.187 1.39 0.27 x 0.27
~ 1.654 —2.332 0.87 0.38 x 0.38
Mrk 1218 + 0.031 +0.107 7.09 " 1.18x1.18 2.82x 108 1.213 x 10% 17
—~ 0.730 —6.163 1.51 1.72x 1.72
— 2.311 +4.257 1.38 1.02 x 1.02
NGC 2639 — 0.034 +0.035 31.58 0.05x0.05 7.01x 10 9.189 x 1028 9
+ 0.544 —0.067 7.96 0.33x 0.33
NGC 4151° + 0.000 +0.000 2.50 2.10x 1.80 3.67 x 107 3.457 x 10%7 0.2
~ 1.000 ~4.100 1.00
+ 0.500 ~2.100 1.00
+ 1.200 +3.500 1.00
+ 2.300 +5.800 1.00
+ 3.600 +7.000 0.90
Mrk 766 + 0.021 +0.003 3.68 0.85x0.85 2.83x 108 1.189 x 10%8 1
Mrk 2314 162.00 0.82x 0.43 2.55x 10%° 2.304 x 10% 240
2.00
8.00
Mrk 477 + 0.274 —0.030 8.19 140x 1.40 232x 108 2.271 x 10% 24
NGC 5929 + 0.012 -0.201 5.98 0.79x0.79 5.32 x 108 9.775 x 10%7 1
+ 3.812 +2.045 0.30 0.23x 0.23
NGC 7212 + 0.028 -0.117 6.58 1.10x 1.10  3.02 x 108 9.209 x 1028 10
Ark 564 +0.191 -0.077 3.22 0.85x 0.85 2.47x 108 3.565 x 108 4
NGC 7469 + 0.052 —0.046 5.46 0.89x0.89 3.82x 10° 3.034 x 10% 3
+ 0.032 —4.511 0.71 0.11x0.11 324x10° .
Mrk 926° + 0.000 +0.000 5.00 2.82x1.02 9.65x 107 2.122 x 102 22
Mrk 530 + 0.004 +0.452 7.56 0.85x0.85 5.87x 108 1.491 x 10%° 15
~— 1.294 —1.404 0.26 0.05x 0.05
+ 3.406 —1.120 0.81 0.87 x 0.87
Mrk 533 + 0.105 —0.100 9.70 1.12x 1.12  4.29 x 10? 2.740 x 10%° 28
+ 6.177 —1.956 2.20 0.67 x 0.67
+16.730 —3.990 1.20 0.50 x 0.50
~ 5.990 +0.365 2.27 2.24 x 2.24
-~13.753 —0.325 1.59 0.79 x 0.79
NGC 7682 + 0.054 —0.921 8.92 131x1.31 2.88x 108 4.950 x 1028 5
References:

a: Barvainis & Lonsdale 1998
b: Mundell et al. 2000

c: Ulvestad et al. 1998B

d: Ulvestad et al. 1999A

Table 4.1: Table showing the detected components, their positions (with respect to the phase
centre), corresponding flux density, size, brightness temperature of bright component, radio
power and supernova rates (vsy) necessary to reproduce radio emission.
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MCG-8-11-11, NGC 2273, Mrk 78, Mrk 1218, NGC 4151, NGC 5135, NGC 5929,
NGC 7212, Mrk 926, and Mrk 533 cannot be powered by a starburst alone. We now
try to examine whether radio supernovae or supernova remnants in star forming regions
can plausibly be retained as the explanation for those objects in the sample that do
not show linear structure, viz. Mrk 1 and NGC 7682 which are essentially compact
sources, and NGC 2639, Mrk 477, NGC 7469 and Mrk 530 which are dominated by
a compact source but have low surface brightness extensions. Note that Smith et al.
(1998B) have argued that Mrk 231 cannot be powered by starburst alone.

Although an individual supernova can have brightness temperature higher than the
brightness temperature of a radio-quiet quasar (Rupen et al. 1987), the most luminous
known radio supernova, 1986J (Rupen et al. 1987), had a peak luminosity of ~ 10%
ergs s~'Hz™! at 5 GHz. Given that we have obtained pc-scale flux densities for all
the latter Seyfert galaxies, it turns out that 0.2 to 240 (median value of around ten)
of such supernovae would be needed to power them at 5 GHz (Table 4.1). Since the
typical lifetime of such a supernova event is ~ 1 year, to sustain the observed radio
powers that we find, a supernova rate of vgy ~ 0.2 to 240 yr! is required. Such
rates are in line with those required to powér the luminous radio-quiet quasars in the
starburst scenario (Terlevich 1990A, 1990B). However, since our observed powers are
on pe-scales, and we find evidence for one or several dominant compact components in
all our 19 observed Seyfert galaxies, these supernovae must be localised within a few
cubic parsec, corresponding to a density 107 times higher than that observed in M 82
(Muxlow et al. 1994), and higher than in the starburst model of Terlevich & Boyle
(1993) by a similar factor.

Compact starbursts may coexist with AGNs in some Seyfert galaxies (Heckman
et al. 1997). However the radio emission from starburst region consists of synchrotron
radiation from SNRs plus thermal free-free emission from H II regions. The brightness
temperature of such a region cannot exceed 10° K at v > 1 GHz (Condon 1992).
Using the component size along with its flux density on mas-scales, we find that the
brightness temperature (Table 4.1) is in the range of ~ 0.4-7000 x 10® K for our Seyfert
sample.

We therefore conclude on the basis of the high brightness temperatures (> 108),
small sizes (< 1 pc) and high supernova rates to explain the detected compact com-
ponents, that starbursts alone cannot explain the observed radio powers in Seyfert
galaxies. We can also rule out individual or a collection of extremely bright radio
supernovae as an explanation for the compact emission from the Seyfert galaxies.
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4.3 Tests of the unified scheme for Seyfert galaxies

4.3.1 The contradiction with the unification scheme and its
resolution

Roy et al. (1994) had observed far-infrared selected, mid-infrared selected and optically
selected samples of Seyfert galaxies with a 275 km long, single-baseline, the Parkes-
Tidbinbilla interferometer at 1.7 and 2.3 GHz (see Chapter 2, Section 2.4.1.1). They
had reported that compact radio structures are much more common in Seyfert 2 than
in Seyfert 1 galaxies in the FIR selected samples, and in the combined mid-IR and
optically selected sample as well. They deduced this result based on significantly
different detection rate of compact, high brightness temperature radio structure.

Their surprising result that far-infrared selected Seyfert 1 galaxies were detected less
frequently by the PTI than were Seyfert 2 galaxies, is inconsistent with the standard
unification scheme. The unified scheme would predict an equal fraction of detections
for Seyfert 1 and Seyfert 2 galaxies. It is also in the opposite sense to what is expected
from alternative models in which Seyfért 1 galaxies are expected to have more energetic
cores than Seyfert 2 galaxies. Also, even if the jets were relativistically beamed, we
would expect Seyfert 1 galaxies to show systematically more prominent compact radio
emission than Seyfert 2 galaxies, since they are the face-on objects, and it is their jets
that would be pointed towards us and therefore Doppler beamed (Section 4.3.6).

Roy et al. (1994) invoke a model which attempts to reconcile their result with the
unification scheme. They consider the radio optical depth due to the free-free absorp-
tion of the NLR clouds which surround the radio emitting regions of the core and NLR,
which is in line with the model first proposed by Norris et al. (1992A). There could
be two distinct mechanisms (i) obscuration by the NLR and (ii) obscuration by indi-
vidual NLR clouds that may contribute to the resulting radio appearance. These two
mechanisms invoke free-free absorption by the NLR clouds which is highly dependent
on the geometry of NLR, opening angle of the cone (anisotropic escape of photons is
in the form of a cone) and the filling factor. Roy et al. (1994) propose testing of this
model by repeating the experiment at a higher frequency and by testing the detection
rates of cores of Seyfert 1 and Seyfert 2 galaxies.

As opposed to Roy et al.’s (1994) result, however all 19 of our 20 sample sources
for which VLBI observations are available have compact features. Observations of our
sample made using VLBI detects all the objects that we observed (15 of the 20) and

4 of the remaining (5) are observed by others, which are also detected. We do not
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Figure 4.1: Histograms showing distribution of brightness temperature (K) of the brightest
componernt detected on mas-scales.

find any systematically different detection rate of compact structures. We thus find
that Seyfert 1 and Seyfert 2 galakies have an equal tendency to show compact radio
structures, in contrast to the results of Roy-et al. (1994). Our result is thus consistent
with the prediction of the simple unified scheme.

Figure 4.1 shows the distribution of brightness temperatures of the brightest com-
ponent detected on mas-scales and Figure 4.2 shows the ratio of flux density detected
on mas-scales to that detected on arcsec-scales (the latter is discussed further in Sec-
tion 4.3.6). Mann-Whitney U test shows that the distributions (Figures 4.1 and 4.2)
are marginally same at a significance level of 0.10. These distributions show that the
fraction of total flux dénsity detected on mas-scales is not different for the two groups
of Seyfert galaxies. This demonstrates that the fact that our detection rate is higher

than Roy et al.’s (1994) is not just due to the higher sensitivity of the interferometer
we used.
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Figure 4.2: Histograms showing the ratio of flux density detected on mas-scales to the
emission detected on arcsec-scales.

4.3.2 The pc-scale radio luminosities

‘We derive the observed radio luminosity from the observed flux density S, via

L, = 41 S, (d)* (1 +2),
cz (1+(z/2))
Ho (1 -+ Z)
Hy = 75 kms™ Mpc* and g = 0.

where d = , and we use

We compare the distribution of radio luminosities for Seyfert 1 and Seyfert 2 galaxies.
The values are given in Table 4.2.

Figure 4.3 shows the distribution of the radio power detected on pc-scales. The dis-
tribution shows that the pc-scale radio luminosities of the Seyfert 1 and the Seyfert 2
galaxies are similar. The Mann-Whitney U test shows that the distributions are statis-
tically indistinguishable at a significance level of 0.05. Thus the distribution of pc-scale
radio powers of Seyfert 1 and Seyfert 2 galaxies are consistent with the unified scheme

hypothesis.
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Figure 4.3: Histograms showing distribution of total radio luminosity (ergs s Hz™!) on
mas-scales.

4.3.3 kpc-scale radio luminosities

We use the flux densities that we detect on kpc-scales (i.e. with our VLA observations)
from Table 4.2 (Column 8) and determine the corresponding radio luminosities in 15 out
of 20 cases, and from the literature for the rest (see Figure 4.4). The Mann-Whitney U
test shows that there is no statistically significant difference in the distribution of radio
power on arcsec-scales for Seyfert 1 and Seyfert 2 galaxies even at a significance level
of 0.10. The Mann-Whitney U test also shows that there is no statistically significant
difference in the distribution of core (the component of the source which is the closest
to the optical nucleus within errorbars) radio power (Figure 4.5) on arcsec-scales for
Seyfert 1 and Seyfert 2 galaxies even at a significance level of 0.10 (except NGC 7212,
which has a positional discrepancy, see description of this object in Section 3.4.2). Our
results are thus consistent with the predictions of the unification scheme hypothesis.
They are also consistent with the results of Nagar et al. (1999B), who showed that
the radio luminosities of Seyfert 1 and Seyfert 2 galaxies at 3.6 cm and 20 cm have
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Figure 4.4: Histograms showing total radio power (ergs s~ Hz™!) on arcsec-scales.

similar distributions. Our result does not agree with Morganti et al.’s (1999), who
found that Seyfert 2 galaxies tend to be more luminous than Seyfert 1 galaxies at
marginal significance.

The NRAO VLA Sky Survey (NVSS, Condon et al. 1998) radio observations are
made at 1.4 GHz using VLA D configuration. All our sample objects have mea-
surements made using this instrument. Figure 4.6 shows that the two histograms
of Seyfert 1 and Seyfert 2 galaxies are statistically similar for total 1.4 GHz radio
luminosity (NVSS) as measured using VLA D configuration at a significance level of
0.05 using Mann-Whitney U test. This is again consistent with Nagar et al.’s (1999B)
result.

4.3.4 Projected linear sizes

The linear sizes of Seyfert galaxies can be used to test the unification scheme because
Seyfert 1 galaxies oriented at small angles to the line of sight should have systematically
smaller linear sizes than Seyfert 2 galaxies in the plane of the sky.
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'Figure 4.5: Histograms showing core radio power (ergs s™'Hz™!) on arcsec-scales.

For their distance limited sample of Seyfert galaxies, Morganti et al. (1999) found
Seyfert 1 to be of systematically smaller sizes than Seyfert 2 galaxies. This is consistent
with the prediction of the unified scheme. The prediction of this model is that the
nuclear axes of Seyfert 1 galaxies are viewed more nearly pole-on, and so radio jets
(and hence the linear sizes) for them are foreshortened by projection.

We determine the projected linear size of the source using

2
Linear size of the source = (largest angular size) X (2) A + (#/2)) 7 (4.1
g g H,

for go = 0. Here, c is the velocity of light, Hy is Hubble parameter and z the redshift
of the object.

We assume that the largest angular size of the source is the largest extent of the
contour that is 5% of the peak surface brightness level. We have ensured that in all
cases the 5% contour is well above the noise level in the map. We use this angular
size to determine the linear radio size of the source. For NGC 5135, we use the 5%
contour level from its 6 cm map (Ulvestad & Wilson 1989) for determining the largest
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angular size. For the other objects Mrk 348 (Unger et al. 1984), NGC 4151 (Kukula
et al. 1995) and Mrk 926 (Ulvestad & Wilson 1984A) we measure their corresponding
largest angular sizes directly from the published maps. Mrk 231 is an unresolved object
(Kukula et al. 1995). Table 4.2 gives the projected linear size of the source along with
the reference.

In Figure 4.7, we plot the distribution of projected linear size for our sample of
Seyfert 1 and Seyfert 2 galaxies. The Mann-Whitney U test shows that the distributions
are not si'gniﬁcantly different even at a significance level of 0.10. We also show the
scatter plot of the radio luminosity on kpc-scales versus the projected linear size in
Figure 4.8. Including the upper-limits to the linear size the correlation is significant
at a level < 0.09 (Spearman’s rank correlation test), for the Seyfert 1 and Seyfert 2
galaxies taken together. Thus, even though we restricted the range of the intrinsic
AGN power for our sample (using [O I1I] A5007 luminosity parameter), we still find
a significant correlation of these two parameters, earlier noted by Ulvestad & Wilson
(1989) and Morganti et al. (1999) (Mrk 348 is one of our outliers, and is noted by
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Figure 4.7: Histograms showing projected radio linear size (pc) on arcsec-scales; arrows
denote objects that are unresolved.

Morganti et al. (1999); a projected linear size of 5 kpc (Baum et al. 1993) for this
source puts it closer to the correlation). It thus appears that the intrinsic variation
in the projected linear sizes is rather large and may swamp any systematic difference
between Seyfert 1 and Seyfert 2 galaxies due to pro jection. Further, if the inter-stellar
medium of the host galaxy affects the propagation of a Seyfert galaxy radio-jet, the
fact that our sample has a paucity of Seyfert 2 galaxies with jet direction perpendicular
to the host galaxy plane and Seyfert 1 galaxies with their jets propagating in the plane
of the host galaxy disk, may also contribute to reduce the systematic differences in
projected linear sizes between Seyfert 1 and Seyfert 2 galaxies.

4.3.5 Source spectral indices

The unified scheme predicts that Seyfert 1 and 2 galaxies arise from the same parent
population of AGN and the derived orientation independent parameters should not
show significantly different distributions. Morganti et al. (1999) did not find signifi-
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Figure 4.8: Scatter plot of projected linear size (pc) versus radio luminosity on kpc-scales
(ergs s™'Hz™1); symbols +, X, *, and o denotes resolved Seyfert 1, resolved Seyfert 2, unre-
solved Seyfert 1, and unresolved Seyfert 2 galaxies respectively.

cantly different distribution of spectral index for Seyfert 1 and Seyfert 2 galaxies. We
use our observations along with recent measurements at 2.0, 3.6, 6.0 and 20.0 cms,
preferably VLA A or B configuration observations (when not available we use coarser
resolution measurements) to determine the spectral indices, «§° , 036.6™, and 03§,
of the total flux density emitted (core plus the extended radio emission) of the source.
The Table 4.3 gives the spectral indices for our sample. Seyfert galaxies, Mrk 348
and Mrk 231 show radio variability (see Tables 3.3 and 3.4, and Figures 3.3 and 3.15
respectively of Chapter 3). The flux density of NGC 2639 is presently rising (Wilson
1999, private communication). Mrk 231 between 1.4 and 5.0 GHz, Mrk 348 between
1.4 and 8.4 GHz, MCG 8-11-11 between 5.0 and 15 GHz, and NGC 5929 between
1.4 and 15 GHz show flat spectrum (o < 0.4) radio cores. Mrk 231 between 1.4 and
5.0 GHz and Mrk 348 between 1.4 and 8.4 GHz show flat spectrum radio sources.

We plot the histograms (Figure 4.9) of the source spectral index (Column 11 of Table
4.3, of.om ) between 1.5 GHz (or 1.4 GHz) and 5 GHz (except for Mrk 348, where it

20 cm
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is plotted between 5.0 GHz and 8.4 GHz). The Mann-Whitney U test shows that the
distributions are virtually identical. Both Seyfert 1 and Seyfert 2 galaxies are equally
likely to show flat/steep spectrum for the source. Qur result at the stated significance
level is consistent with the prediction of the unified scheme which does not have any
preference for either kind of Seyfert galaxies to show flat/steep source spectrum.

4.3.6 Relativistic beaming in Seyfert galaxies?

In radio loud objects when the emitting plasma has bulk relativistic motion relative to
a fixed observer, its emission is Doppler enhanced or beamed in the forward direction
(in the fixed frame), a direct consequence of the transformation of angles in special
relativity (2 more detailed treatment is described below). An observer located in or
near the path of this plasma sees much more intense emission than if the same plasma
were at rest. Strong relativistic beaming is thought to explain the superluminal motion
and high luminosities that characterize blazars (Blandford and Rees 1978). If present
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in blazars, it may also be present in other AGNs where the radio-jet is pointed close to

the line of sight of the observer.

The Doppler enhancement of flux density:

Blandford & Kénigl (1979) formulated the theory of bulk relativistic motion for
a two-component “jet version” of the original model, and explored some of the
consequences. In this model, the radio emission originates within a collimated
supersonic jet that supplies the extended radio lobes with mass, momentum and
energy. The required in situ acceleration of the emitting particles is achieved by
means of mildly relativistic shocks propagating into the plasma and confined to
a jet. The “fixed” component observed in the VLBI observations is identified in
this model with the base of the jet.

One of the direct consequences of this bulk relativistic motion is that when the
motion is in directions close to the line of sight, the observed radio flux density
is apparently enhanced due to Doppler effects. The observed flux density Sgs of
the jet at a frequency v is related to the emitted flux density Sem that would be

observed in the comoving frame at the same emitted frequency v as
Sobs = Sem Ds-
D, the Doppler factor, is the ratio of observed to emitted frequency and is given by

D =11~ % cos )71,

where 6 is the angle of inclination of the direction of bulk relativistic motion to

the line of sight, v is velocity of the flow, and -y is the Lorentz factor.

In this model, wherein the radio core component is constituted of relativistically '
moving sub-components, the observed flux density would be enhanced by Doppler

effects for directions close to the line of sight.

Seyfert galaxies have low radio emission, but they do show radio emitting jet-like
structures on small scales which appear to be the low-power analogues of jets seen in
radio powerful AGNs (Nagar et al. 1999B and references therein). If this AGN-linked
radio emission originates from plasma with sub-relativistic bulk motion, the unified
scheme would predict that Seyfert 1 and Seyfert 2 galaxies should have similar radio
morphologies on all scales and it would be independent of orientation of the Seyfert
galaxy. But, if this radio emitting plasma has mildly relativistic bulk speeds (Bicknell,
1998, Ulvestad 1999B), the unified scheme would predict that Seyfert 1 galaxies, in
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which the radio axis is oriented close to the observers line of sight, should show mild
Doppler beaming of the radio cores, whereas Seyfert 2 galaxies should not exhibit such
behaviour. So far all the relativistically boosted jets with superluminal motion have
only been detected in radio-loud objects, except for the following result: Brunthaler
et al. (2000) have recently discovered superluminal motion in the Seyfert 1 galaxy,
I1I Zw 2. III Zw 2 is a Seyfert 1 galaxy that conforms to our definition of Seyfert
galaxies. This is the first detection of superluminal motion in a Seyfert nucleus in a
spiral galaxy. Recent observations of the two Seyfert galaxies, Mrk 348 and Mrk 231
by Ulvestad et al. (1999B), showed sub-relativistic expansion in them.

For our sample of Seyfert galaxies we test the beaming hypothesis, which states
that if the jets of Seyfert 1 galaxies are relativistically beamed then the pc-scale radio
emission would be Doppler boosted in them and not in Seyfert 2 galaxies.

In radio-loud AGN, the core flux density is Doppler enhanced due to relativistic
beaming, while the extended flux density ( the flux density of the lobes in radio-loud
objects) is not enhanced. Therefore, the ratio of the core and extended flux densities
becomes a beaming indicator ( e.g. Kapahi & Saikia 1982). We define an analogous
parameter R for Seyfert galaxies as

Jy p—

© Syest
where S, compact 18 the flux density that we measure on pc-scales and S, ;¢ is defined
as the difference of the total flux density detected at kpc-scale and the flux density
detected on pc-scales. If the detected pc-scale emission is coming primarily from ejected
plasma close to the nucleus, then by comparing the pc-scale radio emission with the
kpc-scale extended emission for the two classes of Seyfert galaxies, one could test the
relativistic beaming hypothesis. This is because if there is bulk relativistic motion in
Seyfert galaxies, then under the above assumptions, the Seyfert 1 galaxies would show
larger R than the Seyfert 2 galaxies.

The radio flux density variability in Seyfert galaxies have not been looked for, but
we know that at least two (Mrk 231 and Mrk 348) of our sample sources do show
radio variability. Due to the availability of simultaneous arcsec-scale data (VLA) for
our sample objects, we are able to test for the presence of beaming without worrying
about possible variability m the compact radio flux densities in 15 out of 20 cases. For
the rest of the sample objects (which are not observed by us) we use measurements on

pc and kpc-scales which are made at epochs as closely spaced in time as possible (see
Table 4.2).
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In Figure 4.10, we plot the histograms of the ratio R. We also look at the the
distribution of the ratio of the radio flux density detected on pc-scales to that at kpe- -
scales (Figure 4.2) for Seyfert 1 and Seyfert 2 galaxies. Mann-Whitney U test shows
that the distributions are not significantly different even at a level of 0.10. In other
words, the compact structures detected on pc-scales are not boosted in Seyfert galaxies.
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Figure 4.10: Histograms of the fraction of the total radio flux density detected on mas-scales
as against the extended radio emission.

44 CfA Seyfert galaxy sample: kpc-scale radio mor-
phology

The CfA Seyfert sample (Huchra & Burg 1992) is drawn from 2399 galaxies in the CtA
Redshift survey (Davies et al. 1983, Huchra et al. 1983) and consists of 48 objects
(24 Seyfert 1.0 & Seyfert 1.5, 4 Seyfert 1.8, 4 Seyfert 1.9, and 15 Seyfert 2.0) chosen
solely on the basis of strong emission lines in their spectra. Kukula et al. (1995) made
observations of the sample at 8.4 GHz with the VLA in A and C configuration in
1991 June and 1992 April respectively. The observational results of the sample along
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with individual source morphology, radio maps, flux densities, etc. have been presented
in their paper (Kukula et al. 1995). In the CfA Seyfert galaxy sample the unresolved
optical nucleus of a Seyfert galaxy grows fainter with the square of distance, whilst
the surface brightness of its host galaxy remains constant over a constant aperture.
Therefore, in this sample the ratio of the two components (the host galaxy to the
active nucleus surface brightness) is highly variable. In spite of this bias, it is one of
the best samples available in the literature. It has a larger number of objects than in our
sample. Hence, we use it to test the unified scheme hypothesis. We use Kukula et al.’s
(1995) data and plot the distribution for Seyfert 1 galaxies (Seyfert 1.0, 1.5 and 1.8) and
Seyfert 2 galaxies (Seyfert 1.9 and 2.0) to compare radio luminosities, projected linear
sizes, and relativistic beaming. Note that, as per our definition, Seyfert 1 galaxy has
Doppler widths of permitted emission lines greater than 1000 km s~!, all, Seyfert 1.0,
1.5 and 1.8 show line widths which are greater than 1000 km s™!; whereas Seyfert 1.9
and 2.0 do not (Seyfert 1.9 shows faint H ¢ and not H 3).

4.4.1 Radio luminosity comparisons

Almost all the objects in this well defined sample were detected at radio wavelengths
(40 of the 48 by VLA A array and 42 of the 48 by VLA C array), so it is valid to
test for the distribution of total (VLA A4 array and VLA C array) radio luminosity;
Figures 4.11 and 4.12 suggest that there is a strong similarity in the two distribution
for Seyfert 1 and Seyfert 2 galaxies. We compare the radio powers of two classes of
the Seyfert galaxies from these measurements. Arrows in the two distributions denote
upper limits, which we do not include in the analysis.

We use the Mann-Whitney U test to test the hypothesis that the two distributions
of total radio power detected using VLA A configuration and VLA C configuration are
similar. The results of this test indicate that the distxibution of Seyfert 1 and Seyfert 2
galaxies are similar (probability that the two sub-samples are different is 34% for the
CfA Seyfert sample using VLA A array at 8.4 GHz and is 25% for the CfA Seyfert
sample using VLA C array at 8.4 GHz). Therefore, this indicates that the VLA A
configuration and VLA C configuration distributions are probably the same, although
the probability that they are the same are only 66% and 74% respectively.

We also compare t_}_le distribution of the extended radio luminosity, corresponding
to the difference of the flux density detected by the VLA C and VLA A array (Figure
4.13). The Mann-Whitney U test gives a probability of 40% that the distribution of
Seyfert 1 and Seyfert 2 galaxies are different. In other words, the probability that the
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Figure 4.11: Histograms showing the total detected radio power (ergs s~1Hz~!) for the CfA
Seyfert sample using VLA A array at 8.4 GHz.

distributions of the extended radio luminosities of the Seyfert 1 and Seyfert 2 galaxies
are the same is 60%. This probability is not high enough to demonstrate statistically
that the distributions are the same, but it does not contradict the possibility that they
are the same.

We thus conclude that the distributions of the radio luminosity of Seyfert 1 and
Seyfert 2 galaxies for the CfA Seyfert sample at 8.4 GHz are probably similar (core and
the extended radio emission) at all scales. This is consistent with the predictions of the
unified scheme, i.e. results obtained from the CfA Seyfert sample are also consistent

with the predictions of the unified scheme.

4.4.2 Projected linear sizes

The following Table summarises the classification of the radio morphology for the CfA
Seyfert sample, following the scheme of Ulvestad & Wilson (1984B). The corresponding
number shows the number of sources seen of the kinds mentioned in Ulvestad & Wilson
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Figure 4.12: Histograms showing the radio luminosity (ergs s~'Hz™!) for the CfA Seyfert
sample using VLA C array at 8.4 GHz; ‘¥’ and ‘%’ denote an error of ~ 20% in flux density
calibration for Seyfert 1 and 2 galaxies respectively, and arrows denote undetected objects.

(1984B), on each VLA configuration.

VLA A array VLA C array

not detected 8 6
unresolved 17 20
slightly resolved 5 9
resolved 14 8
Compact double 1 1
no data 3 4

We can compare these numbers with the results from Ulvestad & Wilson (1989 and
references therein; see also the Section VI. in Wilson 1991). As compared to Wil-
son (1991), Kukula et al.’s (1995) measurements show a higher fraction of unresolved

sources and a lower fraction of galaxies with diffuse/linear radio emission. This result
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Figure 4.13: Histograms showing the total extended radio power (ergs s™'Hz™!) for the
CfA Seyfert sample at 8.4 GHz; single-headed arrow indicates non-detection on VLA A
configuration and double-headed arrow indicates non-detection on both the configurations.

may be due to an observational bias; these observations are not as sensitive to diffuse,
extended, steep spectrum emission as are the 20 cm VLA observations of, e.g., Ulvestad
& Wilson (1989).

We use angular sizes tabulated in Kukula et al.’s (1995) paper along with equation
4.1 to determine the linear size and plot the distribution of linear sizes derived from
VLA A array (Figure 4.14) and VLA C array (Figure 4.15) measurements for the two
classes of Seyfert galaxies. Arrows denote the upper limits to the sizes and we do not
take them into account while doing statistical tests.

Once again, to quantify the similarity of the two distributions we use the Mann-
Whitney U test, which shows that the distribution of linear sizes are not the same.
Seyfert 2 galaxies tend to show larger projected linear sizes than Seyfert 1 galaxies.
The projected linear size determined on the basis of VLA C configuration measurement
suggests marginal difference (the probability for Seyfert 1 and Seyfert 2 galaxies to be
different is 91.6%) in the linear projected sizes of the two classes of the Seyfert galaxies.
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Figure 4.14: Histograms showing projected linear size (pc) of the source as measured by
VLA A array (CfA Seyfert galaxy sample); arrows indicate unresolved objects.

Whereas the linear size corresponding to VLA A configuration measurement suggests
that Seyfert 2 galaxies have larger projected linear sizes than Seyfert 1 galaxies, and
there is statistically significant difference in the projected linear size between them
(P < 0.05). We thus believe that there is difference in the linear sizes of the two
classes of Seyfert galaxies when found using VLA A configuration and it is consistent
with the unified scheme, whereas when found using VLA C configuration the difference
is at the most marginal. This statistically significant difference in the projected linear
radio sizes between Seyfert 1 and Seyfert 2 galaxies is consistent with the predictions of

unified scheme hypothesis. This is also consistent with the result obtained by Morganti
et al. (1999).

4.4.3 Relativistic beaming

To investigate relativistic beaming, we use the distribution of the ratio between the
possibly beamed and extended radio flux density. We assume that the emission asso-
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array linear size for it, and arrows indicate unresolved objects.

ciated with the difference of the emissions between VLA C and VLA A configurations
would not be Doppler boosted and we call this as an extended emission. The VLA A
configuration measurement probes structures on scales smaller than VLA C configu-
ration and we use VLA A configuration emission as the one which would suffer from
Doppler boosting if beaming is present. Using the ratio R, of the two, VLA A con-
figuration emission to the extended emission, as an indicator of relativistic beaming
(once again without accounting for the upper limits), we compare the distribution of
R for the two classes of the Seyfert galaxies. Figure 4.16 shows the distribution. The
Mann-Whitney U test is not conclusive about whether the distributions are the same
or not (probability of them being different is 56%).

The distribution of R and its statistical significance does not actually compare the
flux density detected on pc-scales as against the extended emission and hence is not
really a measure of relativistic beaming. But nevertheless we use it as an indicator to
probe the boosting of core flux density in Seyfert galaxies. Since it is equally likely
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Figure 4.16: Histograms showing fraction of the radio core flux density detected by VLA A
array as against the extended flux density at 8.4 GHz for CfA Seyfert sample.

that the distributions obtained here are either same or different, and considering also
the results discussed above (based on our pc-scale result), we conclude that Seyfert
galaxies do not show relativistic bulk motion in their nuclei.

4.5 Summary

Using our measured radio flux densities of the pc-scale and kpe-scale structures for
Seyfert galaxies and from their detection rates, radio luminosities, spectral indices
and projected linear sizes, we find that: (1) A starburst alone cannot power these
radio sources because, (i) th.ey have high brightness temperature, and (ii) the core
radio luminosity at 5 GHz is ~ 10% ergs s~'Hz~! and arises from a region smaller
than a few cubic pc. (2) Seyfert 1 and Seyfert 2 galaxies have equal tendency to
show compact radio structures, in contrast to the results of Roy et al. (1994), who
concluded that compact radio structures were much more common in Seyfert 2 galaxies
than in Seyfert 1 galaxies. Thus the contradiction that Roy et al. (1994) found with
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the unified scheme no longer exists. (3) The distributions of pc and kpc-scale radio
luminosities are similar for both Seyfert 1 and Seyfert 2 galaxies. This is consistent
with the prediction of the unified scheme hypothesis. (4) We do not find any evidence
for relativistic beaming in Seyfert galaxies. (5) Seyfert 1 and Seyfert 2 galaxies show
similar distributions of source spectral indices. (6) The unification scheme hypothesis
predicts that Seyfert 1 galaxies oriented at small angles to the line of sight should
have systematically smaller projected linear size than Seyfert 2 galaxies. The kpc-
scale projected linear sizes correlate with the radio luminosity. Their distributions
for Seyfert 1 and Seyfert 2 galaxies of our sample are not significantly different as
they would be expected in the unified scheme. This could be mainly due to a relatively
large spread in the intrinsic sizes. There could also be a contribution from the selection
effect, viz., the paucity of Seyfert 1 galaxies with their radio axes in the plane of the
host galaxy, and of Seyfert 2 galaxies with their jet axes perpendicular to the host
galaxy plane.

From the observations of the CfA Seyfert galaxy sample and the kpc-scale data
from them, the radio luminosities, projected linear size for the two classes of Seyfert
galaxies and the ratio of flux density detected on VLA A configuration and the extended

emission are consistent with the unification scheme hypothesis.
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Chapter 5

Further tests of unification:
Infrared and X-ray data

5.1 Introduction

In the previous Chapter (Chapter 4) we used our sample, matched in orientation inde-
pendent parameters, to test the predictions of the unified scheme in the radio domain.

In this Chapter we use our sample to test the predictions of the unified scheme in
other wavelength domains as well, the data for which have been taken from published
literature. We address the following issues in this Chapter: In Section 5.2, we look
at the infrared data and its consistency with the unified scheme. We also look at the
radio—infrared correlation at various scales and probe the nature of emission in them.
In Section 5.4 we test the consistency of hard X-ray luminosity and photon index with
the unification scheme. We discuss all these parameters in the light of the unified
scheme and present the implications of our results.

5.2 The infrared luminosity distribution

The unification scheme hypothesis predicts that if the infrared emission from Seyfert
galaxies is an orientation independent parameter then the infrared powers should show
similar distributions for Seyfert 1 and Seyfert 2 galaxies. We use the values tabulated
in Lipovetsky et al.’s (1988) catalogue at 12 pym, 25 pym, 60 pm, and 100 pm data.
Table 5.1 gives flux densities and corresponding luminosities for 17 out of 20 (8 Seyfert 1
and 9 Seyfert 2 galaxies) objects from our sample. The data for NGC 4151 have been
taken from Rush et al. (1993). In the following Sections (5.2.1 and 5.2.2), we look at
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the distribution of mid-infrared and far-infrared luminosities for our sample and test
the predictions of the unification scheme hypothesis.

5.2.1 The mid-infrared luminosity

Spinoglio & Malkan (1989 and references therein) argued that the 12 ym luminosity is
the best indicator of the bolometric luminosity of AGNs. They found that at 12 pgm
the absorption of the continuum is balanced by the thermal re-emission and all Seyfert
galaxies (in fact all AGNs) show this behaviour. They argued that the dust preferen-
tially absorbs continuum at the shortest wavelengths and re-emits it in the far-infrared,
making the resulting energy distribution redder in the optical /ultraviolet, and in the
infrared; the pivot wavelength, at which the absorption of the original continuum is
balanced by the thermal re-emission is expected in the mid-infrared (7—12 pm). If this
is the case, the unified scheme would predict that the 12 um distribution of Seyfert 1
and Seyfert 2 galaxies be similar. If, on the other hand, the 12 pm luminosity origi-
nates on larger scales (e.g. Thean et al. 2001), then the unified scheme would again
predict that the 12 um distribution be similar, since we have matched the host galaxy
stellar luminosity and also other host galaxy parameters. We show the distribution of

the mid-infrared, 12 um, power in Figure 5.1. The distributions are virtually identical.
This is consistent with the unified scheme.

5.2.2 The far-infrared luminosity

As in the case of 12 ym mid-infrared luminosity, there is no consensus on the origin
of the far-infrared luminosity. Roy et al. (1998) have argued that the far-infrared
luminosity is predominantly from the nuclear dust heated by the optical-ultraviolet
continuum from the AGN. Wilson (1988) has argued that the far-infrared emission is
associated with star-formation in the disk. In either case the far-infrared luminosity
would be an orientation independent parameter. The unified scheme would then predict
similar far-infrared luminosities for the two classes of Seyfert galaxies. Figures 5.2, 5.3,
and 5.4 present respectively the distributions of the total 25 um, 60 um, and 100 pm
luminosities for the two class of Seyfert galaxies. The Mann-Whitney U test shows
that the two distributions are the same at a significance level better than 0.10. Thus,
our results are consistent with the predictions of the unified scheme.
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5.3 The radio—infrared correlation

The well known correlation between radio and far-infrared emission from normal spi-
ral galaxies (e.g. Dickey & Salpeter 1984, Wunderlich et al. 1987) is displayed not
only by spirals, but also by a remarkably diverse range of galaxy types. For example,
Sopp & Alexander (1991) have shown that the radio and far-infrared luminosities of
Seyfert galaxies and radio-quiet quasars are correlated and follow the same correlation
as normal star-forming galaxies and ultra-luminous infrared galaxies, whereas, Sanders
& Mirabel (1985) had shown that Seyfert galaxies display a correlation between ra-
dio and far-infrared with greater scatter than spirals. Thean et al. (2001) suggest
that IRAS flux densities are dominated by large-scale emission, because correlations
between 8.4 GHz VLA A configuration flux densities and the flux densities in all the
IRAS wavebands are much weaker than the corresponding relationships between NVSS
(VLA D configuration, 1.4 GHz measurements) flux densities and IRAS flux densities.
Radio emission from Seyfert galaxies is generated by the galaxy disk and by the
AGN (e.g. Wilson 1988). The disk emission is distributed following optical indica-
tors of star formation activity, and displays the normal radio—far-infrared correlation
(Roy et al. 1998). The non-thermal disk emission is probably synchrotron radiation
from cosmic electrons accelerated by supernovae. On the other hand, the non-thermal
nuclear emission originates from a compact, high brightness temperature core. It has
been argued that the radio excess that often disturbs the radio—far-infrared correlation
in Seyfert galaxies originates from their nuclei (Sanders & Mirabel 1985, Baum et al.
1993). As discussed earlier (Section 5.2.2), the far-infrared emission from Seyfert galax-
les is thought to be mostly thermal emission from nuclear dust that is heated by the
optical-ultraviolet continuum source, rather than non-thermal synchrotron emission.
Since the Seyfert galaxies are radio-quiet objects, both the AGN and star-formation
in the host galaxy disk could contribute significantly to the total radio luminosity, es-
pecially on larger spatial scales ~ 10 kpc. In Figures 5.5 to 5.16, we plot the ‘flux
density—flux density’ and ‘luminosity~luminosity’ correlations between the radio and
far-infrared emission in different wavebands for the two classes of the Seyfert galaxies.
Note that ‘luminosity—luminosity’ correlations could be dominated by relatively large
range in redshifts (Elvis et al. 1978). Table 5.2 gives the Spearman’s rank correla-
tion coefficient for ‘lux density—fux density’ scatter diagram, 7s¢, and significance of
correlation, ajy; and ‘luminosity—luminosity’ scatter diagram, 7y (Spearman’s rank
correlation coefficient), ay; (significance of correlation) for NVSS, VLA A configuration
and VLBI measurements as compared to all the IRAS wavelengths. While the NVSS
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flux density measurements which are sensitive at ~ 10 kpc and our kpc-scale flux den-
sity measurements which are sensitive at ~ 1 kpc correlate strongly with flux densities
in all of the IRAS wavebands, the pc-scale flux density measurements do not correlate
with the flux density in any of the IRAS wavebands. It thus seems very likely that a
significant fraction of the far-infrared emission from 12 um ‘to 100 um comes from the

dust associated with star-formation on ~ kpc-scales.

Vif asf Tu agl
parameters being correlated | (flux densities) (luminosities)
NVSS (1.4 GHz) vs 12 pm 0.68 0.003 0.92 2.98 x 10~°
NVSS (1.4 gHz) v 25 pm 0.71 0.001 0.91 5.50 x 107°
NVSS (1.4 GHz) vs 60 um 0.60 0.011 0.86 6.84 x 1073
NVSS (1.4 guz) vs 100 pm 0.53 0.027 0.89 . 2.00 x 107°
VLA A (50 grz) vs 12 pm | 0.57 0.017 0.86 6.85 x 107°
VLA A (5.0 gHz) vs 25 pm | 0.51 0.035 0.85 1.16 x 10~*
VLA A (5.0 guz) vs 60 pm | 0.47 0.055 0.83 2.17 x 10~*
VLA A (5.0 grz) vs 100 pm | 0.43 0.069 0.89 1.58 x 107°
VLBI (5.0 gaz) vs 12 pm 0.11 0.671 0.76 1.51 x 1073
VLBI (5.0 GHz) vS 25 pm 0.02 0.925 0.75 1.84 x 1073
VLBI (5.0 gBz) vs 60 pm 0.09 0.729 0.69 6.54 x 1073
VLBI (5.0 gre) vs 100 pm | 018  0.492 0.75 2.03 x 1073

Table 5.2: NVSS, VLA A array, and VLBI radio flux densities and luminosities correlated
with infrared flux densities and luminosities for all TRAS wavebands. Table gives the Spear-
man’s rank correlation coefficients (vs¢ and i) and their corresponding significances (aff

and a”) .
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Figure 5.5: The radio (NVSS, D afray) versus mid-infrared (12 pm) scatter diagram showing
Seyfert galaxies from our sample; ‘+’ indicates Seyfert 1 galaxies and ‘x’ Seyfert 2 galaxies.
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Seyfert galaxies from our sample; ‘+’ indicates Seyfert 1 galaxies and ‘x’ Seyfert 2 galaxies.
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5.4 X-ray data

The X-ray power-law component is variable. The medium energy power-law component
in general varies in intensity with very little change in the spectral index. In some
well-observed AGNs, the flux density variations are accompanied by a softening of the
spectrum with increasing intensity (e.g. Perola et al. 1986, Mushotzky et al. 1993 and
references therein).

We collate the X-ray luminosity measurements (data are available for 7 out of 10
Seyfert 1 galaxies and 9 out of 10 Seyfert 2 galaxies) and photon indices (data are
available for 9 out of 10 Seyfert 1 galaxies and 6 out of 10 Seyfert 2 galaxies) from
the literature and test the unification scheme in this waveband as well. Table 5.3 gives
X-ray photon index and hard X-ray luminosity. This is only part of the sample that is
being studied, because the remaining sample objects do not have measurements in the
literature. In the following Section we present the results.

5.4.1 Hard X-ray luminosity

Figure 5.17 shows the distribution of the X-ray power detected by instrument onboard
ASCA. The objects, Mrk 78, NGC 5929, and NGC 7682, marked with an asterisk, “*’,
in the distribution, have measurements due to Ginga and HEAO1-A2 instruments. We
test the hypothesis that the distribution of X-ray (2-10 keV) luminosity of Seyfert 1
galaxies and Seyfert 2 galaxies are the same. The Mann-Whitney U test shows that the
distributions of X-ray (2-10 keV) luminosity for the two classes of Seyfert galaxies are
significantly different (P < 0.02). Seyfert 1 galaxies have systematically higher X-ray
luminosity than Seyfert 2 galaxies. Our result is consistent with the unified scheme
hypothesis. The unified scheme predicts higher luminosity for Seyfert 1 galaxies than
for Seyfert 2 galaxies because the X-ray (2-10 keV) emission in Seyfert 2 galaxies gets
attenuated due to the presence of the obscuring torus in our line of sight whereas
the X-rays from Seyfert 1 galaxies do not suffer from such obscuration. This is also
consistent with the result of Mas-Hesse et al. (1994). They suggested that for a given
far-infrared luminosity, there is a significant lack of soft X-ray emission in Seyfert 2
galaxies compared to Seyfert 1 galaxies. This lack of soft X-ray emission in Seyfert 2
galaxies could be due to partial attenuation of soft X-ray emission coming from the
central source while traversing through the obséuriﬁg torus.
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Figure 5.17: Histograms showing distribution of 2-10 keV X-ray luminosity (ergs s71); the
objects with **’ have measurement not from ASCA instrument.

5.4.2 X-ray photon indices

It is now well recognised that the intrinsic high energy spectrum of Seyfert 1 galaxies
consists, on an average, of a steep power-law continuum (I" ~ 1.9-2.0, Nandra & Pounds
1994) with an exponential cut-off typically at energies larger than 150 keV (Zdziarski
et al. 1996, Perola et al. 1986). Therefore one would expect that Seyfert 2 galaxies also
exhibit similar high-energy properties. X-ray observations (mainly below ~ 20 keV) of
Seyfert 2 galaxies, have shown a variety of spectral characteristics not always consistent
with a “zeroth-order” version of the unified models (Smith & Done 1996, Cappi et al.
1996, Turner et al. 1998, Mushotzky 1984)). However, at high energies where the
effects of absorption and matter reprocessing are less evident, measurements are sparse
for Seyfert 2 galaxies (Johnson et al. 1997). It has been therefore difficult to assess
the Seyfert 1 nature of the primary spectrum of Seyfert 2 galaxies from such X-ray

observations.
Kruper et al. (1990), from the well-determined spectra of their sample showed that
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the lower luminosity Seyfert 2 galaxies have significantly flatter power-law indices,
a ~ 0.5. Selection effects seem to be very important in their sample. The Seyfert 2
galaxies also tend to be relatively brighter in the radio compared to the Seyfert 1
galaxies. This is not surprising because they are optically selected. Therefore the fact
that the power-law indices of Seyfert 2 galaxies appear flatter than Seyfert 1 galaxies
could be either due to AGN type, or due to their low luminosity. If Kruper et al.’s (1990)
result is not biased from the selection effect then it is consistent with the predictions of
the unified scheme hypothesis where the attenuation of softer X-ray by the obscuring

torus in Seyfert 2 galaxies (partially covered central source) would make their spectra
flat as compared to Seyfert 1 galaxies.
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Figure 5.18: Histograms showing distribution of photon index; the objects with “*’ have
measurement not from ASCA instrument.

In Figure 5.18 we show the distribution of 2-10 keV photon index for the two classes
of Seyfert galaxies. Neither the data from a single instrument nor using many other
instruments could provide us with photon index in 2-10 keV for our sample objects.
The objects, Mrk 78, and Mrk 530, marked with an asterisk, ‘*’, in the distribution,
have measurements due to ROSAT and HEAO2 instruments. The Mann-Whitney U test
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Summary

5.5.

test shows that the distributions are not statistically different even at a significance

level of 0.10. Our result is consistent with the unified scheme because we do not expect

ﬁattening of the

pectrum in 2-10 keV regime.
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Table 5.3: Table showing X-ray properties.
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are distributed similarly for the Seyfert 1 and Seyfert 2 galaxies from our sample.
Since the infrared powers are expected to be orientation independent, these results
are consistent with the unification scheme hypothesis. (2) The pc-scale radio flux
density does not correlate with the mid and far-infrared flux densities, suggesting that a
significant fraction of the far-infrared luminosity from 12 ym to 100 pm comes from the
dust associated with the star-forming regions at ~ kpe-scales. (3) The distributions of
hard X-ray luminosity for Seyfert 1 and Seyfert 2 galaxies are different. Since Seyfert 2
galaxies are expected to show lower luminosity than Seyfert 1 galaxies as the X-ray
emission from Seyfert 2 galaxies is expected to be attenuated due to the presence of an
obscuring torus, this is once again consistent with the unified scheme. (4) Finally, we

do not find evidence for Seyfert 2 galaxies to show flatter X-ray photon indices than
Sevfert 1 galaxies.



Chapter 6

Conclusions and future work

6.1 Summary of results

Unification of Seyfert 1 and Seyfert 2 galaxies has been attempted by various authors

in the past. Their radio emission has been extensively studied at ~ arcsec-scales,

but at mas-scales a systematic study has not been done before. We carefully selected

and made a list of 20 Seyfert galaxies, that are matched in orientation independent

parameters which are measures of intrinsic AGN power and host galaxy properties.

This sample was used to test the unification scheme hypothesis rigorously by observing
it at pc-scales.
es of 15 objects that were observed by us with VLBI and

We presented radio imag
sample objects have VLBI

4 objects that had VLBI images in the literature. Thus 19
images, all 20 have VLA images and 15 of them have simultaneous VLBI and VLA
measurements. The maps presented in Chapter 3 reveal, for the first time, the mas-scale
radio structures of a large carefully selected sample of Seyfert galaxies. All our observed
objects were detected on mas-scales. We measured the radio flux densities, sizes of the

emitting regions, P.A.’s of the extended radio emissions and their morphologies. These

measurements provide a useful database for investigating the generic properties of

compact radio cores in the nuclei of Seyfert galaxies. Earlier studies indicate that at
Jeast two (Mrk 348 and Mrk 231) of these are radio variables, thereby underlining the

advantage of the simultaneity of our VLBI and VLA data for comparing the pe-scale

and kpc-scale morphology.

Using our measured flux densities of the pc-
galaxies and their detection rates, radio luminosities, projec
tral indices, we obtained the following results: (1) The starbursts alone cannot power

scale and kpc-scale structures for Seyfert
ted linear sizes and spec-

137
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these radio sources because, (i) the emission is compact on pe-scales and cannot be
explained with starburst models, (i) the brightness temperature is high, and (iii) the
radio luminosity of the compact component at 5 GHz is ~ 10% erg s~ Hz™" and arises
from a region smaller than a few cubic pc. (2) Seyfert 1 and Seyfert 2 galaxies have
equal tendency to show compact radio structures. This contradicts the result of Roy
et al. (1994), who had concluded that compact radio structures were much more Com-
mon in Seyfert 2 galaxies than in Seyfert 1 galaxies. Thus, the inconsistency of Roy
et al.’s (1994) result with the unified scheme no longer exists. (3) The distributions
of the radio powers at subarcmin, arcsec and mas-scales for the two classes of Seyfert
galaxies are similar. This implies that there is no statistically significant difference in
radio powers of Seyfert 1 and Seyfert 2 galaxies, which is consistent with the unified
scheme. (4) The projected linear sizes of Seyfert 1 galaxies are not systematically lower
than Seyfert 2 galaxies, contrary to the prediction of the unified scheme. This could
be mainly due to there being a relatively large spread in the intrinsic linear sizes as is
suggested by the luminosity—size correlation. There could also be a contribution from
the selection effect, viz., the paucity of Seyfert 2 galaxies in the sample with their jets
perpendicular to the plane of the host galaxy and of Seyfert 1 galaxies with their axes
in the plane of the host galaxy. (5) We compared the ratio of the detected pc-scale
radio flux density and the kpc-scale radio flux density using simultaneous VLBI and
VLA measurements. Its distribution for the two classes of Seyfert galaxies are simi-
lar. Therefore, we believe that there is no evidence for relativistic beaming in Seyfert
galaxies.

We analysed the tabulated data of the CfA Seyfert galaxy sample (Kukula et al.
1995) at kpc-scales. We found similar distributions of radio luminosities, and the ratio
of radio core flux density to the extended radio flux density for the two classes of Seyfert
galaxies, consistent with the predictions of the unification scheme. The distributions
of the projected linear sizes appear to differ for Seyfert 1 and Seyfert 2 galaxies in a
manner consistent with the unified scheme.

Using the 12 pm, 25 pm, 60 pm and 100 um flux densities for our Seyfert sample,
we find that Seyfert galaxies have similar distribution of infrared power at all IRAS
wavebands. While the mid and far-infrared flux densities correlate with the kpc-scale
radio flux densities, they do not correlate with the pc-scale flux densities. This sug-
gests that the infrared emission is dominated by non-nuclear emission and a significant
contribution to the infrared emission could be due to the galaxy disk. The distribution
of hard X-ray luminosity for Seyfert 1 and Seyfert 2 galaxies is different. Seyfert 2
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galaxies show lower luminosity than Seyfert 1 galaxies. This is consistent with the fact
that the X-ray emission from Seyfert 2 galaxies is attenuated due to the presence of
an obscuring torus and hence the lower luminosity for them than Seyfert 1 galaxies.
Lastly, we do not find evidence for Seyfert 2 galaxies to show flatter X-ray photon

indices than Seyfert 1 galaxies.

6.2 Future work

The next immediate step would be to look at the radio spectra of the cores of Seyfert
galaxies at mas-scales. The radio-loud AGNs seen in any orientation have flat-spectrum
radio cores on pe-scales. The radio cores of Seyfert galaxies are expected to show similar
behaviour. A systematic study to look for spectra of Seyfert 1 and Seyfert 2 cores has
not been done so far. We would like to supplement our data along with observations
at other radio wavelengths, particularly, for those sources which are unresolved if not
at all scales, at least on arcsec and mas-scales (e.g. Mrk 1 Mrk 766, and Mrk 477).
VLBA was ‘the key instrument in providing a range of baselines for our experiment,
it has maximum sensitivity at 5 GHz. In future, along with the 14 stations we had
in our observation and with the inclusion of phased-WSRT (also the Square Kilometer
Array (SKA), whensoever possible) so as to maximise sensitivity, we would like to make
phase-referenced measurements at other wavelengths as well, particularly at 8.4 GHz
and 1.4 GHz (at these frequencies the performance of these stations are next best). This
would also allow us to probe the signatures of free-free emission which are thought to
be due to the torus. The inner edge of the torus, expected to be ionised by optical
and ultraviolet emission from the active nucleus, will radiate direct thermal emission
(e.g.. NGC 1068: Gallimore et al. 1996A, Gallimore et al. 1997; Mrk 231: Taylor
et al. 1999, Carilli et al. 1998) and will cause free-free absorption of nuclear radio
components viewed through torus. Hence, our future observations would be aimed at
wavelengths between 21 cm and 2 cm where the free-free turnover is expected.

The flat spectrum radio cores on arcsec-scales have also not been looked for at
comparable resolutions. Studying the radio data of Seyfert galaxies at similar resolution
scales and tracing flat/steep spectrum radio cores would be another study that we would
like to undertake using Giant Metrewave Radio Telescope and VLA.

To increase the Seyfert sample and probe mas-structures at 5 GHz for more Seyfert
galaxies, we need to add at least phased-WSRT to our existing chosen array. We would
like to increase the sample size of Seyfert galaxies, matched once again in orienta-

tion independent parameters and provide a firmer footing to the unification scheme
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hypothesis.

Although Seyfert galaxies show X-ray flux density variability on short time-scales
(Canizares et al. 1986), systematic searches for radio variability in Seyfert galaxy cores
have not been made. Two of our sample objects (Mrk 231 and Mrk 348) show radio
variability. We would like to look for the flux density variability as well.

We attempted to show that the far-infrared emission from Seyfert galaxies consists
mainly of thermal and weak non-thermal emission using radio—far-infrared correlation.
Data currently being taken with Infrared Space Observatory (ISO) will become public
in a few years. These data can be used for modelling the mid-infrared and far-infrared
spectrum so that AGN ‘and starburst components of hot and warm dust can be better
determined. Analyses of the ISO data, which is of higher resolution than IRAS, would
allow us to check the strength of radio—far-infrared correlation.

In spite of only a small number of Seyfert galaxies having X-ray measurements, we
attempted to test the predictions of the unified scheme in X-ray wavelength using data
collated from literature (mainly ASCA) obtained with different instruments. “Chan-
dra” has superior spatial resolution than ASCA and its spectral resolution is adequate
to model the observed spectrum of core and extended emission of the Seyfert galaxies.
Hence, future observations with it will help us to determine the hard X-ray luminosity
and photon index of Seyfert galaxies. Therefore, one can give a firm footing to the

flat spectra seen in Seyfert 2 galaxies and steep spectra seen in Seyfert 1 galaxies as is
alluded by Canizares et al. (1986).
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