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‘Glaucon: “...But how did you mean the study of astronomy to be reformed, so as to serve our pur-
poses?’

Socrates: “In thisway. Theseintricate traceries on the sky are, ho doubt, the loveliest and most perfect
of material things, but still part of the visibleworld, and therefore they fall far short of the true realities
—thereal rdativeveocities, intheworld of pure number and all geometrical figures, of the movements
which carry round the bodiesinvolved in them. These, you will agree, can be conceived by reason and
thought, not by the eye.”

Glaucon: “Exactly.”

Socrates: “ Accordingly, we must use the embroidered heaven asamodel toillustrate our study of these
realities, just as one might use diagrams exquisitely drawn by some consummate artist like Daedalus.
An expert in geometry, meeting with such designs, would admire their finished workmanship, but he
would think it absurd to study them in all earnest with the expectation of finding in their proportionsthe
exact ratio of any one number to another...” ’

— Plato (429-347 BC), The Republic, trans. EM. Cornford.
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Chapter 1

| ntroduction

1.1 Thisthess

Thisthesis describes two studies of extragalactic radio sources at high resolution and sensitivity. Most
of the well-known facts about radio sources come from low-resolution imaging, despite the fact that
much of the interesting physics (that of the jets and hotspots) occurs on scales that are small compared
to the overall source size. Thisthesisisan attempt to redress the balance and to extract some physical
information on the energy transport in these sources from their small-scale radio structure.

In thischapter | introduce extragal actic radio sources and briefly describe the current state of knowledge
about them and the physics we might hope to extract from observations. In chapter 2 the instruments
and techniques used to image sources with the required sensitivity and resolution are described.

Chapter 3isconcerned with observationsof asmall ‘ representative’ sample of FRI sources. Thefeatures
seen in theradio structures of the jets are discussed and used to estimate the physical parametersin the
beams. | compare the structures seen in the jets with existing models.

In chapter 41 describe observationsof alarge sampleof FRII sources, and discusssometrendsinthefea
tures observed. In chapter 5, techniques are developed for extracting quantitativeinformation from the
resulting images and from data from previous work by others, and the results are tabulated. In chapter
6 | usetheseresultsto try to constrain some physical parameters of the sources.

The conclusions of the whole thesis are summed up in chapter 7.

1



2 CHAPTER 1. INTRODUCTION

1.2 A brief history

In the early days of radio astronomy large numbers of bright unresolved radio sources (‘radio stars')
were discovered. It was soon found that many of these were associated with external galaxies, and oth-
erswith star-like objects of high redshift known as quasars (Schmidt 1963). The radiation was found to
be synchrotronin origin, an inference made from its spectrum and pol arization (see below, section 1.3).
Jennison and Das Gupta (1953) were thefirst to note (in Cygnus A) the doubl e structure characteristic
of many of these sources; understanding of the basic physical processes going on in them came with
the large-scale development of interferometry (see chapter 2) at Cambridge and elsewhere. Interfero-
metry made systemati c catal oguing of radio sources possible, |eading to source catal ogues (particularly,
from the point of view of thisthesis, the 3C and 4C catalogues) still in use today. Subsequently it al-
lowed sub-arcsecond resol ution images to be made and began a process of complicated morphol ogical
classification which has continued until the present day. One classification that has remained useful is
that of Fanaroff and Riley (1974: FR) who noticed that centre-brightened sources (class 1) and edge-
brightened sources (class 1) were separated in luminosity with a dividing luminosity at 178 MHz of
around 2 x 102 W Hz~1 sr=1. Their two classes are now known as FRI and FRII.

Meanwhile Miley and Wade (1971) and Hargrave and Ryle (1974) had discovered the hot spots (see
section 1.4.3) in Cygnus A; these regionsof high brightness embedded in more diffuse |obes were soon
found to beubiquitousin FRIIs, leading to apictureof the prototypical ‘ classical double’ whichisnottoo
different from today’s (see figure 1.1). The synchrotron lifetimein the hot spots was less than the light
travel time from the central object to the hot spots, ruling out simple models of the sources involving
asingle explosion. Jets (by Bridle and Perley (1984)’s definition: see below, section 1.4.1) were also
beginning to be discovered in avariety of different typesof source (e.g. Northover 1973). Theselinked
with the ‘beam models' being proposed by Blandford and Rees (1974) and Scheuer (1974), in which
the outer 1obes of the source were supplied with energetic e ectrons by twin beams or exhaustsfrom the
central source. In thisthesis, the term ‘beam’ will be retained (following Hughes and Miller 1991) to
refer to the inferred pipe of particles from the central source, and ‘jet’ will refer to the observed linear
featuresin the radio sources.

The subject was transformed again at the beginning of the 1980sby theNRAO Very Large Array (VLA:
see chapter 2) which allowed high-sensitivity and high-resolution maps of radio sources to be made
routinely and which did not suffer from the problemsof longintegrationtimesand declination-dependent
resol ution experienced at the existing east-west interferometers (notably the Cambridge 5-km and One-
mile tel escopes and the Westerbork array). By 1984 Perley, Dreher and Cowan had imaged Cygnus A
with sufficient dynamic range to discover afaint jet in the western lobe. In the meantime, advancesin
Very Long Basdline Interferometry (VLBI) had alowed the discovery of parsec-scalejets and apparent
faster-than-light motionsin the regions close to the centra sources of some objects. Jets, interpreted as
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Figure 1.1: The'prototypica’ classical doubleradio source Cygnus A (3C405). Notethejets, multiple

hot spots and filaments in the lobes. Figure taken from Perley, Dreher and Cowan (1984).
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evidence of outflow from the central source, seemed to be the common feature linking arange of quite
disparate phenomena.

1.3 Synchrotron physics

It will be useful to consider briefly the physicsof synchrotron emission®. Thisistheterm for radiation
from a highly relativistic charged particle in the presence of magnetic field; energy is radiated because
of the centripetal acceleration of the charge. An individual electron — the particle of astrophysical in-
terest — radiates at arange of frequencies with the central frequency determined by its L orentz factor,
the cyclotron frequency and the angle between the net velocity and the magnetic field direction. The
behaviour of an ensembl e of el ectronsisthen obtained by integrating the spectrum of one el ectron over
an appropriate distribution function. The electronsin sources of interest are found to have a power-law
distributionin energy, that is

n(E)dE 0 E~%dE

and thisleads to an emissivity which varies with the observing frequency v asv=% witha = (8—1)/2.
The quantity a isknown as the spectral index and can be measured if maps at two or more frequencies
are available.

The polarization of ideal synchrotron emission with a homogeneous magnetic field is independent of
frequency and determined only by the spectral index,

_ 3a+3
- 3045

where Ty isthefractional linear polarization. Typical observed va uesof the spectral index a are between
0.5 and 1, implying fractional polarization of between 70 and 75%. In fact, the fractional polarizations
of real sources are often much lower, and can be frequency-dependent. Severa effects contribute to
this. Firstly, the magnetic field need not be homogeneous; unresolved cellular structurein thefield can
dramatically reduce the polarization at al frequencies (e.g. Burn 1966). A high degree of polarization
istherefore often taken as an indicator that there is considerable order in the magnetic field, though (as
shown by Laing 1980) it does not necessarily imply that thefield isuniform. Moreinteresting are effects
which produce afrequency-dependent depol arization. These depend on the effect known as Faraday ro-
tation, in which the plane of polarization of alinearly polarized light wave rotates as it passes through
a magnetoionic medium; the angle of Faraday rotation at afrequency v isgiven by

1For an introduction, see e.g. Hughesand Miller 1991.
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@(s) = éK/O N B.ds

where K is a constant, s is the distance from the observer and B and ny, are the magnetic field and
the density of thermal electrons, respectively, both functions of position; the integral is known as the
Faraday depth. In practice the Faraday depth to different parts of the source within the same tel escope
beam may be different, but thereis usually a straight-line rel ationship between the rotation angle ¢ and
the wavelength squared (A\? = ¢2/v?); the slope of this relationship, dg/d(A\?), isknown as the rotation
measure, RM, an emission-weighted average of the Faraday depth. Significant depolarization arises
when the different lines of sight (or pointsaong aline of sight) seen by atel escope beam have signific-
antly different Faraday depths.

Different effects onthefractiona polarizationand rotation measure ari se depending on whether the mag-
netoionic medium between us and a radio source isresolved or unresolved and whether it is external to
the source or mixed with it; these are discussed in detail elsewhere (e.g. Burn 1966; Laing 1984; Leshy
1985). Here | will only point out that the major component of the Faraday depth to most extragalactic
sources is the interstellar medium of our own galaxy; this contribution is resolved, and so should not
cause significant differential rotation across the source. The current consensusisthat a medium outside
the radio-emitting material is responsiblefor the observed depolarization in most radio sources; thisis
probably the hot halo of the host galaxy.

Inferring physical quantities from radio emissivity is difficult to do with any degree of certainty. The
energy in radiating electrons for a given region whose geometry is known depends on its brightness,
its spectral index and the local magnetic field. The first two are observables, but the magnetic field is
not. A minimum value can be found for the energy density, however, and this is frequently used to
estimate physical parameters, as are similar variants such as assuming equipartition between energy in
particlesand magnetic fields. Thereisno evidencethat even the basi c assumptionsof thesemethods are
correct, and their application requires further guesses (about, for example, thefilling factor of emitting
particlesand theratio of the energy density in emitting to non-emitting particles). Asstrict lower limits,
these quantities are valid; as measurements, they are dubious at best. Apart from a brief venture into
equipartition cal culationsin section 3.4.3, | will avoid using such diagnostics.

1.4 Current observational knowledgein theradio

A number of different (and differently applied) morphological classification schemes have been used
to describe radio sources. In what followsit will be important to be clear about what these mean, so a
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summary of the terms as used in the thesis follows (similar in structure and content to that in Muxlow
and Garrington 1991).

141 Jets

Bridleand Perley (1984: BP) provided awidely used operational definitionof ajet: it should beafeature
of aradio sourceat least four timesaslong asit iswide, separableat high resolution from other extended
structures, and aigned with the radio core where it is closest to it. Jets often contain compact features
(‘knots’) and BP extended their definition to trains of knotswith more than two knots or with elongated
knots. It is often tempting to identify asinglestrategically-placed knot or pair of knotsas atracer of the
beam (and therefore a part of ajet) — where | have succumbed to this temptation warnings have been
placed in the text. As described above, jets are identified with the beams carrying energetic particles
from the centrd core (q.v.) to the outer regions of the source. Jetstypically have lower spectral index
than the surrounding lobe material (0.5 < a < 1.0).

BP and subsequent workers have divided jets into two types or ‘flavours'. Asfirst discussed by Bridle
(1982, 1984), type jets have large opening angles (5° — 30°) and projected B-fields predominantly per-
pendicular to the jet; they typicaly start off bright (oftenin a knot at the base) and decrease smoothly
in brightnesswith distance from the nucleus. These jets are almost always two-sided (brightnessasym-
metry between the jet and counterjet no more than afactor 4). A source containingthistypeof jetisal-
waysan FRI, but the converseisnot true (Leahy 1993). Thesejetswill be discussed in detail in chapter
3. Typell jets, in contrast, have small or zero opening angles, typically have a B-field predominantly
parald to thejet, are knotty and show no systematic variation of brightness aong their length and are
usually one-sided; where a counterjet is detected at all, the brightness asymmetry between it and the jet
is greater than afactor 4. The generally accepted physical model for these differences is discussed in
section 1.6.

1.4.2 Coresor nucle

Most radio sources have an inverted- or flat-spectrum component at GHz frequencies (a < 0) whichis
unresolved on arcsecond scales and coincident in position with the host galaxy when thisisidentified.
These are described in thisthesis as cores or (when theterm ‘core’ isbeing used for something else) as
nuclei. They are believed (as aresult of VLBI imaging) to be the synchrotron self-absorbed bases of
jets, and so the terminology used is not entirely appropriate (Bridle et al. 1994a, hereafter B94, prefer
‘central feature') but will be retained for consistency with earlier work.
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143 Hot spots

These are compact (linear size often lessthan 1 kpc) flat-spectrum (0.5 < a < 0.7) bright regions asso-
ciated with the termination of the beam (the ‘working surface’; Blandford and Rees 1974). Thetermis
usually used in the context of classical double sources, in which the hot spotstypically lie at or near the
ends of the source. At high resolution, the hot spotsof classical doublesare often (perhaps even mostly)
resolved into multiple components, and this presents a problem, as we would expect that there can be
only one termination of the beam at any given time; the physics of one of these components should be
different fromthat of al theothers. Thisisdiscussed further insection 1.6.4. Laing (1989) classifieshot
spotsas‘ primary’ (compact) and ‘ secondary’ (more diffuse), noting that the jet, where detected, always
enters aprimary hot spot. The problem with thisclassificationisthat it is subjective and to some extent
resol ution-dependent; some workers (e.g. Black 1992) have been unableto apply it to certain classes of
source at al. Thisisdiscussed further in section 4.1. B94, in their study of quasars at high resolution,
adopt a stringent definition of hot spotsin terms of size and contrast (their hot spots are the brightest
pointsin the lobe, have FWHM < 5% of the source diameter, have a surface brightness at |east four
times that of the surrounding emission and are further from the nucleus than the end of the jet if one
is detected). Thisunfortunately has the effect that some features that are clearly hot spots according to
the qualitative definition given above are not included in their analysis. | shall adopt a less exclusive
definition of hot spotsin chapter 4 and shall attempt to i sol ate a beam-termination hot spot in each lobe
(using compactness and jet direction as the main criteria) from the remaining features of the source.

144 Largescalestructure

All the other features of a radio source are typicaly extended (with scale sizes of severa arcseconds
to arcminutes). The catch-al term for these extended featuresis ‘lobes’; in physica terms, these con-
tain al the radio-emitting plasma which has been gected through the beams and passed through the
hot spot if oneis present. Lobes typicaly have steep spectra (o > 0.7) and may be highly polarized,
particularly at their edges if these are well defined. In well-studied sources the |obes are often strongly
filamented (e.g. Cygnus A, Perley et al. 1984; 3C 353, Swain, Bridle and Baum 1996) suggesting that
complicated processesintroducing large-scale order are present. The spectrasteepen away from the hot
spots(e.g. Alexander and Leahy 1987) and fits of theoretical synchrotron spectrawith minimum-energy
assumptions have been used to assign lifetimes of the order 107 years to radio sources.

Other terms are used to describe particular |obe structures; these include plumes (extended diffuse lin-
ear regionsin FRI radio sources, probably still representing outflow and therefore observationally dif-
ficult to separate from the jet), tails (Iobe structures, similar to plumes, which are substantially curved
away from the origina outflow axis, leading to anon-linear source structure), bridges (the low-surface-
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brightnessregionsinthe centra regionsof radio sources, particularly classical doubles) and hal oes(dif-
fuse and poorly-defined regions of low-surface-brightness material). The term wings is used for those
parts of the lobes of classical doubles which curve significantly awvay from the axis of the source; the
different types of symmetry for these distortionsin the bridges and their originsare discussed in L eahy
and Williams (1984). These appear to be a phenomenon of low-luminosity sources (Leahy and Parma
1992).

1.45 Theradio source menagerie

This section briefly liststhe names given to the different types of radio source that will be discussed in
thisthesis and the characteristics that distinguishthem. This scheme is based on that of Leahy (1993).

¢ Classical doubles. These show amore or less symmetrica double lobe structure with hot spots
at the end of each lobe. Jets, where present, are type |l and one-sided. Most FRIIsand dl radio
sources of high luminosity are classical doubles. 3C405 (figure 1.1) isaclassica double, as are
most of the sources shown in chapter 4. Spectral index in the lobes steepens away from the hot
spot (e.g. Myers and Spangler 1985; Alexander and Leahy 1987; Liu, Pooley and Riley 1992).
The host objects may be elliptical galaxies or quasars.

¢ Tailed twin jetsand narrow-angletails. These sources havetypel jets|eadinginto plumes, but
no hot spots (though there may be a knot at the base of one or both jets, and type |l jets close
to the nucleus; see chapter 3). Narrow-angle tails have bent jets and swept-back plumes — the
natural interpretation of thisis in terms of motion in the cluster environment and bending due
to ram pressure. These sources often have large linear sizes and ill-defined boundaries. 3C 31
and 3C 449 are the classical examples of tailed twin jets; 3C 83.1B isawell-known narrow-angle
tail, and 3C 75N and S probably fall into this category (chapter 3). Spectral index in the jetsand
plumes steepens with distance from the core. These sources are amost always classed as FRIs
and their hosts are elliptical galaxies.

e Bridged twin jets. These are similar to the tailed twin jets but the jets form bridges or lobes
rather than plumes; in some cases the edges of the source are almost as well-defined as those of a
classical double. 3C 296 (chapter 3) isagood example. They are FRIslyinginélliptical galaxies.

e Wide-angle tails. These aways have well-defined knots (often described as hot spots) at the
bases of plumeswhich may (but do not necessarily) bend with increasing distance from the host
galaxy. With high sensitivity, aone- or two-sided typell jet is seen. 3C465 (Leahy 1984) isthe
prototype of this class;, 3C 130 (chapter 3) is another good example. These sources are always
found in central cluster galaxies and are intermediate in radio luminosity (lying around or above
the FRI/FRII break) but are generally classed as FRIs.
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e BL Lac objects. These are identified in the optica by their nearly stellar appearance, line-free
spectrum, strongly variable optical flux and high and variable optical polarization. There do not
appear to be any radio-quiet BL Lacs. In the radio they are compact but high-dynamic-range
images usually reveal extended haloes and jet-like features (e.g. Antonucci and Ulvestad 1985,
Murphy, Browne and Perley 1993, Perlman and Stocke 1994). A related class of objects, the op-
ticaly violently variable quasars, have similar optica properties but aso show broad lines; to-
gether these two classes are sometimes referred to as blazars. 3C 66A (chapter 3) isaBL Lac
object.

¢ Core-dominated quasars. These are optically identified as quasars and have a compact radio
structure similar to BL Lac objects.

146 Observational trends

A number of ‘facts’ about extragalactic radio sources can be adduced from the study of comparatively
large samples.

.. iInFRIIs

Historically FRIIshavetended to attract moreinterest because of their higher luminosity and their greater
numbers in well-studied samples such as the 3CR catalogue. Among the observational facts that will
be relevant to thisthesis are the following:

o Jets. Jetsin these sources are one-sided. They are much more one-sided and had until recently
been believed to be much more prevalent in sources whose hosts are quasars rather than radio
galaxies (but seesection 4.1). A recent review (Muxlow & Garrington 1991) putsthejet detection
fraction for quasars at around 70% and for radio galaxies at around 10%. These differences are
normally explained in terms of unified models for the two classes of object (section 1.6.6).

¢ Hot spots. Laing (1989) reviews the radio observations of hot spots. He suggeststhat thereisa
strong tendency for the brighter hot spot to lieon thesidewith thejet, where oneis present. Black
(1992) in his sample of low-luminosity objectsfailsto find thistrend, however.

e Lobelength/lobebrightness. Mackay (1971) wasthefirst to noteaweak tendency for thebright-
er |lobe of a doubleradio source to be the shorter, later al so observed by Macklin (1981) and Mc-
Carthy, van Breugel and Kapahi (1991). Thisis generally explained in terms of an asymmetrical
environment.
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L obelength/spectral index. Pedelty et al. (1989a) found in asampl e of high-redshift radio galax-
ies without prominent jets that the longer lobe tended to have theflatter spectral index.

L obe brightness/spectral index. Liu and Pooley (1991b) and Mackay (1971) both seemto seea
trend for the brighter lobe to have the steeper spectral index; thisisin agreement with the previous
two observations.

Depolarization/spectral index. Liu and Pooley (1991a) find a tendency for the lobe which is
more depolarized to have the steeper spectral index, in asample of radio galaxies. Thistrend is
also found by Garrington and Conway (1991). This tendency can be explained in terms of an
asymmetric gal actic environment.

L obelength/depolarization. Pedelty et al. (1989a) find atrend for the shorter lobeto be the more
depolarized in asample of radio galaxies, in agreement with the previous observations.

Jet side/depolarization. Laing (1988) and Garrington et al. (1988) found a strong trend in samp-
les mostly containing quasars for the lobe containing the (brighter) jet to be the less depolarized.
This effect, known as the ‘ Laing-Garrington effect’, was later confirmed with larger samples by
Garrington, Conway and Leahy (1991) and Garrington and Conway (1991). Thetrend isstrongest
insmall, high-redshift sources. Thisisgenerally regarded as good evidencefor beaming and ori-
entation models, but causes some problems when combined with the other effects spectral index
and depol arization effects described above (Bridle et al. 1994b; Dennett-Thorpe, in prep.).

Jet side/lobelength. Garrington et al. (1988) claim aweak tendency for the lobe containing the
jet to be the longer. Black (1992) finds no such effect in his low-luminosity sample, however.
Scheuer (1995) analyses alarge sample of high-power sources with detected jets and again finds
atendency for the jet sideto be the longer. In the context of unified models (see below, section
1.6.6), it might be expected that the samples of Scheuer and of Garrington et al. would show a
stronger effect dueto light travel time, sincethey are preferentially oriented at small anglesto the
line of sight (being largely quasars).

‘Compactness /luminosity. Jenkins and McEllin (1977) find a relationship between the com-
pactness of a source, defined as the fraction of the flux in the hotspotsrather than the lobes, and
itsradio power; more powerful sources are more compact. Rossiter (1987) expandsthiswork and
appears to confirm the result.

..andinFRIs

Systematic work on FRIs is mainly based on the B2 sample of low-luminosity objects.
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e Jets. Jetsin these sources are usually two-sided on kiloparsec scales. The magnetic field con-
figuration changes from longitudina to transverse to the jet (Laing 1993). In at least one source
(3C31) thejet-counterjet asymmetry is more pronounced in the centre of the jet than at its edges
(Laing 1996; see chapter 3).

e Laing-Garrington effect. FRI sources often exhibit considerable brightness asymmetry at the
bases of jets. Parma et al. (1993) found that the brighter jet tends to be more polarized at 1.4
GHz; this could be taken as evidence for asymmetric depolarization. Parma et al. (1996) have
confirmed this effect with a multi-frequency study.

¢ ‘Gap’/power correlation. Thespatial extent of the gap between the core and thefirst bright emis-
sion from the jet in FRIs correlates with the power of the source; the more powerful the source,
the larger the gap (Birkinshaw et al. 1978; Parma et al. 1987).

147 VLBI

Very Long Baseline Interferometry (VLBI) is used to investigate the unresol ved cores of radio sources
on parsec scales. Jets, mostly one-sided, are detected on these scales and in both FRIs and FRIIs are
directed towardsthe brighter kiloparsec-scalejet. Proper motionsin thesejets can be used to constrain
the outflow pattern vel ocities on these scales. Maotionswith apparent vel ocities faster than the speed of
light (superluminal motion) can be explained if the true motion is highly relativistic and the source is
aligned towardsthe observer. The genera trend isfor the parsec-scale jet to be more one-sided than the
kiloparsec-scale one. On these scales there islittle discernible difference between the jetsin FRIs and
FRIIs (Pearson 1996) and thistiesin with suggestionsthat the core/total flux ratio is similar for FRIs
and FRIIs at similar radio powers (Zirbel and Baum 1995).

1.5 Observational knowledge in other wavebands

15.1 Optical synchrotron radiation

Inasmall number of powerful radio sources optical counterpartsof theradio synchrotron emission have
been detected. A small number of FRIs show optical jets (3C 66B, discussedin chapter 3, isan example)
and some FRIIs have optical counterpartsto their radio hot spots (including 3C 20, chapter 4). Optica
synchrotron radiation from a source allows strong constraintsto be placed on the accel eration mechan-
isms in the sources, because of the very short particle lifetimes at these energies.
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15.2 Host galaxiesin optical and infra-red

Optically, the hosts of powerful radio sources are classed as elliptical or giant eliptical galaxies (some-
times cluster dominant gal axies), as N-gal axies (gal axies with a point-likenucleus) or as quasars. Inthe
infra-red, the galaxies behave similarly to ordinary elliptical sand are dominated by an old stellar popu-
lation (Lilly and Longair 1984). At low redshift, FRI radio sources seemto lie preferentialy in clusters
(Longair and Seldner 1979; Prestage and Peacock 1988) and the brightest inhabit first-ranked ellipticals
(Owen and Laing 1988; Owen and White 1991; but cf. Ledlow and Owen 1996 — not all FRIs inhabit
first-ranked elipticals, but at low redshift an object in afirst-ranked elliptical isamost certain to be an
FRI). They show acorrelation between radi o power and host magnitude (Owen and White 1991). FRIls,
on the other hand, are usually found in smaller and less luminous hostswhich avoid clusters (e.g. Lilly,
McL ean and Longair 1984; Prestage and Peacock 1988) though they may be the dominant gal axies of
small groups. Their environmentsare similar to those of ‘average’ radio-quiet ellipticals athough they
have a tendency to have brighter close companions (Smith and Heckman 1990). There is some evid-
ence that FRII hosts may be more disturbed than those of FRIs (Heckman et al. 1986), and that both
are more likely to be disturbed than ordinary field dlipticals. These differences have been used to in-
fer that sources cannot evolve between FRI and FRII morphology on the time scales of radio source
lifetime (107 yr). However, at higher redshift (z ~ 0.5), powerful sources are much more likely to lie
in rich clusters (Yates, Miller and Peacock 1989), the differences in environment between |ow-power
and high-power radio galaxies seem to be less pronounced (Hill and Lilly 1991) and alarge fraction of
the quasar population also seems to liein rich clusters (Yee and Green 1987); thisimplies either that
the host galaxy population has evolved between z~ 0.5 and z~ 0 or that clustering studies at low or
high redshift are incorrect. It isworth noting in this context that the luminosity functions of FRI radio
sources are similar inside and outside clusters; this suggests that the environments are not as different
as might be supposed, and that to first order most or al radio sources might really inhabit reasonably
dense environments (e.g. Owen et al. 1996).

It has been suggested that the host galaxies of quasars may differ from those of radio galaxies (e.g.
Hutchings 1987; Smith and Heckman 1990) but the environments seem similar (Smith and Heckman
1990) and the problemsinvolved in deconvalving the nuclear point source from the stellar emission are
severe. If correct, this observation presents a problem for unified models (section 1.6.6).

Severd studies have looked at the tendency for host galaxy axesto be aligned with the radio lobes. At
low redshifts (and therefore lower powers) there is a slight tendency for the minor axis of the dliptical
to be aligned with the radio axis (e.g. Guthrie 1979; Palimaka et al. 1979; McCarthy and van Breugel
1989). At high redshiftsthereisamuch stronger tendency for the major axis of the galaxy to beaigned
with the radio axis (McCarthy et al. 1987; Chambers, Miley and van Breugel 1987); the host galaxies
of these objects appear knotty and quite unlike low-z éllipticalsin the rest-frame UV, but the alignment
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effect ismuch less significant in the rest-frame IR (Best, in preparation) although Dunlop and Peacock
(1993) suggest that it is till present inthe most powerful objects. Cimatti and di Serego Alighieri (1995)
claim to have seen a UV dignment effect in a particular object at low redshift, and more examples of
such objects may turn up.

Optical polarizationis often seen in radio galaxies, with the E-vector either parallel or perpendicular to
thesource axisat |ow redshift but exclusively perpendicular at z> 0.6; the degree of polarization at high
redshift correl ates with source asymmetry (Tadhunter et al. 1992; Cimatti et al. 1993). Thisisused asa
strong argument for the mechanism of the alignment effect being the scattering of a nuclear continuum
in the high-z objects. The mechanism for polarization in lower-redshift objectsis less clear.

1.5.3 Nuclear and extended emission lines

Emission in the form of lines from excited atomic species can come from three size scales of the host
galaxy. Broad linesare seen in the spectraof quasars; these are vel ocity-broadened and from variability
timescal es and ionization energetics we know that they come from aregion about 1 pc from the active
nucleus. Broad-line radio galaxies (BLRG) also exhibit broad lines, and in fact are spectroscopically
indistinguishable from quasars (Sandage 1973a). Most radio galaxies do not show broad lines. The
broad lines are photoionized by the quasar continuum.

Further from the nucleus, many host galaxies of powerful radio sources show strong high-excitation
narrow emission lines. Observation can spatially resolve these and puts their extent on the order of 1
kpc about the nucleus. Whereas the mean detection rate of emission linesis around 16% in elliptic-
asasawhole (Gisler 1978) it is considerably higher in 3CR radio sources (Laing, Riley and Longair
1983 [LRL]). In the nearby elliptical population as a whole, line detection is strongly anti-correlated
with cluster membership (Gisler 1978) and thisis a so true of radio sources (Longair and Seldner 1979,
Guthrie 1981); thismay be because of the gas-poor nature of cluster galaxies. In a sample of nearby
radio galaxies (mainly FRIS) lyinginrich clusters, Owen, Ledlow and Keel (1995) find that thelinelu-
minosity of the radio sourcesis not significantly different from that of the radio-quiet cluster elipticals
of the same magnitude.

Hine and Longair (1979) divide asample of 3CR sourcesinto two classes, class A having strong [Ol1]-
A3727 and class B having no or very wesk emission at that line. They find that weak gal axiesare almost
all class B while at the highest luminositiesin their sample over 70% are class A; the dividing lineis
such that most FRI objectsin their sample are class B and most FRIIs are class A. Thisdivisionis made
guantitative by Laing et al. (1994), using high-quality spectra; they define high-excitation objects as
having[OI11]/Ha > 0.2 and equivalent widthsof [Ol11] > 3 A, and in their sampleof LRL sourceswith
z< 0.88and 0" <RA < 13" dl theFRI objectswerelow-excitationor ‘dull’. Smith and Heckman (1989)
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claimthat high-excitationgalaxiesat low redshift are morelikely to be optically disturbed. Asdescribed
above, FRI sources are much more likely to liein clustersthan FRIIs, and FRIIs are more likely to be
optically disturbed; wetherefore see amulti-way correlation between line strength, cluster environment
and radio and optical morphology. (It isimportant to emphasise, in view of what will follow, that the
correations are not tight; in particular, not al ‘dull’ radio galaxies are FRIs.) The source of energy
for these nuclear narrow lines is probably photoionization from the AGN. (Since these narrow lines
appear in dlipticalswithout radio sources, the radio source or the associated outflow is unlikely to be
responsiblefor themin general.)

In addition to these nuclear emission lines, many radio sources have extended emission-line regions
(EELR). Typically 90% of thelineemissionisfoundinthenuclear regions(Baum and Heckman 1989b)
but the remainder can be seen on scales of tens of kpc, extending up to 100 kpc or so in some cases
(Baum and Heckman 1989a; McCarthy, Spinrad and van Breugel 1995). They are filamentary and of-
ten preferentially distributed a ong theradio axis (McCarthy 1993); the sizes, luminositiesand degree of
alignment of the EEL Rsincrease with redshift (McCarthy and van Breugel 1989). Their ionization para-
metersaresimilar to those of the nucl ear emissionlines, and are consistent with photoi oni zationfrom the
nuclear continuum (Baum and Heckman 1989) although there is evidence in particular sourcesfor dir-
ect interaction between the radio source and the narrow-line emitting gas (e.g. 3C171; section 4.5.10)
which might be better explained in terms of shock excitation of the cold gas. Some EELR are signi-
ficantly larger than the associated radio galaxy. The different possible mechanisms for the alignment
between EEL R and radio source direction (and the optical continuum/radio source aignment discussed
above), particularly important at high redshifts, have been discussed extensively in theliterature but are
outside the scope of thisthesis. A result which is relevant is that the extended line emission in FRII
radio galaxiesis brighter on the side of the shorter of the two radio lobes (McCarthy, van Breugel and
Kapahi 1991).

A number of workers have attempted to relate the luminosity of the nuclear narrow lines to the radio
luminosity or another measure of the power of the radio source. Rawlings (1987) and subsequently
Rawlings and Saunders (1991) relate the luminosity in narrow lines to the beam power of the source
(called by them ‘jet power’ and cal culated from the source luminosity and age), arguing that the narrow-
line luminosity is a measure of the total power of the AGN. More recently Zirbel and Baum (1995)
have looked at the correlations between line luminosity and total source power and core power for a
large sample of disparate objects, finding significant differences between the correlations which exist
for FRIsand FRIIs.

Jackson and Browne (1990) find that FRII radio galaxies have dimmer [OIIJA5007 line luminasities
than quasars of similar radio luminasity by afactor of 5-10, afact which bears on unified models (see
section 1.6.6) and which makes [Ol11] linesless useful than they might be as ameasure of AGN power.
Some suggestionthat thisistrue of the BLRG aswell asthe quasars can be found in the results of Anto-
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nucci (1984). However, Hes, Barthel and Fosbury (1993) have shown that quasar [Ol1] lineluminosities
are very similar to those of radio galaxies at the same radio power. Thiswill be discussed in chapter 6.

154 X-ray

X-ray emission can come from radio sources in several ways (e.g. Birkinshaw and Worrall 1996). It
has been suggested in afew exceptional cases (e.g. M87, Biretta, Stern and Harris 1991; 3C 273, Harris
and Stern 1987) that synchrotron radiation is responsible for the X-ray emission from jets. In other
cases theradiation identifiabl e with a component of the radio source appears to come from the hot spots
or lobes; the most definite example is Cygnus A (Harris, Carilli and Perley 1994) and the most likely
explanation is synchrotron self-Compton radiation. In more normal sources, X-rays are often detected
from an unresolved core, athoughitisnot clear (in the absence of X-ray spectra) whether thisis centra
hot gas or more directly related to the radio source. Extended emission in general comes from the hot
gas surrounding the host galaxy or cluster (striking evidencethat thisis true for Cygnus A comes from
the observation of X-ray deficits coincident with the radio lobes: Carilli, Perley and Harris 1994), and
physical diagnosticsfrom this have been used to investigate whether the gasis dense enough to confine
the lobes by thermal pressure; since these estimates generally rely on equipartition calculations, | shall
not discussthem here. Inthisthesis X-ray evidenceis mainly used in the last sense, as an indication of
hot gas surrounding the radio lobes.

1.6 Current theoriesof radio sources

1.6.1 Thecentral engine

The suggestion (Lynden-Bell 1969) that the energy sources for active galactic nuclei in genera are
super-massive black holesisnow almost universally accepted. AsBegelman, Blandford and Reeswrote
in 1984

No other entity can convert mass to energy with such a high efficiency, or within such a
small volume.

Recent observations have shown beyond reasonable doubt that a great deal of massis indeed concen-
trated in asmall volumein the centre of active galaxies (e.g. Miyaoshi et al.1995) and thereis a so some
evidence from X-ray observationsthat these objects are indeed black holes (Tanaka et al. 1995). How-
ever, the mechanismsfor producing the highly collimated beam necessary in the Scheuer/Blandford and
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Rees model of powerful radio sourcesfrom ablack hole are not well known, primarily because of alack
of observational evidence on these scales. It seems likely that the black hole has to rotate to provide a
well-defined and stableaxis, and that magnetic fieldsareinvolved. There are numeroustheoretical mod-
elsintheliterature, dl currently untestable.

1.6.2 Beamsand the production of radio sources

The beam model seems secure given the observationsof jets, and will be assumed as a basi s throughout
this thesis. In the simplest versions, energy leaves the AGN in two oppositely directed and symmet-
rical beams of highly energetic particles, either positrons and electrons or protons and eectrons. All
the various types of structure seen in the radio are then the results of the interaction of this beam with
theinterstellar, intergal actic and intra-cluster media. The hot spotsin powerful sources are explained as
the sites of beam termination, where the bulk kinetic energy is converted to random energy of charged
particles; a shock forms when the beam |eaves the under-dense cocoon it has made for itself and en-
countersthe ISM or IGM, and particle accel eration occurs by afirst-order Fermi process. The spectra
of hot spots are consistent with this model (Meisenheimer et al.1989). Materia expands out from the
hot spots(provided thejet islessdensethan the external medium, Williams 1991) and the advance of the
hot spots, possibly together with backflow (shock-processed material moving back towards the central
source in the shock frame) then produces the lobes. In the less powerful sources the beam is presumed
to be disrupted before it can form a strong shock, and a plausibleand widely adopted hypothesisis that
the beams in the type | jets of FRI sources have sub-sonic or trans-sonic bulk velocities whereas those
in FRII sources are supersonic. Particle acceleration in FRIs might then occur at a reconfinement shock
(which could be identified with the bright base knot seen in some FRIs) but must also occur throughout
the jet to account for the observed sub-adiabatic brightness decay (chapter 3). A plausible model for
this acceleration is to allow the beams to be turbulent and to entrain material from the ISM; second-
order Fermi accel eration can then take place in the turbulent regions. The details of thismodel are not
fully agreed, however (e.g. Leahy 1991). It is known that the FRI/FRII transition depends not just on
the luminosity of the radio galaxy, but aso on the magnitude of the host galaxy (e.g. Owen and Ledlow
1994), in the sense that near the nomina FRI/FRII break an object in a brighter (and therefore larger,
more massive) galaxy ismore likely to bean FRI (and thusmore likely to haveajet that disrupts). Bick-
nell (1996) has used his entrainment model to fit the slope of this relationship successfully.

1.6.3 Coresand jets

The cores (considered as the unresolved bases of self-absorbed jets) and jetsin this class of model are
indicators of the presence of the beam. What they can tell us quantitatively about the beamislessclear.
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In the lower-power sources most of the beam power evidently goesinto jets. But in the high-power
sources, a large fraction of the power in the beam must reach the hotspots, with the remainder being
dissipated in the jet. It isnot clear what controls the efficiency of the beam; this will be discussed in
chapter 6.

The one-sidedness of the jets in powerful sources is normally interpreted in terms of relativistic bulk
velocitiesof the emitting material, giving riseto rel ativistic beaming; thejetted sidein thismodel would
be the one pointing towards us. Strong evidence for this comes from the Laing-Garrington effect. If
thereis auniform depolarizing halo around radio sources, then the lobe pointing away from us would
be seen through a greater depth and would be more depolarized, asis observed. If thejet one-sidedness
isindeed due to relativistic beaming, then a ‘typica’ bulk velocity for the emitting material may be
derived; thiswould represent alower limit on the bulk vel ocity in the beam, and might be compared to
the limits on hot spot advance speed set from lobe length asymmetries (e.g. Longair and Riley 1979;
Best et al. 1995; Scheuer 1995).

The geometry of coresislimited quitestrongly by thefact that their spectraare flat. Thereasonsfor this
are discussed in Phinney (1985). It seems likely (given the VLBI observations of superluminal motion
discussed above) that there is relativistic beaming in the cores, and this is frequently assumed in the
literature so as to allow the use of cores as orientation indicators.

1.6.4 Hot spotsand after

As discussed above, many FRII sources have multiple hot spots. Thiswas first noticed in afew very
striking sources (e.g. 3C 20, Laing 1982; see also section 4.5.2). There are severa related classes of
model for thistype of hot spot structure. In the first, usually known as the ‘dentist’s drill” model (fol-
lowing Scheuer 1982) the beam moves about in the cocoon on comparatively short timescales and im-
pinges on different parts of the external medium at different times. Thismodel would generate primary
and secondary hotspots. The primary hot spot would be the site of the beam impact, and the jet, if any,
should be seen leading into it. The secondary hotspots would be sites of previous beam impact; with
the energy supply of the beam withdrawn they would have a steeper spectrum (no ongoing particle ac-
celeration) and would be more diffuse (hotspots are overpressured with respect to the rest of the lobe,
and so would expand rapidly).

In aternatives to this model, the secondary hot spots are still being fed by the beam in some fashion,
athough the primary remains the point of beam termination. Thisismotivated by observationssuggest-
ing that the secondaries are edge-brightened away fromthe primaries (e.g. Laing 1982), by observations
of features linking them, and by the fact that particle accel eration appears still to be going on in some
secondaries. Versions of thismodel include beam-deflection models (e.g. Lonsdale and Barthel 1986),
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in which the beam strikes a cloud and is deflected, and the ‘ splatter-spot’ model of Williams and Gulll
(1985) in which ajet changes its direction and ‘bounces’ off the wall of a previously formed cocoon.
In both thislatter model and the ‘dentist’sdrill’ model some mechanism is needed to deflect the beam
— it may be possibleto do thiswith asymmetric backflow (e.g. Hardee and Norman 1989). Numerical
simulations (Cox, Gull and Scheuer 1991) have shown that both disconnected secondaries (dentist’s
drill) and connected ones (spl atter-spot) can be generated in the same general conditions; they point out
that a disconnected hot spot can continueto be fed for sometimeif the disconnection occurs some way
up the beam. On the other hand, other simulations (Higgins, O’ Brien and Dunlop 1996) have shown
that interactions with clouds of plausible densities can generate multiple hotspots. It has been sugges-
ted (e.g. Lonsdale and Barthel 1986) that the secondaries in the splatter-spot model should always lie
ahead of the primaries, and that thisisnot observed; it seemslikely, however, that the pressure gradient
responsiblefor backflow can aso bend collimated outflow from the primary, as seen in the simulations
of Cox et al. (1991). In chapter 4 | will discuss some observational constraints on these models.

Backflow is expected if the excited particles from the hot spot(s) have some net momentum when they
leave the shock regions. As described by Williams (1991), the fluid is bent back along the cocoon by
the pressure gradient between the shocked IGM and the cocoon material. If this processis significant,
its result is to produce a net velocity of the hot spot-processed material back along the cocoon in the
frame of the AGN. This clearly has implications for large-scale source structure, and Leahy and Wil-
liams (1984) attribute the distortionsin the bridges of their sample to non-axisymmetric backflow. As
discussed by Alexander and Leahy (1987) spectral -ageing methods of speed determinationin classica
doubles measure the sum of the hot spot advance speed and the backflow speed, so a correct assessment
of the contribution of backflow to source propertiesisal soimportant here. In different waysLiu, Pooley
and Riley (1992) and Scheuer (1995) have argued that backflow vel ocities are significant compared to
hot spot advance speeds. Backflow throughout a source with velocities greater than that of the hot spot
advancewill lead to acentral bulgeof aged material; there are certainly sourceswhereit isplausiblethat
this has happened, but it is aso likely that backflow will slow with distance from the hot spot. Later |
will discuss observations of sourcesin which backflow appears to be an important process.

1.6.5 Environment

Because the radio sources are made visible by the interaction of the beam with the environment, it is
not surprising that radio source properties often reflect features of the|SM, IGM and ICM. Obviousex-
amples of this are the narrow-angle tails found on the edges of clusters (the bending is believed to be
caused by ram pressure as the AGN (and host galaxy) moves with respect to the cluster gas) and the
wide-angle tails found in their centres (in which the mechanism for bending is not clear, but is likely
to be related to large-scale motionsin the cluster gas and to buoyancy). More subtly, differencesin the
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environment on the two sides of the radio source can affect the behaviours of the jets and the character-
isticsof any lobesformed. In simplemodel swith symmetrical beams, the environment must beinvoked
to explain any differences between the lobes (the two lobes of a single source are often strikingly dif-
ferent). Indicators of the gaseous environment around the galaxy are sparse; X-ray instruments, which
could provide information on the hot gas component, do not generally have the combination of resol-
ution and sensitivity to study alarge sample of radio sources. An important result is that of McCarthy
et al. (1991) (section 1.5.3) who showed a correlation between the brighter emission-line region and
the shorter lobe in powerful (FRII) radio galaxies. It isimpossible to explain this other than in terms
of an asymmetrical environment producing an asymmetrical radio source, as first discussed by Swarup
and Banhatti (1980). Theresult (discussed above, section 1.4.6) that the shorter lobe tends also to bethe
brighter lobe can beinterpreted as supportingthis, sinceit can be explained in terms of adenser medium
providing better confinement and thus reducing losses by adiabatic expansion.

The environment of radio galaxies may well be clumpy on arange of scales. Pedelty et al. (1989a,b)
have shown evidence for this derived from the size sca esin rotation measure variations; there is evid-
enceinindividual sources (see Wilson 1993 for areview) for interaction between the jets and the exten-
ded emission-lineregions. Thiswould help to explain the observed bends and knotsin jets (Bridle and
Perley 1984 notethat jets may bend through very large angles without disrupting) and the wide variety
of structures observed in hot spots (see section 1.6.4). Numerical simulations (e.g. Higgins, O’Brien
and Dunlop 1996) involving dense clouds reproduce the observations (knotty jets and multiple hot spot
structure) well.

1.6.6 Unified models

There are many schemeswhich seek to unify apparently distinct classes of sourcesby considering them
as the same class of source at different angles to the line of sight. Differences in the source properties
are then explained by anisotropic extinction or by relativistic beaming. In thisthesis| will only be con-
cerned with models which unify FRII radio galaxies and FRII quasars, and FRI radio sources and BL
Lac objects. Reviewsof the current statusof unified modelsingenera canbefoundin Antonucci (1993)
and Barthel (1994).

FRII radio galaxiesand quasars

FRII quasars exhibit superluminal maotion in their cores, have very one-sided jets and generally show
a pronounced Laing-Garrington effect. It seems likely (as discussed above) that this can be attributed
to relativistic beaming, which prompts the question ‘what are the unbeamed counterparts of quasars? .
In a sample such as that of LRL, where abjects are selected on the basis of low-frequency flux (pre-
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dominantly from the lobes, which cannot be strongly beamed; Mackay 1973) there are no selection ef-
fects which could exclude the unbeamed counterparts of |obe-dominated quasars; therefore they must
be present in the sample, and the only possible candidates are the FRII radio galaxies. Thisunification,
first suggested in Bridle and Perley (1984) and put forward again in Barthel (1987) and Scheuer (1987),
is now widely thought to be true to first order. Barthel (1989) shows that this simple unified scheme is
consistent with the number counts of FRII radio sourcesin LRL with 0.5 < z < 1 and with the optical,
IR and X-ray data, provided that thereisa so obscuring materia (usually suggested to bein the form of
atorus) which prevents us seeing the AGN in the centres of radio galaxies. Thismodel isillustratedin
figure 1.2. The torus obscures both the optical continuum and the broad-line region (BLR) of quasars
when they are in the plane of the sky. Significant evidence in favour of this model comes from the de-
tection of weak polarized broad linesin some radio galaxies (e.g. 3C 234, Antonucci 1982 and chapter
4); thisisinterpreted as being due to scattering of the emission from the BLR into the line of sight. It
now appears that some of the narrow-line region must aso be obscured, to explain the differences in
high-excitation emission line luminosity between quasars and radio galaxies of similar radio powers
(Jackson and Browne 1990, 1991; Hes et al. 1993). But care has to be taken to compare like with like
in estimating the degree of obscuration (see chapter 6).

A problem with applying these unified model sto the low-redshift end of LRL (including the sampledis-
cussed in chapter 4 and thereafter) isthat there are no FRII quasarsin LRL withz < 0.3. Sincethere are
plenty of FRII radio galaxies, we expect there to be a low-redshift analogue of quasars, and in simple
extensions of the unified models these are taken to be the BLRG. The host galaxies of these are of-
ten, though not exclusively, N-galaxies (Grandi and Osterbrock 1978) and so resemble weak quasarsin
their broad-band optical aswell as spectra appearance (Sandage 1973a). However, as discussed above
(section 1.5.3) thereisaclass of FRII abjectswith no high-excitationline emission. It seems plausible
that these would not appear as BLRG even if they were aligned close to the line of sight. Dropping
these ‘dull’ sources brings BLRG-NLRG unification at the low-redshift end of LRL into line with the
number countsin Barthel (1989) (Laing et al. 1994); but there is then the problem of identifying the
highly-beamed counterparts of the dull abjects. Thiswill be discussed in chapter 6.

FRI radio sourcesand BL Lacs

The history of unified models for these objects parallels that of the FRII quasar/radio galaxy schemes.
Thesuggestionthat BL Lacsare beamed isnot new (e.g. Blandford and Rees 1978), based on their rapid
variability, the absence of the synchrotron self-Compton X -raysthat woul d be expected from unbeamed
sources of such high brightnesstemperature, and their superluminal motion when observed with VLBI.
Again the essential observation for unifying BL Lacswith a particular class of objectswasthat the dif-
fuse, and presumably unbeamed, haloes around some BL L acs were often themsel ves bright enough to
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bring the abject into the flux-limited sample of interest (Browne 1983). Most BL Lac abjects have ex-
tended luminosities consistent with being beamed FRI radio galaxies, and their redshift distributionis
also consistent with this, together with their luminosity functionif arange of beaming factors5 < y < 35
isused (Urry, Padovani and Stickel 1991). Beaming factors of thismagnitudein BL Lacs are consist-
ent with the limits placed on them by superluminal motion, where observed, and with decelerating jet
models (Bicknell 1994). However, afew BL Lacs are too luminousin extended structure to be FRIs, or
have FRII-like doublestructure (Kollgaard et al. 1992). It ispossiblethat the parent population of these
sourcesisthe‘dull’ (low-excitation) FRIIsdescribed in section 1.5.3. Alternatively, these BL Lacs may
be misclassified quasars (the broad lines may have been missed). A simple sketch of unified modelsfor
these objectsis showninfigure 1.2.

1.6.7 A ‘standard model’ for radio sources

It will be useful to define a very basic ‘standard model’ for radio sources, abstracted from the results
discussed above. Thisis not intended to be true in al cases, and indeed is clearly not true for a few
peculiar objects. However, it is expected to be trueto first order for the bulk of the objects to which it
applies. Theresultsof the remainder of thisthesiscan then be considered in the context of the extent to
which they bear out or contradict this model.

¢ Extragalactic doubleradio sources areformed by theinteraction between two symmetrical beams
of energetic particleswith initially relativistic bulk velocity (emanating from the AGN) and the
galactic atmosphere.

¢ Thebeamsmay produce along their length synchrotron-emitting plasmawith abulk vel ocity com-
parable to that in the beam as awhole. Thisis observed asa core and ajet or jets.

¢ Beamsmay entrain material and decel erate gradually, dissipatingmuch or al of their energy in jet
emission and producing an FRI source; or they may be stopped at the ends of a sourcein astrong
shock, producing an FRII source. Which of these processes actually occurs depends on the power
of the jet and the environment of the radio source. Sources with structure intermediate between
FRI and FRII exist either on the borderlinein jet power or in particularly unusual environments.

o Where strong shocks occur, particle accel eration takes place by afirst-order Fermi mechanism.
Shocks advance with a velacity given by ram pressure ba ance between the jet and the externa
medium. The material left behind after the shocks inflates to form the lobes. Depending on the
Mach number and density of the jet, there may be backflow from the hot spots. The large-scale
structure of the lobes is determined largely by the environment, though our observations of the
source may be dominated by orientation effects if it is closeto the line of sight. The total lumin-
osity of asourceisafunction both of the jet power and of the source age.
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¢ Unified models are correct at some level; orientation effects are important. One-sided jets are
produced by beaming, asisthe Laing-Garrington effect.

e Thereisardationship between the total radio power, the inferred beam power, and the nuclear
emission line luminosity; these are all correlated with some measure of the power of the central
engine. Scatter isintroduced in the correlation by environmental effects.

1.7 Unanswered questions

Thisreview hasleft anumber of questionsunanswered. Some require the development of new observa
tional techniques. All the results, true or conjectural, described above would benefit from observations
of alarge sample of abjects. However, there are some questionsthat can be addressed with arelatively
small number of good observations.

Details of the structure and magnetic field configurationsin jets and hot spots are necessary to distin-
guish between therel atively complicated model s for source structure now being put forward. Thehigh-
frequency imaging work in thisthesiswill help to provide them.

In spiteof the popularity of unified models, thereisalack of direct evidencefor therelativisticvel ocities
they requirein the jets and beams. In thisthesis| will try to test the predictions of unified models and
constrain the physical parameters of radio sources. Unbiased samples alow some direct tests which
could permit us to reject unified models on the one hand or simple models of side-to-side asymmetry
on the other.

The question of what causes jet emission is a fundamental one which has been neglected. In the FRI
objects, the turbulent-jet model provides a means for the bulk kinetic energy of the jet to be trand ated
intoemission. InFRIIs, inwhichthebeams are selected to be efficient and * designed’ to be unaffected by
fluid-dynamical instabilities, what are we actual ly seeing when we see the jet, and why? The theoretical
and modellingwork necessary to answer thisquestionisoutsidethe scope of thisthesis, but observations
can provide some constraints on the efficiencies of jetsin general and their dependences on particular
environments.

1.8 Conventions

Throughout this thesis | use a Friedman cosmology with Hy = 50 kms~1Mpc~! and o = 0. B1950
co-ordinates are used.
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Figure 1.2: Cartoon showing the simple unified models
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Chapter 2

The observations

Thischapter givesan overview of thetechniqueof aperture synthesis, and describesthe detail sof the ob-
serving and reduction procedures, which apply to all the sources | observed and describe in subsequent
chapters.

2.1 Aperturesynthesis

The principlesof aperture synthesisand interferometry have been extensively discussed el sewhere (see
Thompson, Moran and Swenson 1986 for areview): here | give asummary only.

In order to achieve sub-arcsecond resol ution at radio frequencies apertures many kilometresin diameter
are required. Thisis only possiblethrough aperture synthesis (Ryle & Hewish 1960) in which signas
frommany distinct antennaeare correl ated to build up effectively asinglethough sparsel y-sampledlarge
aperture. Each pair of antennae when used as an interferometer samples one point of the Fourier trans-
form of the sky, corresponding to a particular baseline and orientation: in the approximation that the
telescope is two-dimensional, these points can be specified by co-ordinates (u, v) whose units are con-
ventionally wavel engthsof the observing frequency. Theraw dataobtai ned from asynthesistelescopeis
then the compl ex amplitude (equivalently, the amplitudeand phase) associated with every point sampled
in uv space: these data pointsare known as visibilities.

A synthesistelescope has aresolution (6;) determined by itslongest baseline: unlike conventional tele-
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scopes, it also has alargest-scal e structurewhich it can image (6,,), determined by the shortest baseline.
In order to make images containing all the flux from a particular object it is necessary that 6, be lar-
ger than the largest angular size of the object. Otherwise the map will be misleading in itslarge-scale
structure.

The fundamental limit on the field of view of a synthesistelescope is the response of a particular an-
tennato the sky, known as the primary beam. Thisis determined by the size of theindividual antennae.
Often more important in practice are the limitsimposed by bandwidth smearing (chromatic aberration:
errors introduced by the assumption that radiation is monochromatic), time-averaging smearing (errors
introduced by assuming that the visibilitiesare not time-variable over the integrationtime used: in fact
thereis afinite change in the relative phases of different objects as the Earth rotates) and non-coplanar
basdlines (the breakdown of the two-dimensional approximation).

22 TheVLA

The Very Large Array is currently the best instrument for detailed imaging of large radio sources. This
telescope, operated by the U.S. National Radio Astronomy Observatory, is described in the document
‘Very Large Array Observational Status Summary’ available from the NRAO. Here | give a summary
of the main features of the VLA relevant to our project.

The VLA isan aperture synthesi stelescope comprising 27 antennae arranged in theform of an inverted
Y. The northern arm of the Y is aligned 5 degrees east of north so that there are no purely east-west
basdines, and the distance of the nth antenna along each arm approximately follows the power-law
1.716"; these features reduce redundancy in sampling of the uv plane. The resolution of the VLA is
varied by movement of the antennae; there are four possible configurations, designated A, B, Cand D,
on size scalesin the ratio 32:10:3.2:1. The VLA operates at a large number of different frequencies.
For most of the imaging work described in this thesis, we chose 8.4 GHz (X band), whose |ow-noise
receiversallow an excellent compromise to be made between resol ution and sensitivity. The other main
VLA frequenciesthat | used were 1.4 GHz (L band) and 15 GHz (U band). Each of thesewas normally
divided into two independent frequency channels which were added together at the imaging stage; the
precise frequencies normally used for these two channels, together with the resol utions and maximum
size-scales for these frequencies (taken from the 1993 VLA status summary) are shownin table 2.1.

It can be seen from table 2.1 that combining uv data from different configurations of the VLA provides
(in principle) a ‘spatia dynamic range’ (the ratio between the smallest and the largest scales that can
be imaged) of 750: it was this feature that led us to choose the VLA as the main telescope for these
projects. In general, we observed the target sources in severa or all configurations of the VLA. The
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resulting databases (uv datasets) from each array were then combined and imaged as described in the
following sections.

2.2.1 Observations

The observations were made using standard VLA procedure: 3C48 and 3C286 were used as primary
flux calibrators, 3C286 or 3C138 were used as polarization position angle calibrators, and point-source
phase calibratorswithin afew degrees of the target sourceswere observed. All our sources have enough
flux in compact features (cores and/or hotspots) for self-calibration to be successful, so the phase cal-
ibrators were only observed for short times (typically one minute) and at long interval s (around half an
hour), sufficient to alow afirst determination of phase correctionsto be made. One bright point source
was observed at anumber of parallactic anglesin each observing run to allow polarization calibration;
thissource wastypically aso a phase calibrator for one of the target sources to reduce scheduling over-
heads. Where scheduling allowed, the integration on the target sources was split into two or more runs
to improve coverage of the uv plane, with observations of the associated phase calibrator before (and,
for long runs, after) each run. We required that bandwidth smearing should decrease the peak response
of the VLA by lessthan 5% over the si ze of the sourceswe observed; thiscorrespondsto therequirement
that bandwidth Av satisfy the condition

Av < Ver/eLAs (2.1)

wherev isthe observing frequency, 6, istheresolution and 8, as isthelargest angular size of the source
to be observed.

2.2.2 Datareduction

Calibration

All datareduction was done usingthe NRAO AIPS software. Calibration of thedatafollowed the stand-
ard procedure, described in the AIPS Cookbook and elsewhere. As described above (section 2.2.1),
nearby point sources were used as phase references; they were themselves self-caibrated as part of the
calibration procedure and their absol ute fluxes were determined by reference to the primary flux calib-
rators. Bad antennae or baselines at this stage showed up as large r.m.s. deviationsin amplitude from
themean value or by failing to form part of asolutionin phase self-calibration. | flagged any visibilities
of thistype.
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Self-calibration

Once the data had been cdibrated, the sources were split out of their original multi-source format and
| treated them separately from then on. The data on each source from the different configurations of
the VLA were initially aso treated separately. For each source and configuration, an initial image was
made and lightly CLEANed to produceamodel in CLEAN components of the brightest compact features
in the source (and of any point confusing sources in thefield). Thismodel was then used to phase self-
calibrate the uv dataset; | took care to ensure that only real features wereincluded in the model, usually
by excluding all CLEAN components after the first negative one from the model and by setting alower
limit on the length of baselines included in the solution — this correspondsto ignoring the flux in ex-
tended structure, which is not represented in CLEAN componentsif CLEAN isnot run to convergence.
(The advantage of this method over using a model from VTESS isthat it normally excludes artefacts,
such as sidelobes of the dirty beam, which might be caused by phase errors. It might be expected that
when CLEAN introduces artefacts such as the ‘rice-pudding’ effect (Black 1992), asit often did when
producing a CLEAN component model for self-calibration of a high-resolution dataset, that these would
affect the accuracy of the phase solutions; infact, there were surprisingly few problemsof thissort.) Oc-
casionally negative components are necessary to represent a bright point source lying between pixels,
as described in B92, and where this appeared to be the case (i.e. where negative CLEAN components
were associated with a bright region on the restored map) | included them in my models.

The self-calibrated dataset was then imaged and cLEANed, and arefined model used for further phase
(and sometimes amplitude) self-calibration. (It was necessary to use acell size for the image consider-
ably smaller than the resol ution of the array being used, so asto avoid problems dueto the pixel binning
of the model being used for self-calibration: | typically over-sampled by a factor of 5.) | iterated this
procedure until it converged on a solution, usually after two or three runs of sdlf-calibration; conver-
gence entailed the production of a map with no phase or amplitude artefacts (equivaently, no obvious
structure in the off-source noise), or a failure to improve the CLEAN model being used, or the correc-
tionsto phase or amplitude from self-calibration being consistently small (< 2°, 2%), or ther.m.s. noise
level approaching the expected thermal noise.

Various strategies are possiblefor the combination of uv datasets (which | did using the AIPS task DB-
CON, without reweighting) from multiple configurations of the VLA. Self-calibration of the individual
datasets tends to make positional information less accurate than the optimum available at the VLA (a
consequence, again, of pixel binning of the self-calibration model). Itistherefore desirableto make sure
that the two datasets to be merged are well aligned, which can be done by self-calibrating one with a
CLEAN model made from the other before merging. The questionisthen whether to calibrate the lower-
resolution dataset with a model made from the higher-resolution one or vice versa. In both casesit is
necessary to avoidincludingin the solutionsareas of the uv plane about which no informationis present
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in the moddl image. When calibrating a smaller array with an image from alarger one, it was usualy
possible to do this just by setting a lower limit on the baselines to be included in the solution; when
doing thereverse, | found it necessary to set alimit on the baselines used in theimaging procedure too.

My usual practice was to use the higher-resolution dataset to self-calibrate the lower before merging.
There were some cases where this did not work (for example, a combined B, C and D-configuration
dataset cannot be self-cdibrated with an image from the A-configuration a one, because there isinsuf-
ficient information on the shortest baselines— thiswas a particular problem given that most of the data
discussed here became available to me in the order C, D, B, A) or introduced unacceptable errors into
the short baselines. Where this happened, | would attempt to self-calibrate the higher-resol ution dataset
with the lower. If thisfailed to produce acceptable results, alast resort would be to concatenate the two
datasetsfirst, make an image and then use thisas a model to self-calibrate the combined dataset. In any
case, using the combined dataset to make amodel at some resolution for its own self-calibration often
resulted in improvement. On some sources | tried more than one of these methods to verify that they
converged on similar final maps. These problems resulted in the use of a variety of different strategies
for producing the final datasets containing all the observations of a particular object. The intended fi-
nal result was a uv dataset that could beimaged at any sensibleresol ution without exhibiting significant
phase or amplitude artefacts (visible as structure in the off-source noise). This proved surprisingly dif-
ficult to achieve but was eventually possiblein amost all cases.

Occasionally, it was necessary to correct for the effects of a core sourcethat had varied between the dif-
ferent epochs of observation; thisis clearly aproblem when combining datafrom different array config-
urations, since the dirty map will appear to contain a point source with some intermediate peak value,
while the multiple dirty beams with which the source is convolved will produce sidel obes correspond-
ing to the different true values. Where this was the case, | used the AIPS task uvsuB to remove the
excess flux from the dataset containing the brighter core— thisisnoted in the descriptionsof individual
Sources.

Imaging

During theintermediate stages of processing, the AIPStask MmXx was used to produce dirty mapsin total
intensity and to deconvolve them, and its output in CLEAN components was used in self-calibration. |
chose Mmx in preference to acombination of HORUS and APCLN because of itsmulti-field capacity (use-
ful when including confusing sources in the deconvolution) and ability to clean fully smaller maps; its
main disadvantageisthat it runsmore slowly than APCLN, but disc space rather than CPU time wasthe
limiting factor in my case. The AIPS task IMAGR became available at MRAO after | had finished the
bulk of thedatareduction, but | haveuseditin preferenceto mx for thefinal maps presentedinthethesis
because of its superior handling of the weighting of the uv plane and of residuals. The robust weighting
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offered by IMAGR alows significant improvement in the signal-to-noiseratio for asmall concessionin
resolution. For final mapsat lower resol utions, | normally used IMAGR with robust weighting and heavy
tapering of the uv plane, as experiment showed that CLEAN was more reliable than VTESS at reprodu-
cing thelow-surfacebrightnessregions correctly and so obtai ning the correct fluxesfor components. For
final maps using the full resolution of the datasets, | often used a combination of IMAGR and the max-
imum entropy deconvolution routine VTESS (see Black 1992 for a discussion of this technique) which
is computationally lessintensive than deep CLEANiIng and produces acceptabl e, artefact-free images of
the high-surface-brightnessregions. Unfortunately vTESS could not be used in cases with distant con-
fusing sources, asit does hot have amulti-field capability asyet. Where primary beam correctionswere
significant, they were applied either with thetask PBCOR or through the built-in facilities of VTESS. In
the following chapters | shall always state explicitly what deconvol ution technique was used to make
themaps | present.

Images of polarization are al so presented. There was seldom any heed to use amaximum entropy tech-
nique in making maps of Stokes' parameters Q and U, since these maps rarely have areas of extended
emission into which CLEAN can introduce artefacts; unless specified otherwise, therefore, these maps
were made using IMAGR. Images of polarized intensity (corrected for Ricean bias) and polarization
angle were produced from the Stokes' Q and U maps using the AIPStask comB, and an image of frac-
tional polarization obtained by dividing polarized by total intensity, clipping both images at a sensible
noise value (usualy threetimesther.m.s. noise). Thevectors used in maps of polarization are rotated by
90°, to give the magnetic field direction; thisis legitimate provided that Faraday rotation is negligible.
(As 1 will show later, Faraday rotation introduces errors of at most a few degrees in the angle for the
maj ority of the sources we have considered at 8.4 GHz, provided that theintegrated rotation measure is
agood indicator of the resolved rotation measure across the source.)

In some cases two frequencies were avail able to me and | was able to make maps of spectral index and
depolarization. Thesewere made by imaging theuv datasetsin Stokes' |, Q and U with matched longest
baselines (and, where the source was not well sampled on the shortest baselines of one or both datasets,
matched shortest baselines), adj usting the weighting of the two truncated datasets so asto produce sim-
ilar fitted beams, cleaning to convergence and convolving with identical circular Gaussianslarger than
the largest axis of a fitted beam to ensure that the effective beam sizes of both maps were the same.
Fractiona polarization maps were then made as described above. Only points with vaues larger than
three times the r.m.s. noise on both maps were used to compute spectral index and depolarization. De-
polarization (DP) was defined as theratio of fractional polarization at the lower frequency to that at the
higher; smaller values of DP thusimply more depolarization between the two.
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2.3 MERLIN

MERLIN isthe Multi-Element Radio-Linked Interferometer Network, operated by the University of
Manchester on behalf of the Particle Physics and Astronomy Research Council in the U.K. Its opera
tionisdescribed in Thomasson et al. (1994). It consists of eight antennae (not all of which are typically
in use) and haslonger baselinesthan the VLA, leading to higher resol ution but worse sensitivity to ex-
tended structure. The parameters for the frequencies of interest (1.4 and 5 GHz) are givenin table 2.2.
These assume that MERLIN is operating in wide-field mode (imaging the 16 MHz bandwidth in 16
distinct channels, to avoid the bandwidth-smearing effect discussed above) and using multi-frequency
synthesis (Conway, Cornwell and Wilkinson 1990) to increase the uv coverage.

MERLIN data can be combined with VLA datato provide high spatia resolution whileretaining sens-
itivity to extended structure; the VLA supplies the short baselines missing from MERLIN’s uv plane
coverage.

2.3.1 Observations

Observationswith MERLIN are planned and carried out by the MERLIN staff. MERLIN observations
must be made over a period of at least twel ve hours (or as much of thisasispossiblegiventhe elevation
limits of the antennage) to achieve the necessary uv plane coverage. Freguent observationsof phase cal-
ibrators, which must be compact but need not be true point sources, are interleaved with the observations
of the target source. 3C286 is used as a polarization angle and flux calibrator; this ensures consistency
with the flux standard of the VLA. An additional ‘ point source calibrator’ is aso observed.

Asdescribed above, uv coverage (and so image fidelity) is greatly improved by the technique of multi-
frequency synthesis, in which MERLIN observes agiven source at frequencies which may differ by up
to 10%. Where MERLIN images are presented, the frequencies used will be listed.

2.3.2 Datareduction

MERLIN data start out as files known as ‘d-files'. Initia data editing and the first stages of calibration
(bootstrapping the point source calibrator flux with the calculated flux from the flux cdibrator) are done
at this stage. The data can then be written out, with the calibration applied, in FITS format and impor-
ted into AIPSusinga ' pipeline’ process which automatically completes theinitial calibration (applying
amplitude gain sol utionsand bandpass calibration derived from the point source calibrator, phase calib-
ration and polarization calibration), splits the required source into single-source format and optionally
carries out several iterations of mapping and self-calibration (as described above). The self-calibration
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and imaging can then proceed essentially in the same way as described abovefor the VLA, with the ex-
ception that the different frequencies of observation areinitially different files and must be concatenated
(with the AIPS task bBCON) before final maps can be made. MERLIN data are combined with uv files
from the VLA in the same way as described above for combining different configurations of the VLA,
although care is necessary asthe MERLIN dataare wei ghted according to the different properties of the
array’s component antennae.

24 TheRyle Telescope

Thisisthe name given to the refurbished Cambridge 5-km telescope, an east-west synthesisarray oper-
ating at 15 GHz only. It is mainly used for observations of the Sunyaev-Zel’ dovich effect towards dis-
tant clusters, but isoccasionally availablefor other observations. Itsresolutionisdeclination-dependent
and low (order of afew seconds of arc, depending on the configuration of the antennae) and so it has
only been used in thisthesisto provideinformation which complements resultsfrom the VLA. Images
are made by an essentially automatic process and may be lightly cLEANed. The Ryle telescopeis not
capable of measuring polarization at present.
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Table2.1: Theprimary beam, resol utionand maximum structurescalefor the VLA at 1.4, 8 and 15 GHz

Band Frequencies  Primary A B C D
(GHz) beam? 6 Om 6 Om O, Om O, Om
L 1.465, 1.385 1800 1.40 380 39 1200 125 420.0 44.0 900.0
X 8.415, 8.465° 320 024 70 07 200 23 600 84 180.0
U 14.7,15.2 180 014 40 04 120 12 400 39 900

aAll anglesin arcseconds.
bThese were the default VLA frequenciesat this band until February 1996.

Table 2.2: The number of antennag, resol ution, maximum size scal e and maximum unaberrated field of
view for MERLIN

Band Frequency Antennae Resolution Max. sizescde Max. field of view

(GH2) (arcsec) (arcsec) (arcsec)
L 1.658 7 0.15 8 140
C 5.000 6 0.04 35 92
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Chapter 3

Jetsin FRI radio galaxies

This chapter discusses the comparatively well-studied jets in FRI galaxies and their relation to other
typesof jet. Observationsof four FRI sourcesare described in detail and their implicationsfor the phys-
ics of these jets are discussed.

3.1 A small sampleof FRI sources

| observed four FRI sourcesat high resolutionwith the aim of investigating the pol arization and spectra
index variations across the jet and the jet-counterjet asymmetries. The sources are listed in table 3.2.
Three of these are twin-jet sources and the fourth (3C 130) is a wide-angled tail.

3.2 Observations

All sourceswere observed with the VLA in al its configurations, as described in section 2.2.1, at both
8.4 GHz and 1.5 GHz. In addition, 3C 66B was observed at 15 GHz with the VLA and at L-band with
MERLIN. The complete observationa information is given in tables 3.2 and 3.3. Except where other-
wi se specified, the two standard observing frequencies (table 2.1) and bandwidthsof 50 MHz were used
for each array configuration when observing with the VLA. MERLIN observations used the wide-field
mode (15 1-MHz channels) at two base frequencies of 1.413 and 1.651 GHz.

35
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Table 3.1: The sample of FRI radio sources

Source  IAUname z Si7g a Pi7g (10% scale LAS Sze RM

(Jy) WHz 1s~1)  (kpclarcsec) (arcsec) (kpc)  (rad m™2)
3C66B 0220+427 0.0215 268 0.50 4 0.61 700.0 424 —-67
3C75 0255+058 0.0240 281 0.74 6 0.67 700.0 472 -
3C130 0449+519 0.109 16.9 0.92 76 2.72 360.0 979 -
3C 29 1414+110 0.0237 142 0.67 3 0.67 437.0 291 -3

Data on 3C 66B and 3C 296 were taken from Laing and Riley (in prep.: LR). Dataon the other two sources were
taken from Spinrad et al. (1985). The 178-MHz fluxes were corrected to the scale of Baars et al. (1977) and the
spectral indices were recal culated from the data of Kellermann, Pauliny-Toth and Williams (1969); see section
5.1 for adiscussion of the reasons for this. Largest angular sizes were measured from the VLA maps.

Table 3.2: Observational information for the FRI sample observed with the VLA

Source  Band A-configuration B-configuration C-configuration D-configuration
Date of tixy ~ Dateof tixy ~ Dateof tixy ~ Dateof tine
observation (mins) observation (mins)  observation (mins)  observation mins

3C66B U 19/08/91 600 05/11/91 150 Not observed —  Not observed -

X 19/08/914 120  05/11/914 150 10/11/94 55  06/03/95 20
L 23/07/95 45  28/11/95 30 10/11/94 26 06/03/95 15
3C75 X 23/07/95° 120  28/11/95 120 10/11/94 55  06/03/95 20
L 23/07/95° 45 28/11/95 30 10/11/94 26 06/03/95 15
3C130 X 06/08/952 120  28/11/95 120 10/11/95 55  06/03/95 20
L 23/07/95 45  28/11/95 30 10/11/94 26 06/03/95 15
3C29%6 X 24/07/95 120  27/11/95 120 11/11/94 55  06/03/95 30
L 24/07/95 45  08/12/87* 60 10/03/88! 50 07/10/88! 80

1 Data kindly supplied by JP. Leahy.

2 Bandwidth of 25 MHz used.

3 VLA mis-pointed by 1 minute of arc.

4 Observed at two frequencies of 8.01 and 8.41 GHz.

Table3.3: MERLIN observations of 3C 66B

Date Time (hours)
18/12/1995 24
02/02/1996 10
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Table 3.4: Properties of theimages of FRI objects

Source  Fig. Region Freg. Method FWHM (o]} op Dynamic
number (GH2) (arcsec)  (kpo) (W) (M) range
3C66B 3.1 Field 15 C 12.50 7.6 310 - 3000
323337 Jet 8.2 C 0.25 0.15 25 10 7600
34,36 Jet/counterjet 8.2 C 1.25 0.76 25 10 7600
35 Counterjet 82 C 0.75 0.46 30 - 6000
3C75 3.10 Whole 15 C 10.0 6.7 210 - 430
311 Jets 84 C 0.75 0.50 38 11 1300
3.12 Whole 84 C 2.00 134 35 11 1400
3C130 313 Whole 15 C 10.0 27.2 210 - 780
314 Jetsand tails 84 CM 0.6 1.63 15 12 2000
3.15 Spectral index  — C 2.86 7.29 - - -
3C29%6 316 Whole 15 C 12.0 8.0 160 - 680
3.17 Inner jet 84 C 0.24  0.16 14 - 9000
3.18 Jets 84 C 0.75 0.50 11 5.6 12000

Column 5 gives the deconvolution method. C denotes CLEAN and CM denotes a CLEAN/MEM hybrid as de-
scribed in chapter 2. Columns 6 and 7 give the angular and corresponding linear size of the FWHM of the restor-
ing beam used. In columns 8 and 9, g, and op are the r.m.s. off-source noise on total and polarized intensity
maps (where made) respectively. In several cases there are artefacts around cores at severa timesthislevel. The
dynamic range (column 10) is defined as the ratio between the peak intensity and ;.

3.3 Sourcesin detall

For each source | observed, | show maps of the large-scale structure together with maps at high and
intermediate resol utions of the jets. The properties and resolutions of these maps are tabulated in table
3.4. Negative contours are dashed on all contour maps. Position angles are defined east of north.

Polarization maps are also shown. The vector lengthsrepresent the degree of polarization and the direc-
tionsareperpendicular to the E-vector; they arethereforeinthedirection of themagneticfield if Faraday
rotationisnegligible. Thisistrue (at an observing frequency of 8 GHz) for 3C 66B and 3C 296, though
the pol arization maps of 3C 66B have been corrected for the rotation of afew degreesimplied by acon-
stant RM of -90 rad m~2, but the integrated rotation measures of 3C 75 and 3C 130 are not well known,
SO some care isnecessary in theinterpretation of polarization maps. (The RMs of thesetwo sourceswill
be discussed in the relevant sections.)
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331 3C66B
Theliterature

3C66B isidentified with an ED2 galaxy at aredshift of 0.0215 (Matthews, Morgan and Schmidt 1964).
Thejetin 3C66B isoneof only afew which arevisiblein both the optical and radio wavebands, and was
originally discovered by Northover (1973): theoptical jet wasfirst detected by Butcher, van Breugel and
Miley (1980). Maccagni and Tarenghi (1981) found extended X-ray emission around the source; they
argued that it indicated densities sufficient to confine the lobes. Leahy, Jagers and Pooley (1986, here-
after LJP) presented detailed radio observationsof the source as awhole and of the jet withthe VLA at
1.4, 1.6 and 5 GHz, with the Cambridge 5-kmtelescopeat 2.7 GHz and with the Westerbork tel escope at
608 MHz, 1.4 and 5 GHz. Fraix-Burnet et al. (1989a, 1989b) identified five knotsin the optical structure
of the jet with five similarly-placed knots in the radio maps of LJP, and detected polarization in them,
providing convincing evidence that the optical emission is synchrotronin origin. Macchetto, Albrecht
and Barbieri (1991) presented an HST Faint Object Cameraimage at 3100 A (with aresolution of 0.1
arcsec), which showed for the first time filamentary structure in the jet: Jackson et al. (1993: JSMM)
compared thiswith ahigh-resolution (0.25 arcsec) VLA map at 15 GHz. On smaller scales, Giovannini
et al. (1993) report unpublished VLBI observations showing a one-sided parsec-scale jet in 3C66B in
the same position angle as the bright kiloparsec-scale jet.

Overall source structure

Figure 3.1 showsa12.5-arcsecond resol ution map of the 3C 66 field at 1.4 GHz. Thetwin jetsand lobes
of 3C66B are clearly visible. 3C66A isthebright (2 Jy) confusing object to the northwest of the map,
identified withaBL Lac at z= 0.444 (Hewitt and Burbidge 1987). Another bright (35 mJy) confusing
object isto its northeast.

Theradio nucleus

Theradio nucleus of 3C66B is variable on timescales of months. Table 3.5 summarizes the data avail -
able on the flux densities at different frequencies, generally estimated by integration of a small region
around the nucleus (except in the case of the Ryle telescope observations, where the fluxes were es-
timated directly from appropriate baselines). Errors are due to the small uncertainty in primary flux
calibration and the difficulty in ensuring that none of the surrounding diffuse structureisincludedin the
integration.
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Figure 3.1: 1.4 GHz map of the field of 3C66 at 12.50 arcsec resolution. Contours at 3 x
(1,0/2,2,2v/2,...) mJy beam~1. 3C66B isto the southeast, 3C 66A to the northwest.
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Table 3.5: Hux densitiesfrom the radio nucleus of 3C 66B
Spamly  Spe/mly  Ssimly  Sga/mly  S5/mdy

1972 Jult 240+ 40

1982 May? 188+9 167+10 18246

1982 Sep? 25649

1991 Jul 25° 207
1991 Aug19* 178+10 187+10 223+11 207+10
1991 Nov 05* 191+10 165+8
1992 Jan 18° 172
1992 Nov® 175+ 12
1994 Apr® 210+ 15
1994 Nov 10* 238+ 10

1995 Mar 06* 213+15

1995 Apr® 202+ 10

1995 Jul 274 181410
1995 Nov 28* 182+ 10
1995 Dec 18% 180+10 185-+10
1996 Feb 026 182+ 10 184+10

1 Northover 1973. 2 LJP. 3 JISMM. 4 My VLA observations. > My Ryle tel escope observations.
6 My MERLIN observations.
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Figure 3.2: 8-GHz map of 3C 66B at 0.25-arcsec resolution; black is 1 mJy beam=1.

Structure at high resolution

Figure 3.2 showsalinear greyscale of the 8-GHz map of theinner jet at 0.25-arcsec resolution. The 15-
GHz dataset at similar resolution shows the same features but with less sensitivity; at the full resolution
of the VLA at thisfreguency (0.15 arcsec) thenoiseis so high that only the radio nucleuscan be detected
aboveit. 15-GHz maps are therefore not presented.

The overall structure in my maps at this resolution agrees very well with that in the 15-GHz map of
JSMM and the HST image of Macchetto et al. (1991). (The barring perpendicular to the jet visible on
my 8-GHz image is an artefact which | believe to be due to the bright and variable nucleus.)

There are three small knots (A) at the base of the jet, thefirst at 0.9 arcsec from the nucleus (a projected
distance of 550 pc) and the last at 1.8 arcsec (1.1 kpc). The jet becomes much brighter at knot B and
reaches its brightest at about 2.9 arcsec (1.7 kpc) from the nucleus; at the same time its opening angle
clearly increases. The shape of the region B is particularly interesting: the knot is at a distinct angle to
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Figure 3.3: 8-GHz map of 3C66B at 0.25-arcsec resolution. Contours at —0.1,0.1,0.2,0.3...4 mJy
beam~1. Negative contours are dashed.

both the entering and the leaving jets. The knots C, D and E are all visible on the HST image.

Theimages provide some evidence for the doubl e filamentary structure claimed by Macchetto et al. in
the optical and by JISMM at 15 GHz. However, as can be seen in the contour map (figure 3.3), even the
clearest region where a doubl e-stranded structure might be plausible (between knots C and D) involves
brightness contrasts at only around the 3-4c level. Much of the structure described in detail by JSMM
is not consi stent between their maps and mine. An image with still higher resolution and sensitivity is
needed before adetailed anaysis of the filamentary structureis warranted.

At this resolution and sensitivity the counterjet is amost invisible and no maps of it are shown.
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Figure 3.4: 8-GHz map of 3C 66B at 1.25-arcsec resolution. Contoursat 0.1 x (—1,1,v/2,2,2V2,...)
mJy beam~1. Negative contours are dashed. Peak 180 mJy beam~1.

Structure at intermediate resolution

Figure 3.4 showsan 8-GHz map of thejet and counterjet at 1.25-arcsec resol ution (chosen to be compar-
ablewith the highest resolution available at L-band, as used in LJP): the brightest knots are labelled for
comparison with the high-resol utionimages. The apparent lumpinessof thedistant parts of thesourceis
due partly to lack of sensitivity and partly to comparative undersampling of the uv plane at these struc-
ture scales. Low-surface-brightness extensionsto the east and west are not shown.

Thismap showsfor thefirst time structuresin thefainter parts of the source. Particularly notableon the
jet side are the quasi-periodic variations in the direction of the ridge line of the jet, starting on a small
scale near knot E at about 10 arcsec (6 kpc) from the nucleus and increasing in amplitude for a further
25 arcsec before disappearing into the noise. These are visibleat al frequencies.

The opening anglesof thejet and counterjet appear more or less constant, although thereisa point about
40 arcsec from the nucleus at which the jet appears to stay constant in width for awhile. Thisis con-
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Figure 3.5: 8-GHz map of counterjet at 0.75-arcsec resolution; black is 0.4 mJy/beam.

sistent with the results of LIP.

Detailed structure in the counterjet is seen for the first time in the 8 GHz images (see figure 3.5). The
counterjet appears much more diffuse than the jet, and is not so consistently centre-brightened.

Polarization structure

Figure 3.6 showsmaps of degree of polarizationand magneticfield angleat 8 GHz and 1.25 arcsec resol -
ution. (Maps at other frequencies are similar but noisier and are not shown.) The nucleus itself appears
to bepolarized at the 0.5% level. Thejet and counterjet are quite highly polarized (between 10 and 40%
inthe main part of thejet, and 20 —50% in the counterjet) implying well-ordered magnetic fieldson kpc
scales. On thejet sidethe magnetic field is parallel to the jet for thefirst 1.2 pc (2 arcsec), best seenin
the high resolution polarization map (figure 3.7): in the bright knots B and C there are regions where
it isat an angle of about 30° to the jet direction (more or less aligned with the direction of €ongation
of the knot B) and by knot E (8 arcsec from the nucleus) the B-field in the centre of the jet is perpen-
dicular. Figure 3.8 showsthe variation of degree of polarization as afunction of distancedong thejet,
taken aong the ridge line; the change in polarization angle takes place in the region of depolarization
between 6 and 10 arcsec (aprojected distance of ~ 2.5 kpc).
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Figure 3.6: 8-GHz polarization map at 1.25-arcsec resolution. Contours at 0.2 x (1,2v/2,8,...) mly
beam=1.

0025* 42 45 58

7] 42 45 56

02 20 02.00 02 20 01.80

Figure 3.7: Detail of 8-GHz polarization map at 0.25-arcsec resolution. Contours at 0.1, 0.2 mJy
beam~1.
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Figure 3.8: Variation of fractional polarization with distance along 3C 66B’s j€t.

At the edges of thejet the field remains parallel, with a higher degree of polarization (typically 30%,
compared with around 10% in the jet centre). There is a clear region of depolarization between the
paralle and perpendicular field aignments. A remarkable circular field structure can be seen centred
at 18 arcsec from the nucleus, coincident with the large bright region F and presumably related to the
change in jet direction that begins at about this point. Further out from the nucleus the field in the jet
centre followsthewigglesin thejet closely, remaining more or less perpendicular to thejet axisin spite
of itschangesin direction. There are someindicationsthat the paralel-field sheath is still present at 30
arcsec or more away from the nucleus.

The counterjet is unpolarized above the 3o limit close to the nucleus. Further out, between 6 arcsec
and about 15 arcsec, there isa clearly delineated central region with perpendicul ar B-field surrounded
by a sheath with B-field paralel. The sheath in the counterjet appears to be about 1.3 arcsec (800 pc)
thick, asopposedtothat inthejet whichistypically 0.8 arcsec (500 pc) across (just resolved in my 0.75-
arcsec resolution maps). The lower limits placed on the sheath thicknessby LJP were due to the lower
sensitivity of their observations.

Further still from the nucleus, my polarization data are in good agreement with those of LJP, showing
the highly polarized terminations of the jets.
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Figure 3.9: Spectraof the jet knots of 3C 66B.
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Spectral indices, depolarization and rotation measure

The spectra of the five knotsin the inner jet are shown in figure 3.9; the fluxes were measured by in-
tegrating over identical rectangleson VLA and MERLIN+VLA maps made at 0.25-arcsec resolution.
Knots B—E show similar spectra, with the spectral index being typicaly 0.6. There is some indication
of asteeper spectrum between 8.2 and 15 GHz, particularly in the knots further from the core, but this
is possibly the result of undersampling of the 15 GHz dataset with respect to the other two. The knots
intheinner jet, labelled A, have a steeper spectrum (a = 0.75) between 1.5 and 8.4 GHz than the rest.
(The 15-GHz data point here is contaminated by artefacts surrounding the core, and should beignored.)
These results are consistent with the high-resol ution radio-optical spectral index maps of JISMM, which
show a constant spectral index of 0.8 —0.85in theregion within 5 kpc (8 arcsec) of the nucleus over the
central 1 kpc of thejet.

On larger scales, matched-baseline spectral index mapping between 1.5 and 8.4 GHz suggeststhereis
little change in the spectral index of the jet until approximately 40 arcsec (linearly) from the core, cor-
responding to the drop in surface brightness at the eastern edge of figure 3.6. The mean spectral index
over this distanceis 0.6 & 0.05; after thisit steepens rapidly to ~ 1. There is ho evidence for spectra
changes acrossthe jet. The counterjet, where good measurements are available, has a similar spectral
index (0.64 0.1) until itsdisappearance. Theseresultsarein agreement with thelower-frequency meas-
urements of LJIP.

My data confirm, as far as is possible, the rotation measure map of LJP at 1.25-arcsec resolution. The
Stokes' Q and U datasets of matched-baselinemaps at 1.5 and 8.4 GHz are noisy, and so depolarization
isnot easily measured, but there appears to be no difference between jet and counterjet (DP =~ 0.85in
both over theinner 25 arcsec). Thereisthusno evidence (sofar) for any sort of Laing-Garrington effect
in this source, though the inner jets are not the ideal place to ook for it.

332 3C75

Theliterature

3C75istheonly clear example of apowerful source which isapparently created by outflowsfrom two
AGN in the same host galaxy (Parma, Cameron and de Ruiter 1991 show a possible second example
which may, however, simply be projection of two unrelated objects). In theradio, it has not been well
studied; the only published images which show it in enough detail to even begin to make the structure
clear are thosein Owen et al. (1985), who argue that the similar twistsin the jets alone are sufficient to
show that the two sources are spatially close. Optically, the host galaxy lies at the centre of the cluster
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Figure 3.10: 1.4 GHz map of 3C 75 at 10.0 arcsec resolution. Contoursat 1 x (1,v/2,2,2v/2,...) mly

beam—1.

Abell 400, and thereisan EINSTEIN detection of an X-ray halo surroundingit (Caganoff, Bicknell and
Carter 1985 show the radio image superposed on the X-ray). The galaxy itself has a dumb-bell profile
which can be interpreted as that of two elipticalsin superposition (Colina and Pérez-Fournon 1990)
with the positionsof theradio nucle overlaying the two brightnesspeaks. Balcellset al. (1995) present
evidencethat thetwo AGN are considerably further apart than their projected separation distancewould

imply, though still associated.

Overall source structure

A low-resolution map of 3C 75 shows the whole source; the emission tails back into the noise. At this

resolutionit isonly just possibleto make out the multiplejets.
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Table 3.6: Flux densities of theradio nuclei of 3C75

Date 3C75N 3C75S

Sramly  Sgamly Spamly  Sga/mly
1994 Nov 10 -2 56 -Aa 17
1995 Mar 06 -2 51 -Aa 11
1995 Jul 23 26 60 18 22
1995Nov 28 31 61 15 23

@ Not possibleto distinguish core from jet emission.

Theradio nuclei

Theradio nuclei of 3C 75 both varied over the timescale of my observations; | measured the variation
by fitting Gaussiansto the nuclear components. Details are shown in table 3.6.

Thejets

Figure 3.11 showstheinner jetsof both sourcesin 3C 75. Neither source has particularly one-sided jets.
The sidedness of 3C 75N appears to change with distance aong the jet — the eastern jet is brighter at
first but the western oneis brighter further out. Images at thefull resol ution of the dataset, ~ 0.3 arcsec,
show that the eastern jet isindeed the brighter on the smallest scales. The jets of 3C75S are very faint
for thefirst 11 kpc; the point where the southern jet brightensis clear on this map, but the northern jet
appears to cross thewestern jet of 3C 75N as or before it brightens. The magnetic field in the inner jets
of 3C75N is pardld to the source axis on both sides, turning to a perpendicular configuration 6 kpc
from the core. The B-field in 3C 75Sis not as clear, because of the faintness of the inner jets, but from
thefew pointswith sufficient signal it would seem that thefield isparallel to thejet axisupto 8 kpc from
the core (on the S side; lesson the N side) and that it is definitely transverse to the source axis from 11
kpc or so.

The truncated appearance of the jets of 3C 75N is interesting — from this map it would appear that
the western jet crosses the northern jet of 3C 75S and stops shortly after doing so, at around the same
distance from the core as the end of the eastern jet. From larger-scale maps of the source it seems clear
that 3C 75N isnot ayoung object — themajority of thesource' sflux, at least on thewestern side, appears
to have come from it — but perhaps this gap, though not seen on the maps of Owen et al. (1985), is
evidence for intermittent flow in the beams.
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Figure 3.11: 3C75 a 0.75 arcsec resolution. Contours a 0.2 x (—v/2,—-1,1,1/2,2,2\/2,...) mly
beam~1.

I nter mediate scales

A map at 2.0-arcsec resolution (figure 3.12) alowsthe magnetic field direction in the outer parts of the
source to be seen clearly. It is mostly transverse to the jet direction, as in the other twin-jet sources,
and followsbendsin thejet; in the regionswhere the jet expands, at the northwestern and eastern edges
of this map, it follows the edges of the region. This polarization behaviour (compare 3C 130, below)
reinforces the overal impression that the sources should be classed as twin-tailed jets rather than (as
suggested by O’ Donoghue, Eilek and Owen 1993) as wide-angled tails.
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Figure 3.12: 3C 75 at 2.00 arcsec resolution. Contoursat 0.2 x (—2,-1,1,2.4,...) mJy beam=1.

Spectral index and depolarization

The spectral index between 1.5 and 8.4 GHz shows moderate steegpening along the jet, with the inner
jets having a ~ 0.5 and the ends of the jets seen on figure 3.12 having a =~ 0.8 to 0.9. The maps are
noisy, however.

The sourceisdepolarized, with amean DP of around 0.4 between 1.5 and 8.4 GHz; therotation measure
isnot constrai ned adequately by thesetwo frequencies (i.e. thereare variationsof morethan 36 rad m~=2).
Thisisasexpected for asourceat the centre of acluster. Thereisno obviousdifferencein DPindifferent
parts of the source.
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333 3C130

Theliterature

3C 130 is awide-angle tail source, although unusualy its tails are essentialy straight. Leahy (1985)
shows the previous high-resol ution radio map, while Jagers (1983) has a | ower-resol ution Westerbork
image which showsthefied of thesource. The host galaxy isclassed asa DE2 by Wyndham (1966) and
appearsto liein acluster, although strong gal actic reddening makes optical identification of the cluster
membersdifficult. The EINSTEIN detection of extended emission (Miley et al. 1983), the nearby aign-
ed sources (Jagers 1983) and the many mJy radio sourcesin thefield at 1.4 GHz make it plausible that
the object is the dominant member of a cluster, as WATs normally are (chapter 1). Leahy (1985) aso
attemptsto constrainthe RM distributionof the source, but notesthat it depolarizesrapidly (particularly
in the Slobe) so that few good measurements are available.

Overall source structure

Figure 3.13 shows the large-scal e structure of the source. There are several pronounced bends, in spite
of the overal straightness of the source. The sudden changein direction at the end of the Stail is par-
ticularly noticeable; this feature is similar to several seen in the small sample of O’ Donoghue, Owen
and Eilek (1990). The source disappears into the noise on these images and may be even longer than
the ~ 1 Mpc seen here. Note the classical double source to the east, one of many radio objects which
are nearby in projection.

Thejetsand hot spots

The high-resolution image in figure 3.14 showstwo very well-collimated jets emerging from the core.
The jets are reasonably symmetrical. The northern jet in 3C 130 is brighter, noticeably so at bends;
over theinner section where both jets are straight (approximately 9 arcsec) the difference in brightness
isroughly afactor 1.4. (This symmetry in the brightness of jets is reasonably common among WAT
sources, compared to, say, FRIIs; e.g. O'Donoghue et al. 1993. The ‘archetype’ of the class, 3C 465
(Leahy 1984), appears to be unusual in having avery one-sided jet.) The bendsin the jets, particularly
the northern one, are very striking. The beams may be ballistic, implying some short-timescal e wobble
of the callimator (‘ garden-hose' behaviour), but if thisisthe caseit issurprising that thejetsare brighter
at bends and that there is no symmetry between the jet and counterjet. If they are not it is equally re-
markable that they remain collimated while undergoing oscillationsof such large amplitudein so short a
distance. The northern jet terminatesin ahot spot, but thereisalong filament which leavesthe hot spot
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Figure 3.13: 1.4 GHz map of 3C 130 at 10.0 arcsec resolution. Contours at 1.5 x (1,v/2,2,2v/2,...)
mJy beam~1.



3.3. SOURCESIN DETAIL

55

- 0.60"

50kpc

— 52 00 00

— 5159 00

04 49 00

04 48 54

1100%
. 0.60"

50kpc !

— 52 00 00

51 59 00

04 49 00

04 48 54

Figure 3.14: 3C 130 at 0.60 arcsec resolution. Above: linear greyscale; black is 0.5 mJy beam~1. Be-
low: contoursat 0.1 x (—2,—1,1,2 4,...) mJy beam1.
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to the north, possibly suggesting some continued collimated outflow. At this resolution thereis little
compact structureat the end of the southern jet; the  hot spot’ seen inthe maps of Leahy (1985, 1993) is
resolved, with a size of around a second of arc. By contrast, the northern hot spot isonly just resolved at
the full resolution (0.24 arcsec; maps not shown) and its brightest component has aminor axis of ~ 0.3
arcsec. Thisuseof theterm ‘hot spot’ isstronger than that of O’ Donoghueet al. (1993), who only used
it to indicate a brighter, broader region; the hot spot seen here is comparable with thosein FRIIs (see
chapter 4). The northern jet is resolved at the bends at full resolution, and has a cross-sectiona width
of up to 0.8 arcsec. Thejets have magnetic field paralel to their length where polarization is detected,
assuming negligible Faraday rotation (see below); the field follows the bendsin the northern jet. This
confirms the prediction of Leahy (1993) that the jets in WATs would turn out to have fields similar to
the jetsin powerful FRIIs. Thefield in the hot spot is transverse to the jet direction and parallel to the
hot spot’sdirection of extension. Further out, the magnetic field is parallel to the tails, and the degree of
polarization is high (this appears to be the behaviour in the best-studied WATS; e.g. Taylor et al. 1990,
O’'Donoghueet al. 1990, Patnaik et al. 1984).

Depolarization, rotation measure and spectral index

Using matched-baseline maps, | confirm theresult of Leahy (1985) that the sourceisrapidly depolarized
at low frequencies. Themean DP (averaged over theareas with good signal -to-noi sein both maps) of the
northern plume is 0.2, and that of the southern plume 0.1. It may be noteworthy that the southern lobe,
with aweaker jet and less compact hot spot, isthemore depolarized: thismay be an exampleof aLaing-
Garrington effect in WATs. To my knowledge there are no systematic observations of depolarizationin
this class of source.

The RM is not constrained by the rotation of polarization angle between 8.4 and 1.5 GHz. Rotations
through all possible anglestake place over the source, so there are variationsin RM of more than 36 rad
m~2. Thisis consistent with the RM measurements of Leahy (1985). Good maps at a higher frequency
are needed to constrain the RM adequately.

The spectral index of the source steepens rapidly with distance from the core. Figure 3.15 showsamap
of spectral index; the matched baselines of the maps ensure the steepening is not an effect of under-
sampling. Note theflat (o ~ 0.5) spectral index of the jets and of the material they flow into. Thisis
expected in the standard model in which the plumes flow slowly away from the source (compare the
spectral index maps of Hydra A by Taylor et al. 1990).
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Figure 3.15: Spectra index between 8.4 and 1.4 GHz of 3C130 at 2.86 arcsec resolution. Lin-
ear greyscae between 0.4 and 1.5; superposed are contours of total intensity at 1.4 GHz at 0.4 x
(-2,-1,1,2,4,...) mJly beam~1.

334 3C296

3C 296 isimaged in Leahy and Perley (1991, hereafter LP); earlier maps are in Leahy (1985) and Bir-
kinshaw, Laing and Peacock (1981). Ked (1988) fails to see any optical counterpart to the jets. The
host galaxy (NGC5532) is alarge dlliptical (Owen and Laing 1989) which is classified by Wyndham
(1966) asan EDA4. It islocated in the Abell cluster A1890 and has a close small companion (Wyndham
1966; Colinaand Pérez-Fournon 1990). Fabbiano et al. (1984) report adetection with EINSTEIN.

Overall source structure

A low-resolutionimage, figure 3.16 (made substantially with the datafrom L P) showsthevery symmet-
rical twin jetsof this object, which form well-defined symmetrical doublelobes. (Compare thelobes of
3C66B.)
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Figure 3.17: 3C 296 at 0.24 arcsec resolution. Linear greyscale; black is 0.4 mJy beam=1.

Structure at high resolution

In figure 3.17 the inner parts of the jets of the source can be seen. The jet brightens at approximately
2 kpc from the nucleus, but does not show the bright flaring knot of 3C66B; instead it appears to have
arow of central compact knotsin thefirst 2 kiloparsecs of bright emission, and isincreasingly diffuse
thereafter. Thereislittleevidencefor abright FRII-likeinner jet (compare 3C66B). A knot in theinner
part of the counterjet, again starting at around 2 kpc from the core, is seen to be elongated, with some
faint compact structure, but thereis no other compact structurein the counterjet.
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Figure 3.18: 3C 296 at 0.75 arcsec resolution. Contoursat 0.2 x (—2v/2, —1,1,2\/2,8,16v/2,...) mly
beam=1.

Structure at intermediate resolution

Figure 3.18 shows the jets at 0.75-arcsec resolution. The knot in the counterjet has no counterpart in
3C66B, but an amost identical knot is seen in the maps of 3C 31 by Laing (1996). The magnetic field
islongitudinal for thefirst 6 kpc on thejet side and transverse thereafter; the changeinfield directionis
accompani ed by amarked increasein the degree of polarization (from ~ 10%to ~ 25%, risingto ~ 40%
by 10 kpc out on the jet side). On the counterjet side there is some indication of a longitudinal field
in theinner few Kiloparsecs, but it is definitely transverse to the jet direction by 4 kpc out. A paralel-
field sheath, with ahigh degree of polarization, surroundsthe counterjet (with aregion of depolarization
between the transverse- and longitudinal-field régimes) but there is no indication of one on thejet side.
This can be confirmed from the polarization maps of LP.



3.4. DISCUSSION 61

Depolarization and spectral index

Thereisno evidencefor significant depolarizationinthejet or counterjet from maps made with matched
basdines at 1.5 and 8.4 GHz. The spectral index in the inner part of the jet and counterjet is 0.6, and
there is no evidence for spectral stegpening along or across the jet in the areas where both maps are
reliable (out to about 50 arcsec).

3.4 Discussion

In this section | discuss the similarities and differences between the three twin-jet sources discussed
above.

34.1 Velocitiesinthejets

3C66B and 3C 296, and to alesser extent 3C 75N, exhibit substantial asymmetry in surface brightness
between thejet and counterjet at distances up to afew kiloparsecs from the radio nucleus, while having
lobes of more or lessequal brightnesson thelargest scales. 3C 66B and 3C 75N and S al so have strongly
variable cores. The model most commonly proposed to explain this type of object is one in which the
beams near the nucleus are symmetrica in efficiency (and thus rest-frame emissivity) but the emitting
material isrdativistic; the emission isthen Doppler beamed toward or away from the observer, and as
the beams decelerate the flux asymmetry decreases, so that the jets become less asymmetrical. This
type of model is summarized in Laing (1996) and is supported by unified models (section 1.6.6) which
require relativistic beaming to be significant in at |east some parts of the source, and by the discovery
of a Laing-Garrington effect in FRI sources (section 1.4.6). The alternative is a model in which the
beams are symmetrical in power but intrinsicaly different in efficiency (e.g. Fraix-Burnet 1992), with
no appeal to relativistic velocities necessary. In this section | show that the data on the jets of 3C66B
and 3C 296 are adequately explained by the relativistic beaming model, althoughiit is hard to rule out a
model in which the efficiency variations‘ conspire’ to produce the effects shown.!

Thejet in 3C66B is brighter than the counterjet as far as they can both be traced; the counterjet dis-
appears into a ‘bubble’ of diffuse emission after about 25 arcsec. There are several complicationsin
applying the relativistic beaming model to this object, however. Both jets are curved, and the angles
made by the bulk flow with the line of sight therefore change with distance away from the nucleus. In

1Fraix-Burnet (private communication) has a possible detection of an optical counterjet in 3C 66B which is significantly
brighter than would be predicted by therelativistic beaming model. If thisresultis confirmed, it will beastrong point in favour
of amodel in which the jets areintrinsically asymmetrical.
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Figure 3.19: BcosB against distance from the nucleus for 3C 66B

genera, the angles made with the line of sight in thejet and counterjet may be quite different, although
they arelikely to be similar close to the nucleus.

If we apply anaivemodel in which all the flux asymmetry isdueto relativistic beaming, al jet material
moves at the same bulk vel ocity B¢ and the jet and counterjet make asingle angle 0 to the line of sight,
the standard formula may be used?:

R (1+ Bcos@) 2+a
1-BcosH

(where Risthe flux ratio between jet and counterjet). The integrated flux ratios of thejet and counterjet
at different angular distances allow usto find 3 cos8 as afunction of distance from the nucleus. Thisis
plotted for 3C 66B in figure 3.19. It can be seenthat 3 cosB initialy fallswith distance from the nucleus,
as would be expected for a decelerating jet with constant 8. Supposing the model to be more or less
accurate for the inner few kiloparsecs of the jet (which is reasonable, since the jet appears straight in
the high-resolution maps of figure 3.2) values of 3cos6 around 0.6 constrain the angle to the line of
sight of the emerging jet to be 8 < 53°, while 3 here cannot belessthan 0.6 for any 8. Further from the
nucleus 3 cosB beginsto rise again, corresponding to the disappearance of the counterjet here. Thisis
not consistent withasimplemodel, but it isclear from my mapsthat thejetsbend and that theassumption
of constant 6, at |east, must be wrong on these scales.

Itiseasier tofit therelativistic beaming model tothejetsin 3C 296, sincethejets are straight and appear
tobe exactly oppositely directed. Inthiscasel canfollow Laing (1996) and producea’ sidednessmap’ of

21t must be bornein mind that with certain configurationsof magnetic field the exponent 2+ o may be significantly wrong.
It represents a best guess only.
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Figure 3.20: Sidedness map of 3C 296 at 1.25-arcsec resol ution, showing jet-counterjet ratio as afunc-
tion of positionin thejet. Linear greyscale: whiteisR= 0and black indicatesR > 5. A crossindicates
the position of the core.

the source, showninfigure 3.20. Thisismade by rotating theimage, centered on the core, through 180°
and dividing the origina image by therotated version; it thus shows jet-counterjet ratio as afunction of
positioninthejet. The greatest jet-counterjet ratio on thismap is 12, which translatesto 3cos6 = 0.44;
thus 8 < 63° inthebeaming model, and thevel ocity of thejet 3 < 0.44. 1t will be seen that thejet isvery
asymmetrical only at the base, with the side-to-side asymmetry parameter R falling, by 6 kpc from the
core, to values around 2—-2.5, corresponding to 3cos6 ~ 0.15; thisdrop in R correspondsin position to
the changefrom parallel to perpendicular field. Thereisthen along region wherethe sidednessremains
constant, and here it can be seen that the centra regions of the jet are more one-sided than the edges,
as found in 3C31 by Laing (1996). The mean vaue of the sidedness parameter in the edges is close
to 1; itistherefore possible that we are seeing amost stationary material. Further out the jet becomes
more one-sided, but this coincides with a bend in the ridge line of the jet and can be explained simply
as brightening due to compression.

It iswell known (Burch 1979c) that the brightness decline in the jets of FRIs is sub-adiabatic; that is,
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their surface brightnessdrops with distance al ong the jet much less rapidly than would be expected for a
smooth uniformly expanding jet with no particle reacceleration. The most persuasive way to overcome
this problem comes from the semi-empirical model by Bicknell and others(e.g. Bicknell 1986) inwhich
the jets are turbulent and entrain external material asthey decel erate; thisboth removes the assumption
of constant vel ocity and allows particle reaccel eration (discussed bel ow in section 3.4.3). A fit of Bick-
nell’s modd to a sample of low-luminosity sources (Bicknell et al. 1990) has suggested jet velocities
in the range 10° — 10* km s~2. It has been thought to be difficult (e.g. Parma et al. 1993) to reconcile
the two different vel ocity régimes required by the turbulent jet and relativistic beaming models: in the
case of the two sources discussed above, deceleration by factors of between 10 and 100 over the inner
few kiloparsecswould be required to allow both models to describe the source successfully. However,
Bicknell (1994) has analyzed the dynamics of arelativistic entraining jet in some detail; he shows that
thevelocity at which arelativisticjet has decel erated to atrans-sonic Mach number (presumed to bethe
region at which large-scal e turbulent entrainment begins) must lie between about 0.3-0.7c¢ (values con-
sistent with the constraintson vel ocitiesfound above) and that significant decel eration on thekil oparsec
scale thereafter isdynamically feasible.

The sheath-like structurein the polari zation maps suggeststhat there are two distinct régimesin thejet.
Thiscan be explained by a modification of the relativistic beaming model which supposesthat the core
of thejet isrelativistic and is surrounded by a more rapidly decel erating shear layer, perhaps slowing
by entrainment of surrounding material; thisisthe model put forward by Laing (1996). The paralel-
field sheath observed in the jet and counterjet would correspond to the shear layer. The generally more
edge-brightened and diffuse counterjet could be the emission from a slow outer sheath surrounding a
core which isinvisibleor very faint due to beaming away from the observer; the jet side, as observed,
would be expected to be centre-brightened at al times (unlessits core velocity were very high indeed)
and thuswould giveriseto the variationsin sidedness across the jet seen abovein 3C 296 and by Laing
(1996) in 3C 31. The observed differences in the thicknesses of the longitudinal-field sheathsin the jet
and counterjet would follow from the different beaming of thetwo cores. It will be noted, however, that
the two apparent velocity regimes deduced from the sidedness of the 3C 296 jet both have transverse
magnetic field, complicating the simple model.

3.4.2 Polarization

Laing (1993, 1996) usesaversion of the core-sheath model described aboveto explain the change from
longitudinal to transversemagnetic field direction seen intheinner jetsof FRI sources. In Laing’smodel
the jet cores have amagnetic field with no longitudinal component and the shear layers have alongit-
udinal magnetic field. Close to the nucleus the bulk velacities of the cores of the counterjet and jet are
highly relativistic: the emission from the cores is therefore very strongly beamed and invisible to an
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observer (if the source is at a significant angle to the line of sight) so that the longitudind field from
the shear layer dominates. Asthejet decelerates the transverse component in its centre becomes more
important, so a changeover from parallel to perpendicular magnetic field direction is observed. Inthe
case of 3C66B, however, the model failsto explain the parallel polarization in the bright knots B and
C: these are presumably features of the jet core and so in Laing’smodel should have atransverse field,
while any region with longitudinal field structure should be edge-brightened if resolved. If we wish to
retain a core-sheath model, we must assume that both the slow sheath and the fast core initially have
longitudinal magnetic field, but that something happens early on to rotate the direction of the field in
the core: on thejet side of 3C66B this would occur near knot D (2.5 kpc from the nucleus), whilein
the counterjet it would have to take place somewhere before the first good detection of perpendicularly-
polarizedflux, alsoat 2.5 kpc from the nucleus. Theinner region of 3C 296'sjet issimilarly resolved and
centre-brightened (figure 3.17) in the regions where it has longitudina magnetic field. Laing's model
does not seem to work in detail in these sources.

In models other than Laing's, the changeover in polarization configuration can be understood in terms of
amagnetic field initially dominated by alongitudinal component which becomes lessimportant as the
jet expands. The magnetic field may be ordered (uniform or helical) or partialy ordered (Laing 1981a).
Unfortunately, the presence of alongitudinal-field sheath makes it difficult to define the parameters of
the region in which field turnover is occurring and therefore difficult to extract any information on the
physics. In 3C66B the change is not clearly related to any structure in tota intensity, whereas for a
model in which thejet is coming into equilibriumwith its surroundingsthe changein orientationwould
be expected to be correlated with a drop in surface brightness (asin 3C 219, for example; Clarke et al.
1992). The field continues to be longitudina after the knot B, and it would appear that (as in 3C 31;
Fomalont et al. 1980) the expansion necessary to alow the transverse field to dominate must only be
by asmall factor. By contrast, the change between parallel and perpendicular field in 3C 296 occurs at
asimilar distance from the core to a pronounced drop in jet surface brightness; however, this does not
appear to betrue of 3C75.

343 Thejetsof 3C 66B: detailed analysis

The discussion above has shown 3C66B to be unlike ordinary FRI sources in a number of ways, par-
ticularly in its bright base with an optical counterpart. In this subsection | discuss details of the large-
and small-scale structurein its radio and optical jets.
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Bending and wiggles

The smooth bending on kiloparsec scales of the jets in the maps shown here is suggestive of amaotion
of the source to the northwest, similar to those which are thought to bend the tails of narrow-angle tail
radio galaxies (which are often, like 3C 66B, outlying members of clusters). However, the large-scale
lobe structure does not follow this curve, and includes some low-brightness regions which we would
expect to be moving away from the nucleus at lower velocities (although they should also be denser)
and so to be more affected by such amotion. A simple explanation of this sort is difficult to contrive.

Alternatively, the bending may just be theresult of jet propagationinto anon-symmetrical medium. The
distortedisophotesof thehost galaxy seen by Fraix-Burnet et al. (1989a) may be some evidencefor this.
3C66B is an interacting galaxy, with a companion to the SE of the radio source, but the mass of the
companion is sufficiently low that orbital displacementsare unlikely to have produced these large-scale
variationsin jet direction, and the orbital period is probably too long in any case (Balcells et al. 1995).
It therefore does not seem possible to explain the large-scal e structure of the source (i.e. the apparent
sudden changes of direction of the outflow) without invoking a significantly clumpy environment. If
the source axisis close to the line of sight then the bending is exaggerated by projection; LJP suggest
that amodel of this sort might explain anumber of the peculiar features of the source on thelarge scale
(see dso section 3.4.1).

The small-scale (~ 1 kpc) wigglesin thejet ridge line, on the other hand, could be attributed to preces-
sion of the central collimator, to fluid flow instabilities or to gravitational effects from the companion
galaxy. Precession seemsphysically unlikely: thereisno obvioussimilar effect inthe counterjet, and on
the most conservative estimates of velocity the collimator would have to wobbl e through angles of sev-
eral degrees on timescalesof ~ 10° yr, whichisseveral orders of magnitude lessthan the timescal esfor
forced precession of a 108 solar-mass black hole (Rees 1978). Orbital interaction with the companion
suffers from the same problem of implausibly short timescales, |eaving some sort of fluid flow instabil-
ity asthe best answer. If these wigglesare evidence for similar motionsin the parts of the jet nearest the
nucleus, amodel inwhichtheinner jet isrelativistically beamed and the angl e between the bulk vel ocity
and the line of sight is changing slightly might explain some of the small-scale variations of brightness
and magnetic-field direction in thisarea.

Small scale structure

The jet mapped at high resolution (figure 3.2) is roughly 3.5 arcsec across (at knot E): at this resolu-
tion and sensitivity the images probably only show the core of the jet, and not much of the parallel-field
sheath. Thejet isstrongly centre-brightened. Thereis some evidencefor adouble-stranded filamentary
structure in both the radio and the optica wavebands. Macchetto et al. (1991) suggest that this struc-
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ture might be explained in terms of the helical-field models of Konigl and Choudhuri (1985): here the
filaments (according to JSMM) woul d be the boundaries of atwisted helical magnetic field tube and the
banding acrossit would represent twistsin the helix. Apart from the tentative nature of the evidencefor
filamentsin theradio, one important objection to this model is provided by the magnetic field structure
inmy maps. If the field were as described by Konigl and Choudhuri, we would expect to see changes
(from parald to perpendicular and back) in the direction of the magnetic field in the jet, strongly asso-
ciated with the positions of bright knots. In fact thefield is parallel initialy, slightly obliquein knot B
and then parallel to the jet again, turning to awholly perpendicular configuration before the end of the
proposed filamentary structure (shortly after knot D).

Spectral index and reacceleration

An important problem is raised by the radio-optical spectral index results of JSMM. They find that the
spectral index is approximately constant (a = 0.8 between 15 GHz and the optical) over aregion 1 kpc
across in the inner 5 kpc of the jet. My radio spectral index results (section 3.3.1) show a flat radio
spectral index (a = 0.6) and in the optical the spectral index is steep (1.4: JISMM), so that the spectrum
must be curved with a cutoff frequency < 108 GHz. Fraix-Burnet (private communication) suggests
that the radio-near-IR spectrum is still approximately 0.6, which would constrain the break frequency
to be > 3 x 10° GHz. Thiswould strongly constrain modelssuch asthose of Heavensand Meisenheimer
(1987), which predict the relationship of break and cutoff frequencies. However, theimportant point is
that the spectrum of the jet is constant between knots B and E.

AsJSMM point out, the synchrotron lifetime of the optically radiating el ectronsis short. If thelifetime
t is defined as the time taken for the synchrotron break frequency to become equal to the frequency of
emission v, then in amode with no particle reaccel eration

CB d
(i Zm) o

(Leahy 1991) where B is the magnetic field strength, By, is the equivalent magnetic field to the energy
density in photons up (By = \/Toup; this term describes losses due to inverse-Compton scattering
of background photons) and C is a constant which in useful unitsis 2.5 x 10° nT3 Myr?2 GHz. The
magnetic field strength B is not particularly well known. The only estimates come from minimum en-
ergy/equipartition arguments, but there is no reason to believe that equipartition holdsin this case. The
estimates vary considerably depending on the part of the jet on which the calculation is done; they de-
pend on quantities such as the Hubbl e constant, the filling factor and the proton content of the jet about
which littleis known. Further, equation 3.1 holds for ageing in a constant B-field and photon energy
density, and it is expected that both of these will change with distance from the nucleus; modelling the
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effect on particle energy distributionsof thisvariation is difficult. The energy density in photons close
to the nucleus will be dominated not by the cosmic background radiation but by starlight from the host
gaaxy (Owen, Hardee and Cornwell 1989: this should contribute an energy density of ~ 10~2 Jm~3
at 1 kpc, equivalent to B, = 1.6 nT) and possibly by the continuum emission from the hidden AGN in
3C 66B. We must also note that the optically emitting particles are older than t, since the spectral index
results above constrain the break frequency to be less than the frequency of optical emission.

With these caveats, some estimate can be made of the lifetimes of particles emitting in the optical.
JSMM suggest an equi partition B-field of 10 nT; withv = 10° GHz (corresponding to the 3000-A wave-
length of the HST images) thisgives alifetime of 1.5 x 10° years. Thisfield estimate is reasonable for
the bright knotsin the jet, through which (it is assumed) most of the electrons will have travelled; the
equipartitionfield elsewhereintheinner jet islower (3—4 nT, using afilling factor of unity, acylindrical
geometry for thejet, and assuming no energy in non-radiating particles) and so actua particlelifetimes
may be higher. (It should be noted that either alower filling factor, plausible given the suggestions of
filamentary structure in the jet, or some contribution to the energy density from non-radiating particles
would increase the equipartition B-field and so reduce the lifetimes. Highly relativistic bulk velocities
make the observed surface brightness an overestimate of the emission in the bulk rest frame, and there-
fore reduce the inferred B-field, but the mildly relativistic velocitiesinferred from jet sidedness above
should havelittle effect on the equipartition calculation.) The projected length of theoptical jet is5 kpc,
so that the light travel time to the end of the optical jet isat least 1.5 x 10* yr. From the sidedness argu-
ments above the bulk velocity of the electronsis unlikely to be greater than 0.5¢, and the deprojection
factor is likely to be greater than 1.5; thus for some plausible jet parameters the most distant optically
radiating particles have taken about 30 times their synchrotron lifetime to reach the end of the jet.

It can be seen from equation 3.1 that for agiven B, themaximumvalueof t isobtained when B = Bp/\/é;
thuswithout even knowing the magnetic fiel d strength we can put limits on the lifetime from the energy
density in photons. If B = Bp,/+/3 = 0.92 nT, using the energy density given by Owen et al. (1989) for
M87, then the maximum possible lifetime is 1.4 x 10* yr. Thisis still comparable to the light travel
time to the end of the optical jet, and afactor of 3 or 4 shorter than a plausible el ectron travel time. For
any other magnetic field strength the lifetime will be shorter. 1t would appear that we cannot retain a
simple picture of acceleration in the nucleus while reproducing the observed constant spectrum unless
the energy density in the photon background is lessthan ~ 2 x 10~12 Jm=3.

Possible alternative mechanisms include highly relativistic flow (y ~ 10, B & 0.995), transport of the
electronsin a‘low-loss channel’ where the magnetic field (or at |east the component perpendicular to
the direction of bulk velocity) is much weaker than the equipartition value, and local reacceleration.
Very high bulk velocities in the inner 5 kpc seem unlikely both in terms of accel eration mechanisms
and because of the problems of deceleration referred to above, but they are not explicitly ruled out by
the observations. JISMM remark that if alow-loss (or high bulk velocity) central channel were present
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wewould expect to see steepening of the radio-optical spectrum away from thejet axison comparatively
small scales (even supposing diffusion at speedscloseto ¢), which isnot observed: 1500 yr corresponds
to 500 pc, similar to the radius of the optical jet. Felten (1968), in the context of the optica jetin M87,
points out that such a low magnetic-field channel might well be unstable (plasma instabilities would
lead to particle scattering and possibly amplification of the magnetic field) on timescal es shorter than
the light-travel time to the end of the jet. Further, alow-loss channel would suffer losses to inverse-
Compton scattering, as described above.

Similar conclusions have been reached for the two other well-studied optical jetsin radio sources, M87
(e.g. Birettaand M e senheimer 1993) and 3C 273 (e.g. Roser and Mei senheimer 1991). Theconclusions
aredightly stronger in both, becausethe jets are brighter and narrower and the inferred equi partition B-
fields stronger. In 3C 273 inverse-Compton lossesin the radiation field of the quasar definitely rule out
the low-loss channel models. In M87, the supposed synchrotron X-ray emission from the jet implies
very short lifetimess.

If the hypothesis of local reacceleration is adopted in 3C 66B, the problem of whereiit is happening re-
mains. One sol ution might be that the knotsin thejet close to the nucleus are shocks at which first-order
Fermi acceleration istaking place, asitisbelieved to dointhe hotspotsof classical doubleradio sources.
However, the radio and radio-optical spectral indices of the knots are not distinguishable from those of
the dimmer inter-knot material around them, which reducesthe probability that they are privileged sites
for particle acceleration. If acceleration took place only at the knots then there should be significant
lossin the optica in the regions between them, again involving spatia scales of the order of 500 pc.
However, thelong mean free path lengths of the high-energy electrons (Me senheimer et al. 1989) may
‘smear out’ the localization of the acceleration sites, and therefore make spectral variation |ess detect-
able. Inthismodel it may be significant that thereislittleconvincing evidencefor optical emissionfrom
the knots A, and that the radio spectrum of this region appears steeper than that of the materia in the
optically emitting parts of the jet.

In simple versions of the ‘turbulent jet’ model described above (section 3.4.1), particle acceleration oc-
curs by a second-order Fermi process driven by turbulence throughout the jet. However, the shear this
would produceis sufficient to maintain amagnetic field parallel to thejetsat al times (Leahy 1991) and
thisis not observed; a consistently parallel field is only seen in the outer edges of the jet. It seems that
the reaccel eration cannot be confined to a boundary layer in 3C66B if we are to identify the entraining
region with the sheath observed in polarization, since the optical jet iswell within it (thereis no evid-
ence for optical emission from the sheath regionswith the sensitivity so far achieved). It may therefore
be necessary to postul ate two reaccel eration processes; large-scal e turbulent reaccel eration in the outer
regions of thejet, sufficient to account for the sub-adiabatic brightnessdecline of the jet on large scales,
and some unknown process, possibly associated with the bright jet knots, to drive the particle acceler-
ation responsiblefor the optical jet. Thislatter process must also account for the constant and curved
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(rather than strictly power-law) spectrum along the jet, which is observed despitethelarge variationsin
surface brightness (and therefore inferred magnetic field).

In the Bicknell model the first bright knot B in 3C66B would be identified with the site of the onset
of turbulence, with the knots A being tracers of a much more efficient and free supersonic jet which
undergoes a reconfinement shock at B when it comes into equilibriumwith the pressure in the galactic
atmosphere. Sincethejetisstill very one-sided after knot B, therel ativisticbeaming model requiresthat
the post-shock vel ocity berelativistic, and at first sight it needs to be quite high to account for the bright-
ness difference between knot B (which should be dominated by post-shock material) and its (unseen)
counterpartinthecounterjet. Bicknell (1994) claimsthat such brightnesscontrastsmay be understoodin
terms of obliquerelativistic shocks; thefact that the knot B appearsto beaigned at an angleto themain
jet axismay be some indicationthat thisiscorrect. It should be possibleto test whether theknot B isthe
standing shock commonly seen in hydrodynamical models of supersonic jets propagating into galactic
atmospheres by searching for a proper motion; however, thiswould require very high-resolution multi-
epoch observations. This has been done in M87 (Biretta, Zhou and Owen 1995) but would be much
more difficult in 3C66B because of itslower surface brightness and larger size scales. If knot B were
moving at similar velocities to the brightest knot in M87 (~ 0.5c, comparable to the velocity inferred
from sidednessargumentsfor knot B) it would correspond to an angular motion of ~ 0.3 milliarcsec per
year, nearly an order of magnitude smaller than the typica motions detected by Biretta et al..

3.5 Comparison with other sources

Table3.7 showsthe properties of somewell-known jetsin nearby FRI sourcesfor comparisonwiththose
observed here. Unfortunately, the best-mapped sources are also the least typical. The jet in M87 has
been mapped exhaustively, and the similarity of its optical counterpart to 3C66B’s has been discussed
above; but M87 isin many waysmore similar to aclassical doublesourcethanitistoatwin-jet FRI, and
itsjet issimilar in opening angle (6°) and (as far as we can tell) in structure to those found in FRIIs or
WATSs. It hasgenerally parallel magneticfields (except at somebright knots) and ismuch shorter than the
jetsseen here. Themodel by Biretta(1993) suggeststhat the M87 jet isrelativisticfor much of itslength
and aligned at 40° to theline of sight: thereisno observable counterjet, perhaps due to beaming effects.
Birettaet al. (1995) claim to detect kpc-scale proper motionindicatingy ~ 3intheinner jet. NGC 6251
isanother one-sidedjet withinitial paralel-field structure: itsknotty inner structure and areas of oblique
magnetic field are superficially similar to those in the jet side of 3C 66B, but this inner region extends
over 75 kpc (an order of magnitudelonger thanin 3C 66B). Thejet-counterjet flux ratiois~ 130: 1 over
the first 250 arcsec from the nucleus, implying an angle to the line of sight of less than 45° on a naive
relativistic beaming moddl. An HST image of NGC 6251 (Crane 1993) shows no optica jet, however.
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Table 3.7: Parameters of some well-known jetsin FRI sources

71

Source z Pi7s Length  Sides Polarization structure Resn Reference
name (kpc) Parallel up to: Perpendicular from: (kpc)
NGC315 0.0167 051 480 2 12 kpc on jet side 12kpcon jet side: 0.6 1,12
parallel sheathin
counterjet
3C31 0.0167 1.8 28 2 4kpconjetside, 2kpc  2-4kpc: paralel 0.33 2
on counterjet side sheath
3C66B 00215 43 90 2 3.75kpc on jet side 3.75kpc: paralel 0.15 3,4
sheath
3C75N 0.0240 28 60 2 6 kpc on both sides 6 kpc 0.50 4
3C75S 0.0240 28 60 2 ~ 8kpconbothsides  8-11kpc 0.50 4
3C83.1B 00255 6.6 36 2 24 kpc 24 kpc: parallel sheath 0.6 5
m84 0.0029 0.061 66 2 ? 300 pc (or less) 0.46 6
mM87 0.0041 6.6 36 1 Whole length, except N/A 0012 7
at bright knots
1C4296 00129 21 260 2 6 kpc on both sides 6 kpc (parallel at jet 12 8
edgesat bends)
3C296 0.0237 28 100 2 6 kpconjetside ~ 4 4-6 kpc; parallel 0.16 9,4
kpcon counterjetside  sheath
NGC6251 0.024 23 320 1 60 kpc withregionsof ~ 60kpc: parallel sheath  0.75 10
obliquefield
3C449 00171 1.3 38 2 ? 4.5kpc (or less) 21 11

The unitsof Py7g are 102 W Hz~1 sr~1. The powersof 3C 75A,B arethe total power of 3C 75 divided by 2. Jet lengthsare taken from Bridle
and Perley (1984) modified to Hy = 50 km s™* Mpc~!. Referencesare (1) Venturi et al.1993 (2) Laing 1996 (3) Hardcastle et al. 1996 (4)
This thesis (5) O’ Dea and Owen 1986 (6) Laing and Bridle 1987 (7) Biretta 1993 (8) Killeen, Bicknell and Ekers 1986 (9) LP (10) Perley,
Bridle and Willis 1984 (11) Perley, Willis and Scott 1979 (12) Willis et al. 1981
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The jets in well-studied sources more similar to those discussed here have generally been mapped at
spatial resolutionsinsufficient to reveal detailed sub-kpc structure of the jet closeto the nucleus, soitis
not clear whether the filamentary and knotty structure we observe is common to al sources. The best
availableimages of NGC 315, 3C 31, 1C 4296 (PK S 1333—-33) and 3C 449 al show aperpendicular field
structure beyond afew kpc from the nucleus, and in al but 3C 449 (which has thelowest resol ution) the
part of the jet closest to the nucleus shows a parallel field. The ‘sheath’ structure seen here is often
lacking, but we have shown that high resolution and sensitivity are necessary for its detection (cf. the
maps at 3-kpc resolution of 3C 66B in LJP, which show only afew traces of thisstructure). InNGC 315
the centrd parallel field isonly detected onthejet side. Thisisvery likewhat wefind in 3C66B at low
resolution, and is consistent with a beamed jet at a moderate angle to the line of sight: NGC 315 has
significant jet-counterjet asymmetry and aone-sided jet on small scales. High-resolutionimages of the
jetsin NGC 315 are strikingly similar to my maps of 3C 66B, showing anarrow bright jet and a shorter
and more diffuse counterjet. Bicknell (1994) fits hismodel of arelativistic entraining jet to the parsec-
and kiloparsec-scalefeatures of NGC 315 with success. In contrast |C 4296, with two very symmetrical
jets, has parallel magnetic fieldsin theinner 6 kpc of both. In therelativistic beaming model thiswould
be interpreted as a source close to the plane of the sky. 3C83.1B (NGC 1265) is a narrow-angle tall
source which bendsthrough a considerable angl e before changing from a parallel to perpendicular field
configuration. This is further evidence to suggest that the changeover is not directly connected with
deceleration from a relativistic regime, if the shape of 3C83.1B is due to ram pressure as is usualy
suggested. In the sources shown there is no obvious rel ation between source power and the position of
the magnetic field changeover, but only a small range of powersis covered.

3.6 Conclusions

A compact hot spot isdetected inthe WAT 3C 130, and the jetsare shown to have longitudinal magnetic
fidld. The sourceisthusvery like a classical doublein some respects. The images support the model
in which WATSs are objects whose jets make the transition from super- to sub-sonic velocities in one
step, rather than decelerating gradually; the absence of a hot spot in one lobe (asin Hydra A, the only
WAT studied with comparable resolution) is puzzling, but might be attributed to relativistic beaming.
Thetwo-sided nature of thejetsin 3C 130 (and other WATS), on the other hand, suggests small amounts
of beaming (though not necessarily negligible; the estimate of O’ Donoghue et al. 1993 that B ~ 0.2is
amost certainly low even for the emitting material, and of course only providesalimit on the velocities
inthe beam). If the emission comes from a slow-moving boundary layer to afaster-moving beam, these
features can be explained. In this case the bright two-sided jets seen imply that the beams in the inner
parts of 3C 130, and of WATsin general, must be less efficient than those of most FRIIs (but not al;
compare 3C438 in section 4.5.21 and see a so chapter 6).
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In the twin-jet sources, amodel inwhich thejetsare similar in power and consist of arelativistic centra

core surrounded by aslower outer sheath seemsto fit the available datawell, athough significant decel -
eration on 10-kpc scales is necessary. Polarization maps show aclearly delineated parallel-field sheath
on both sides of 3C66B and the counterjet side of 3C 296, explained as a shear layer at which the jets
are interacting with the surrounding medium. Thefield in the core of the jet changes orientation from a
longitudinal to atransverse configurationin all three sources studied. Thereisevidencefor thiskind of
behaviour in a number of other well-studied radio sources. The model of Laing (1993, 1996) appears
to fail in 3C66B and 3C 296 in that both have areas where the jet i s centre-brightened and the magnetic
fidd islongitudinal.

Loca reacceleration in the core of thejet of 3C 66B is probably required to explain theradio and radio-
optical spectral index. Thejet in this object has much more compact structure than those of the other
objects studied, and it seemslikely that thisisrelated to its optical brightness.
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Chapter 4

FRIIsof intermediate luminosity

4.1 Introduction

In two recent papers (Black et al. 1992, hereafter B92; Leahy et al. 1996, hereafter L96) observations
were presented of part of a sample of 29 radio galaxies taken from the 3CR catalogue (Spinrad et al.
1985) with z < 0.15and Py7g > 1.5 x 10 W Hz~1 sr=1. The primary aim of these observationswas to
provide high-resol ution images of the hot spotsin these objects. Their detailed images raised a number
of new questions, since the structuresrevealed were complex and disparate. Earlier observations (e.g.
Perley 1989; Laing 1989, hereafter L89) had suggested that hot spotstended to have no more than two
components, but, as discussed in section 1.4.3, severa objectsin the z < 0.15 sample had more com-
plicated structures which could not be classified as having at most one ‘primary’ (most compact) and
one ‘secondary’ (more diffuse) component (using the classification of L89). L96 were able to identify
some trends in the hot spot structures of the sample, and in many cases to define a primary component
which could plausibly be identified as the current termination of the jet. It was not clear to what extent
these observationswere in conflict with the results of L89, which were based on observations of objects
with z> 0.3; it is possible that the different hot spot structuresin the z < 0.15 sample were aresult of
the proximity of these objectsin radio power to the boundary (Pi7g ~ 2 x 102 W Hz~1 sr—1) between
FRI and FRII structures.

These observations also revealed a number of new jets. Past observations of FRII radio galaxies had
failed to detect jets in significant numbers; in a review of the observations Muxlow and Garrington
(1991) suggested that no more than 10% of FRII radio gal axies had detected jets, although jetsare much

75



76 CHAPTER 4. FRIIS OF INTERMEDIATE LUMINOSITY

more plentiful in FRII quasars of similar power. In contrast, the observationsdescribed in B92 and L96
show jetsto be present in 50 to 70% of their low-redshift sample (Black 1992, 1993; L96). Observa-
tions of statistically significant numbers of jets should provide information both on the power carried
by the beam, which can be related to other indicators of the output of the AGN, and on the factors that
affect itsefficiency. Again, though, it was unclear whether thishigh jet detection rate is a consequence
of thelow luminosity of thez < 0.15 objects, or whether the observations of B92 and L 96 were simply
superior to and more systematic than those that had preceded them.

To address both these questions | have observed a new sample of objects which when combined with
the sample of B92 extendsit to higher radio power and redshift. In thischapter | discussthe selection of
thisnew sample and theimages| have obtained, with particul ar reference to the jet and hot spot physics
of theindividua sources, and summarize the jet and hot spot properties of this sample.

4.2 The selection of the sample

My sample was chosen to extend that of B92 to larger redshifts and higher luminosities. It consists
of al 21 FRII radio galaxies in the sample of Laing, Riley and Longair (1983: hereafter LRL) with
0.15 < z< 0.3: seetable 4.1. The sources which met the redshift criteria but which were classed as
FRIs by LRL were 3C 28 (Feretti et al. 1984), 3C 288 (Bridle et al. 1989) and 3C 346 (Spencer et al.
1991). A decision was taken at an early stage not to observe the four largest sources in the sample,
4C12.03,3C33.1, 3C61.1 and 3C 219, both for economy in observing time and because these sources
were dready relatively well-studied (respectively in Leahy and Perley 1991 [LP]; Rudnick 1984; LP,
Clarke et al. 1992). The remaining sources were observed withthe VLA, as described in section 2.2.1.

4.3 Theobservationswith the VLA

Except where otherwi se specified, the two standard 8-GHz observing frequencies (table 2.1) were used.
| observed atypical large sourcein the samplefor 10 minutesat D array, 45 minutesat C array, one hour
at B array and 1.5 hours at A array. | did not observe the smaller sources (LAS less than 60 arcsec) in
the D configuration, and the very smallest sources (LAS less than 20 arcsec) were only observed with
B and A arrays. Sources smaller than 30 arcsec were only observed for half an hour in B array and an
hour in A array. The largest sources were observed for two hours at A array. Because some of the data
were provided by other workers, and for other reasons beyond my control, it was not always possible
to stick to these timings. The complete observational information for the sampleisgivenin table 4.2.
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Table4.1: The sample of radio sources

Source IAU name Z S a Pig scae LAS Size RM

) (kpc/arcsec)  (arcsec)  (kpe)  (rad m—?)
4C12.03 0007+124 0.156 109 0.87 104 3.66 2150 787 -4
3C20 0040+517 0.174 46.8 066 543 3.99 536 214 159
3C33.1 0106+729 0.181 142 062 178 412 2270 935 -15
3C61.1 0210+860 0.186 340 0.77 462 421 186.0 782 -
3C79 0307+169 0.2559 332 092 930 5.33 89.0 474 -19
4C14.11 0411+141 0.206 121 084 208 455 116.0 527 -19
3C123 0433+295 0.2177 206.0 0.70 3873 474 37.8 179 —-324
3C132 0453+227 0.214 149 068 269 4.68 224 105 —-38
3C153 0605+480 0.2771 16.7 0.66 524 5.63 9.1 51 34
3C171 0651+542 0.2384 21.3 0.87 505 5.06 325 165 43
3C173.1 0702+749 0.292 168 0.88 624 5.83 60.5 353 -29
3C219 0917+458 0.1744 449 081 536 4.00 190.0 760 -19
3C234 0958+290 0.1848 342 0.86 466 418 112.0 469 42
3C284 1308+277 0.2394 123 095 299 5.08 1781 904 -4
3C300 1420+198 0.272 195 0.78 604 5.56 1009 561 -6
3C319 1522+546 0.192 16.7 090 249 431 105.2 453 7
3C349 1658+471 0.205 145 074 242 453 859 389 12
3C381 1832+474 0.1605 181 081 181 3.75 732 274 25
3C401 1939+605 0.201 228 0.71 362 4.46 23.6 105 -
3C436 2141+279 0.2145 194 086 365 4.69 109.1 511 -53
3C438 2153+377 0.290 48.7 0.88 1783 5.81 226 131 -

Column4 liststhe 178-MHz flux of thesource. Column 5 givesthelow-frequency (178-750 MHz) spectral index.
Column 6 liststheluminosity at 178 MHz; itsunitsare 10°* W Hz~! sr=1. Largest angular size, in column 8, was
measured from the best available VLA maps. Integrated rotation measure, in column 10, istaken from Simard-
Normandin, Kronberg and Button (1981), where available. All other data points are taken from LRL, with the
178-MHz flux corrected to the scale of Baars et al. (1977).
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Because of the angular size restriction on the sources | observed, a bandwidth of 50 MHz (the largest
bandwidth of the VLA) met the conditionin equation2.1 for all observationsat B, C and D arrays. At A
array | observed sourceswith sizeslessthan 45 arcsec with a50 MHz bandwidth, sourceswith sizesless
than 90 arcsec with 25 MHz bandwidth and the remainder with 12.5 MHz bandwidthto avoid bandwidth
smearing.

4.4 New K-band magnitudes

New optica magnitudesat K-band have been obtained with UKIRT for five of the sourcesin the sample.
These were measured with a 9-arcsec diameter aperture and are listed in table 4.3. Observationa and
data reduction details are as described in Best et al. (submitted). Images from these observations are
shown in section 4.5. The seeing was typically between 1 and 1.2 arcsec.

45 Sourcesin detalil

Except where otherwise stated, the information on galaxy identifications, redshifts and magnitudesis
taken from Laing and Riley’s update of theinformation presented in LRL (in preparation: LR). Mapsat
severa resolutions are presented for most sources, in an attempt to show both the large-scal e structure
and details of the hot spotsand jets (where present). The resol ution of low-resolution mapsis generaly
chosen to give 50 beamwidths across the source; the resolution of the highest-resolution maps is the
best that could be obtained from the dataset for each source. The properties of the images shown are
summarized intable4.4. Negative contoursare dashed on al contour maps. Position anglesare defined
east of north.

Polarization maps are also shown. Vectors are only plotted where both the total intensity and the polar-
izedintensity exceed threetimesther.m.s. noise. Thevector lengthsrepresent the degree of polarization
and the directions are perpendicular to the E-vector; they are thereforein the direction of the magnetic
fiddif Faraday rotationisnegligible. At 8.4 GHz, Faraday rotationislikey to be significant (involving
corrections of > 5°) if the integrated rotation measure (RM) is greater than about 70 rad m=2. Thisis
true of 3C 20 and 3C 123 and may be true for the sources whose RMs are unknown to me. However,
the integrated RM isin some sense a weighted average over the source. While a high integrated RM
impliesthat rotation measure is high over at |east some part of the source, alow integrated RM does not
necessarily imply the converse. Thereisno way of correcting for the variationin RM across the source
without multi-frequency observations, and therefore | have not attempted to do this.

For some sources maps of spectral index between 1.4 and 8.4 GHz are shown; these were made as de-
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Table 4.2: Observationa information for the FRII sample observed with the VLA

Source A configuration B configuration C-configuration D-configuration
Date of tixy ~ Dateof tixy ~ Dateof tixy ~ Dateof tine
observation (mins)  observation (mins)  observation (mins)  observation (mins)

4C12.03 Not observed —  Not observed —  Not observed —  Not observed -

3C20 25/11/88* 600 23/06/94 60  01/09/89! 80 Not observed -
3C33.1 Not observed —  Not observed —  Not observed —  Not observed -
3C61.1 Not observed —  Not observed —  Not observed —  Not observed -

3C79 06/08/95 90 23/06/94 60  01/09/89! 120  14/12/891 15

4C14.11 06/08/95 150 23/06/94 60 03/08/93 40  27/11/93 15

3C123 06/08/95 60 23/06/94 60 03/08/93 40  Not observed -

3C132 06/08/95 60 23/06/94 30 Not observed —  Not observed -
3C153 06/08/95 60 23/06/94 30 Not observed —  Not observed -
3C171 06/08/95° 60  11/01/922 35  10/04/922 25  Not observed -

3C173.1 06/08/95 90 23/06/94 60 03/08/93 40  27/11/93 15

3C219 Not observed —  Not observed —  Not observed —  Not observed -

3C234 06/08/95 120  23/06/94 60 03/08/93 45 27/11/93 15

3C284 Not observed -  11/01/922 30 10/04/922 30  22/08/922 20

3C300 06/08/95° 120 11/01/922 30 10/04/922 25  26/08.932 10

3C319 Not observed - 23/06/94 60 03/08/93 50 27/11/93 15

3C349 06/08/95 90 23/06/94 60 03/08/93 50 27/11/93 15

3C381 06/08/95 90 27/11/95 30 03/08/93 50 27/11/93 10

3C401 06/08/95 60 23/06/94 30 03/08/93 40  Not observed -

3C436 23/07/95 120  23/06/94 60 03/08/93 50 27/11/93 10

3C438 06/08/95 60 23/06/94 30 03/08/93 50 27/11/93 10

1 Datakindly supplied by JP. Leahy.
2 patakindly supplied by K.M. Blundell, observed at 8.065 GHz.
3 Observed at frequencies of 8.065 and 8.115 GHz.
4 Observations by W. Cottonand othersfromthe VLA archives; observed at frequencies of 8.411 and 8.711 GHz.

Table4.3: New K-band magnitudes

Source Magnitude
4C14.11 14.56+0.02
3C123  14.1940.05
3C132  13.87+0.03
3C153 14.434+0.03
3C171  15.85+0.05
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scribed in chapter 2. The 1.4 GHz datasets used for this, and also for the depolarization analysis men-
tioned for some of these sources and described in detail elsewhere (Dennett-Thorpe et al., in prepara-
tion), were kindly supplied by J.P. Leahy from the observationsdescribed in LP.

Some definition of terms is necessary in order to describe sources in a consistent way. Components
which are thought to betracers of the beam beforeitsimpact at theworking surface are classified as jets
or, if they fail to meet the criteriaof Bridleand Perley (1984), aspossiblejets. | follow L96in describing
as a hot spot any feature which is not part of ajet and which has alargest dimension smaller than 10%
of themain axis of the source, apeak brightness greater than ten timesther.m.s. noise, and a separation
from nearby peaks by aminimum falling to two thirdsor less of the brightness of the fainter pesk. The
most compact component isreferred to asthe primary hot spot, following L89, and the remaining com-
ponents as the secondary hot spot or spots. | use this definition rather than the more restrictive one of
B94 because my aim at thisstageistoinclude as much as possibleof the structure apparently associated
with the beam termination in my discussion.

451 4C12.03

Theliterature

The only recently published image of 4C12.03 isin LP; LRL have a 5-km map with poor signal-to-
noise. There are indicationsin LP'simage of atwin-jet structure and diffuse hot spots, and the lobes
show prominent wingswith X-symmetry. The source was reclassified by LR asan FRII on the basis of
thisimage. Thehost galaxy isan elliptical with B = 17.7, possibly with some associated fainter objects.
It is alow-excitation object (Laing, private communication).

452 3C20

Theliterature

3C20isawell-studied object because of the prominent doublehot spot inthe E lobe. 1t wasfirstimaged
in detail by Laing (1981b) and high-resolutionimages of the hot spots appear in Laing (1982). Thereis
strong evidence for outflow between the primary and secondary hot spotsin the eastern lobe. Stephens
(1987) observed 3C 20 at several frequenciesand presentssome spectral ageinformation; Meisenhel mer
et al. (1989) investigated the spectrum of the western hot spot, which isan optica synchrotron source
(Hiltner et al. 1994). The eastern lobe isthe more depolarized (Hiltner et al.).

Anunusually low fraction of theflux liesin the radio core, which was not detected in early radio maps.
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Table 4.4: Properties of the images of FRII objects

Source Fig. Region Method FWHM a op Dynamic
number (arcsec)  (kpe) (M) (W) range
3C20 4.1 Whole C 1.10 4.39 63 19 4400
42 Hot spots CM 0.22 0.88 21 15 4900
3C79 4.3 Whole C 190 1013 30 8 2700
4.4 Hot spots CM 0.24 1.28 13 14 800
4C14.11 45 Whole C 240 1092 25 14 1200
4.6 UKIRT overlay C 240 1092 25 - 1200
47 Hot spots CM 0.23 1.05 18 14 1600
4.8 Spectra index C 3.00 1365 - - -
3C123 49 Whole C 0.85 4.03 260 47 8600
4.10 UKIRT overlay C 0.60 2.84 160 - 10300
411 Whole C 0.23 1.09 115 30 3900
412 Hot spots C 0.05 0.24 320 - 300
3C132 413 Whole C 0.50 234 38 12 1300
414 Whole C 0.80 3.74 75 800
4.15 UKIRT overlay C 0.50 234 38 - 1300
4.16 Hot spots CM 0.22 1.03 33 9 1200
3C153 417 Whole C 0.26 1.46 39 14 3000
4.18 UKIRT overlay C 0.26 1.46 39 - 3000
3C171 4.19 Whole C 0.70 354 55 18 2800
4.20 UKIRT overlay C 0.70 354 55 - 2800
421 Hot spots CM 0.35x 0.25 152 73 19 1300
4.22 HST overlay CM 0.35x 0.25 1.52 73 19 1300
3C1731 4.23 Whole C 1.70 9.91 27 13 1500
424 Hot spots CM 0.30 x 0.20 1.45 28 26 330
4.25 Spectral index C 260 15.16 - - -
3C234 4.26 Whole C 2.30 9.61 58 16 2500
4.27 Hot spots CM 0.30 1.25 29 22 1200
4.28 E hot spot CM 0.50 2.09 27 - 1400
3C284 4.29 Whole C 360 18.29 22 16 1800
4.30 Hot spots CM 0.90 3.76 22 13 820
3C300 431 Whole C 210 11.68 33 - 4600
4.32 Hot spot C 0.23 129 38 60 340
4.33 Core C 0.23 1.29 38 60 340
3C319 4.34 Whole C 2.20 9.48 22 10 1000
4.35 N hot spot CM 0.90 3.88 22 13 800
3C349 4.36 Whole C 1.80 8.15 28 11 5000
4.37 Hot spots CM 0.25 1.13 28 22 900
4.38 Spectral index C 290 1314 - - -

Table 4.4 continues overleaf.
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Table 4.4: continued from previous page.

Source  Fig. Region Method FWHM (o]} op Dynamic
number (arcsec)  (kpe) (W) (Wdy) range
3C381 4.39 Whole C 1.60 6.00 66 20 3200
4.40 Hot spots C 0.25 0.94 20 14 1900
441 Spectral index C 325 1219 - — -
3C401 4.42 Whole C 0.50 2.23 18 8 1600
443 Whole CM 0.27 1.20 28 22 1100
3C436 444 Whole C 220 1032 24 11 900
4.45 Hot spots CM 0.23 1.08 16 22 1000
3C438 4.46 Whole C 0.50 291 25 10 700
4.47 Whole C 0.23 134 26 13 600

Column 4 gives the deconvolution method. C denotes CLEAN and CM denotes a CLEAN/MEM hybrid as de-
scribed in chapter 2. Columns5 and 6 givetheangul ar and corresponding linear size of the FWHM of therestoring
beam used, or the magjor and minor axes where it was éliptical. In columns 7 and 8, 0, and op are ther.m.s. off-
source noise on total and polarized intensity maps respectively. In severa cases there are artefacts around bright
hot spots at severa timesthislevel. The dynamic range (column 9) is defined as the ratio between the peak in-
tensity and ;.

This led to initial uncertainty about the optical identification; Jenkins, Pooley and Riley (1977: JPR)
show four candidate objects, and their object b, a 19th magnitude galaxy, is suggested by Riley, Lon-
gair and Gunn (1980) to be the most likely on the grounds of its appearance and proximity to the radio
centroid. Radio observationshby Hiltner et al. and my new maps confirm that object b isindeed the host
galaxy. Hiltner et al. giveared magnitude of 19.154 0.05. 3C 20 appears to be the dominant galaxy of
asmall group, although thefield iscrowded (Rawlings 1987). The centre of the host galaxy iselongated
and de Koff et al. (1996: dK96) consider it a candidate for an optical jet.

The redshift of 3C20 is now completely secure. A redshift of 0.35 was suggested by Smith and Spin-
rad (1980) but later withdrawn. Lawrence et al. (1986) give z = 0.174, and this is the value | have
used throughout this work. A high-quality spectrum by Laing (private communication) confirms the
Lawrence et al. redshift.

My maps

The A-configuration observations were made at observing frequencies of 8.4 and 8.7 GHz and a band-
width of 12.5 MHz; the datafrom thiswas merged with the B and C-configuration datasets without cor-
rection for spectral index (negligiblein any case). Thelong track at A array gives very good uv plane
coverage, although the phase stability was poor over the later parts of the run due to snow. 3C20 has a
highintegrated rotation measure, so polarization vectorsmay be misaligned with thetrue magneticfield
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direction by rotations of order 10°.

The low-resolution map in figure 4.1 shows the extended wings of the source, which is nearly as wide
asit islong; the western lobe apparently bends north and the eastern lobe south. The edges of the lobes
nearest the parent galaxy are highly polarized. At high resolution (figure 4.2) thejet in the W lobe (W1,
W?2) can be seen; theinner part (W1) is associated with aridge of high polarization with the magnetic
field perpendicular to the jet direction, but the magnetic field is parallel to the jet direction further out
(W2). A possiblecounterjet featureinthe E lobe (EL) isa so highly polarized. Thepart of thejet nearest
the host galaxy is resolved, but the area where the jet appears to undergo an S-bend is clearly seen.
At both ends of the source a single compact ‘primary’ component can be identified. The primary in
the E hot spot (E2) is elongated roughly towards the radio core and only weakly polarized; the bridge
towards the more diffuse secondary (which actually containstwo reasonably compact components, E3
and E4, which are not separate enough to count as multiple hot spots) is strongly polarized with the
magnetic field direction being along its length. One of the components in this region, E5 is separate
enough to count as a distinct object by the definition of L96. In the W hot spot, the situation is more
complicated. The unresolved (or barely resolved) primary W3 has an inferred magnetic field direction
pointing approximately towards the ‘tail’ to the north and west; the ‘tail’ then has its magnetic field
directed along itslength, before turning to a perpendicular configuration at the peak (W4) atitsend. To
the east of the end of thetail thefield is parald to the source axis. This might well be interpreted as a
version in miniature of the situation at the E end, with a primary hot spot and outflow to a secondary,
W4 (although W4 is not separate from W3 by the definition of L96); the tail would then represent the
continued flow after the primary shock. A couple of facts confuse this simple picture. Thefirst isthe
presence to the south of the primary of afurther bright region (W5), sufficiently separate to count as a
hot spot, not apparently connected to the primary but, like the secondary at the end of thetail, extending
back into the western lobe. In the simple primary-secondary picture, this must be a defunct hot spot
no longer being supplied with energy. Unfortunately the Hiltner et al. (1994) spectral index maps have
no signal in thisregion. The second fact isthe direction of the jet; whereitisclearly seenitispointing
directly towards W4, so that to retain a simple picturewith the beam terminating at the primary we need
to propose another bend in the beam path over the 10 kpc or so between the jet’s disappearance on the
radio map and the primary hot spot W3. However, possible aternatives (such as that the ‘jet’ isredly
the continuation of collimated outflow from W4, or that the tail of W3 is a continuation of ajet which
has turned round the head of the source) are even harder to believe.

453 3C331

The best radio map of 3C33.1isin Rudnick (1984). JPR have an earlier map, as do van Breugel and
Jagers(1982). Thesourcehasan unusual ‘partial jet’ inthe Slobe, not completely unlikethosein 3C 219
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Figure4.1: 3C20 at 1.10 arcsec resolution. Above: linear greyscale; black is 20 mJy beam~2. Below:
contoursat 0.25 x (—2,-1,1,2,4,...) mJy beam™1.



4.5. SOURCESIN DETAIL

.0.22" |
10kpc
W1 W2\
5 |
[ ]
00 40 22 00 40 20 00 40 18

00 40 22.75 00 40 22.50 00 40 22.25

5147 04

5147 00

100%

00 40 17.75

00 40 17.50

00 40 17.25

51 47 15

51 47 00

51 47 20

51 47 16

51 47 12

Figure 4.2: 3C20 at 0.22 arcsec resolution. Above: linear greyscale; black is 1 mJy beam~1
left: E hot spot; contoursat 0.2 x (—v/2,—1,1,v/2,2,2v/2,...) mJy beam~. Below right: W hot spot,

contours as | eft.
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(see below) or 3C 445 (L96), starting 80 kpc out and continuing for roughly the same distance before
disappearing again. Lesahy (in preparation) has a high-resolution map showing complicated structure
in and around the jet. The host galaxy is a broad-line object (Laing et al. 1994) and may liein a small
group (Rawlings 1987; dK96).

454 3C61.1

LPpresent VLA observationsat L-band with aresolutionof 3.7 arcsec. Imageswith acomparableresol-
ution but lower sensitivity arein Alexander (1985). Alexander’smaps show apossiblejetinthe N lobe,
but the lobes are of high surface brightness so a definite jet detectionis difficult. The host galaxy isan
NLRGwithR= 17.60and liesin acluster (Rawlings 1987); it was detected in the X-ray by EINSTEIN
(Feigelson and Berg 1983). Thereis no obvious interaction between the radio |obes and the disturbed
optical morphology seen by the HST (dK 96).

455 3C79

Theliterature

3C 79 has been observed at anumber of radio frequenciesin spectral index studies, because of its high-
surface-brightnesslobes. The best VLA maps prior to thiswork are thosein Spangler, Myers and Pogge
(1984); 3C 79 has aso been mapped by Antonucci (1985) with the VLA, by Burch (1979a) and Riley
and Pooley (1975: RP) with the 5-km tel escope, and by Stephens (1987) with MERLIN.

Burch (1979b), Myers and Spangler (1985) and Stephens (1987) all examine the spectral index of the
source, and al find the expected stegpening of the spectrum towardsthenucleus. Stephens, using severa
frequencies, is able to produce ‘age maps showing that contours of constant age are concave towards
thenucleus; thisisconsistent with amodel in which the advance speed of the hot spotsisgreater thanthe
speed of the backflow. He also derives vel ocitiesfor the particles leaving the hot spots, based on fitting
a continuous-injection model to their spectra and taking into account their size and surface brightness.

The redshift used for 3C79 is given by Schmidt (1965). 3C 79's host galaxy has been classified as an
N-gaaxy withR= 17.47 (Sandage 1973a); N-gal axiesnormally have broad emission lines (Grandi and
Osterbrock 1978) and so 3C 79 might have been assumed to be abroad-lineradio galaxy. Laing (private
communication) failsto detect any broad wings on the Ha line with ahigh-quality spectrum, so | have
classified 3C 79 as anarrow-line object. The HST image shows no compact nucleus (dK96), and so the
classification as an N-galaxy may have been erroneous.
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Rawlings (1987) records a 20 X-ray detection of 3C 79 by the EINSTEIN satellite. The galaxy may
have one or two nearby companions (Taylor et al. 1996). A broad-band optical image by McCarthy et
al. (1995) is unremarkable, but their image in the 5007-A [O111] line shows an extended region of gas
to the NW which the western lobe appears to flow around. There is diffuse emission surrounding the
nucleus, which McCarthy (1988) suggestsis common in N-galaxies. At sub-arcsecond resolution the
nuclear regions are complex and there is some alignment with the radio structure (dK 96).

My maps

The core of 3C 79 appears to have varied by about 5 mJdy, an increase of 70%, between the epochs of
observation of the A- and B-array and the C- and D-array data. Thiswas corrected for by subtraction
from the A- and B-array datasets. A 1 mJdy confusing source 75 arcsec to the NE of the pointing centre
has been removed from the map.

Thelow-resolution map of 3C 79 (figure 4.3) showsthe asymmetrical nature of the source. Thewestern
lobe is extended well to the south of the source axis, while the eastern lobe is more normal in shape.
Both lobes have the unusual feature that the hot spot areas protrude in bottle-neck fashion from much
broader 1obes — compare 3C 234 and to alesser extent 3C 132 and 3C 381 (see below). The lobesare
not smooth— thereis some evidencefor structurein them even inthelower-quality mapsof Spangler et
al. (1984) and moreis seen here. Thebright region to thewest of the hot spot in the east |obe, identified
by Spangler et al. as a secondary hot spot, can also be seen clearly (E1). The source has no jets.

At high resol ution, both hot spot regions are reveal ed to have complicated multiple structure. The east-
ern end of the source comprises four separate components. The most compact is the southeastern one
(E5), whichisslightly resolved and appears extended to the north and west; the magnetic field isdirec-
ted roughly north-south. To the north of thisisaless compact component, E4, extended southwardsand
northwestwards; to the northwest of this and joined to it by a bridge is a still more extended compon-
ent, E3. A linear feature |eaves this to the southwest and then appears to turn northwest, at E2, before
disappearing; it points towards the extended region E1 which forms Spangler et al.’s *secondary hot
spot’. It istempting to regard this sequence of more and more diffuse hot spots, connected by ridges
of emission, as aso being connected by real ongoing outflow; in this model the most compact hot spot
would be the site of termination of the beam (invisiblehere) and therest, with the possible exception of
the very diffuse secondary E1, would be successive sites of outflow redirection and decollimation. The
directions of the magnetic field vectors are pointsin favour of this model; in the compact components
they are perpendicular to the presumed flow, as might be expected if decel eration were occurring here;
elsewherethey are paralld to it.

The situation is not quite as complicated in the western hot spot complex. This consists of three com-
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Figure 4.3: 3C 79 at 1.90 arcsec resolution. Above: linear greyscale; black is 20 mJy beam=1. Below:

contoursat 0.20 x (—2,—1,1,2,4,...) mly beam™.

pact components. In this case the relative degrees of compactness are not easy to determine by eye,
but Gaussian fitting showsthat the southern component (W1) isthe most compact. It is extended north-
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Figure 4.4: 3C 79 at 0.24 arcsec resolution. Above: E hot spot — |eft: linear greyscale; black is2 mly
beam~1; right: contoursat 0.1 x (—v/2,—1,1,v/2,2,2/2,...) mJy beam~*. Below: W hot spot — left:
linear greyscale; black is 4 mJy beam™1; right, as above right.

wards by abent ridge of emission, clear onthe greyscale map, which leadsinto the second most compact
component, W2; thisin turnis extended northwards and connectsto the northern and most diffuse com-
ponent, W3. Thisis extended eastwardsinto a region of complicated structure, al of which isstrongly
polarized with the magnetic field directed along the source axis. By analogy with the eastern hot spot
region, we might suggest that the most compact hot spot (the southernmost one) is the current site of
beam termination, and that the connections between it and the others and the magnetic field structures
imply continued outflow between them.
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Table4.5: The core flux of 4C 14.11

Date Flux (mJy)
03/08/93 20.9+0.3
27/11/93 31.1+0.5
23/06/94 33.1+0.2
06/08/95 28.9+0.1

456 4C1411

Theliterature

4C 14.11 was imaged by L P, who noted the unusual multiple hot spot structure in the E lobe. Previous
5-km telescope images are given by Peacock and Wall (1982) and Rawlings (1987).

4C14.11 isidentified with a éliptical galaxy with r = 19.1 (Peacock et al. 1981). The redshift is due
to Perryman et al. (1984), based on absorption features and a tentative [OI11]15007 line. Laing (private
communication) has a high-quality spectrum which alows 4C 14.11 to be classified as alow-excitation
object. Rawlings (1987) suggeststhat 4C14.11 may liein a cluster.

My maps

The core of 4C 14.11 varied between our epochs of observation. The fluxes measured (by fitting a Gaus-
sian plus baseline to the maps with AIPS task IMFIT) are shown in table 4.5. | corrected for this by
adding to and subtracting from the uv dataso asto make dl the fluxes the same asthat of the A-configur-
ation.

The low-resolution map in figure 4.5 shows the multiple hot spots in both lobes. A curving filament
leads out of the western hot spot complex into the lobe. The southernmost hot spot in the western hot
spot complex isjoined to the other two components visible at this resolution by a bridge of emission.
There isafaint compact knot (E1) about 20 kpc to the southeast of the core. The lobes both extend to
the northeast close to the host object, and the extended areas are highly polarized. The UKIRT image of
thefidd (figure 4.6) showsan unremarkabl e host galaxy surrounded by many fainter objects, supporting
the suggestion that the environment is a cluster.

At high resolution the knot E1 is seen to be alinear feature 2.8 arcsec in length and unresolved trans-
versely, aligned with the axis between the hot spotsand the core. | have classed thisasajet. The eastern
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Figure4.5: 4C 14.11 at 2.40 arcsec resol ution. Above: linear greyscale; black is5 mJy beam=1. Below:
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Figure 4.6: UKIRT image of the field of 4C14.11. Greyscaein arbitrary units. Overlaid are contours
of a2.40-arcsec resolution radiomap at 0.2 x (—2,-1,1,2 4,...) mJy beam~1.
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Figure4.7: 4C14.11 at 0.23 arcsec resolution. Above: E hot spot — l€ft: linear greysca e; black is 500
uy beam=1; right: contoursat 50 x (—2,—1,1,2,4,...) pJy beam~1. Below: W hot spot — left: linear
greyscale; black is 200 pJy beam™1; right, as above right.
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hot spot consists of four components, of which one (the northernmost: E2) is clearly the most com-
pact (it is slightly resolved in an east-west direction). At thisresolution it can be distinguished from
the component E3 to the southeast which is well resolved in position angle 45°. On the low-resolution
map, these two appear as a single hot spot. To the southwest of this feature is another, E4, extended
northwest-southeast, pointing towards the southernmost * hot spot’, E5, which was resolved even on the
low-resolution map and which turns out to contain no compact structure at all. (It looks very like an
extended, dimmer version of E3.) All these features have their magnetic fields in the direction of their
longer axis.

Itisnot clear what thefluid flow isdoing in thispart of the source. E2 isthe most compact hot spot, and
so presumably the beam termination, but there is no evidencethat it is ‘feeding’ E3. The diffuse com-
ponents E4 and E5 resemble an old jet segment/hot spot pair which are no longer being powered by the
beam. A simple dentist’sdrill model, perhaps complicated by projection, may be the best explanation
here.

In the western lobe the pictureissimpler. Thereisonly onetruly compact hot spot, W2, anditis elong-
ated transverse to the presumed beam direction, with magnetic field aligned along itslength. Theridge
line of the hot spot complex then connectsit to a more diffuse region, W1 — approximately 10 kpcin
size — whose magnetic field direction is transverse to a line drawn between its centre and that of the
compact hot spot. Thisis consistent with a picturein which outflow is taking place from the compact
to the less compact hot spot and thence out into the source viathe curving filament described above.

A map of spectral index between 8.4 and 1.4 GHz, made at low resolution (figure 4.8) shows the hot
spotsto bethe areas of flattest spectrum, as expected; the minimain spectral index (o ~ 0.7) correspond
to my identifications of the beam-termination hot spots. The entire southeastern end of the source hasa
reasonably flat spectrum (o & 0.8) and thismight be taken as an indi cation, a ong with the hot spotsthat
appear to be no longer being supplied with energy, that the beam has been terminating further forward
in the recent past. The spectral index elsewhere in the source steepens considerably transverse to the
source axis; thereislittle evidence for a significant gradient along the axis.

The northern |obe appears significantly more depolarized between 8.4 and 1.4 GHz (DP = 0.68) than
the southern lobe (DP = 0.96); asthejet liesin the southern lobe, thisis in the sense predicted by the
Laing-Garrington effect.
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Figure 4.8: Spectral index between 8.4 and 1.4 GHz of 4C14.11 at 3.00 arcsec resolution. Lin-
ear greyscae between 0.5 and 1.5; superposed are contours of total intensity at 8.4 GHz at 0.2 x
(-2,-1,1,2,4,...) mJy beam~1.

457 3C123
Theliterature

3C 123 has a strong claim to be the most bizarre object in LRL, with its peculiar S-shaped structure
and spectacularly bright hot spots. Cox, Gull and Scheuer (1991) show Laing’s otherwise unpublished
VLA mapsof itat 1.7, 4.9 and 14.9 GHz. Riley and Pooley (1978) observed the source with the 5-km
telescope at 2.7 and 15 GHz, Kronberg and Strom (1975) observed it with the NRA O interferometer at
8.0 GHz, Stephens (1987) hasimaged it with MERLIN at low frequencies, and Okayasu, Ishiguro and
Tabara (1992) present a 98-GHz map made with the Nobeyama Millimetre Array. Neff et al. (1995)
have a 1.4 GHz VLA snapshot. Meisenheimer et al. (1989) discuss the high-resolution radio spectral
index of the eastern hot spot, which is detected in the sub-mm (230 GHZz) but not the optical waveband.
The spectral index and age maps of Stephens, although unable to resolve completely the plume in the
Sf part of the source, indicate that the spectral index stegpens (and the plasma ages) with distance away
from the hot spots.
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3C 123 is associated with an R = 18.94 magnitude galaxy with strong Galactic reddening. An optical
CCD image given by Hutchings, Johnson and Pyke (1988) shows the galaxy to have a good dea of
diffuse structure to the south and southwest of the nucleus, and Hutchings (1987) suggeststhat this may
be the result of galaxy interaction. There are many faint small objectsin the field, so the object may
be part of a cluster (Longair and Gunn 1975; Rawlings 1987). EINSTEIN detected no X-ray source
associated with the radio galaxy (Rawlings1987). The optical spectrumisgiven by Spinrad (1978) and
showsweak [Ol11]; Laing (private communication) has a higher-quality spectrum confirming thisresult.
Onthisbasis, | have classified it as a low-excitation object; it is possible, however, that the reddening
misleadingly biases the [Oll1] flux and that it should be classified asa NLRG.

My maps

Therotation measure of 3C 123 islarge and negative, probably dueto the Gal actic materia that reddens
the host in the optical — it liesin a region of the sky where many sources have large negative RM.
Polarization vectors may thus misrepresent the true magnetic field direction by up to 25°. Attemptsto
assess the RM variation across the source using 5-GHz data avail able to me suggest that there may be
variationsin RM with respect to the mean of order 100 rad m~2 across the source, but variations of this
order should not affect the polarization too badly.

A low-resolution map (figure 4.9) reproduces the structure seen in Cox et al. (1991). The polarization
of the source follows the curves of the plumes well, with the magnetic field being consistently aligned
along the plumes. (The fractiona polarization map is made with points five times the r.m.s. noise in
the polarization and total intensity maps, as the noise near the source is dominated by artefacts from the
deconvolution of the bright hot spot.)

The UKIRT map of thisfield (figure 4.10) shows the many faint nearby objects and the diffuse nature
of the host itself. There are no redshifts for the objects in the field, but it seems likely that some are
associated with 3C 123. There isno convincing evidence of interaction between the radio structure and
field objects, however.

At higher resolution filamentary structure can be seen in the plumes. Much of the lumpinessin figure
4.11 is an artefact of the CLEANINgG process, but many of the prominent linear features in the northern
lobe can be identified on the 5-GHz map of Laing (private communication) and so are likely to bereal.
Better uv coverage is needed to constrain the complicated structurein this source.

The detailed structure of the hot spots (figure 4.11) is as unusual as that of the rest of the source. Both
are double, but the eastern hot spot complex is extremely bright (over 4 Jy at 8.4 GHz). At the highest
8-GHz resolution it can be seen to consist of two components, the brighter (E4) being resolved while
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Figure 4.10: UKIRT image of thefield of 3C 123. Greyscaein arbitrary units. Overlaid are contours
of a0.60-arcsec resolution radiomap at 1 x (—2,-1,1,2 4,...) mly beam™1. To the north is a bright
star.
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the dimmer (E3) contains an unresolved component. Both are extended east-west and their magnetic
fieldsarelargely speaking directed along thisaxis. Neither pointstowardsthe core. However, there are
some knots (E1, E2) to thewest of E3 which might trace the bending of abeam. Apart from thesethere
isnoindication of ajet at thisresolution. The western hot spot complex is more normal; at 0.23-arcsec
resol ution the southern one, W1, isunresol ved and the northern one, W2, isextended north-south. Both
hot spots have a comparatively low degree of polarization.

| obtained 5-GHz MERLIN observations of 3C 123 (consisting of one 16-hour run on 27/06/95 with
observing frequencies of 4.55, 4.86 and 5.18 GHz) to investigate the structures in the hot spots further.
These (figure 4.12) provide three times the resolution of Laing’s 15-GHz images in Cox et al. (1991),
although alack of short baselines means that structure on scales larger than 3.5 arcsec is not seen; the
images are noisy as a consequence, since much of the flux of 3C 123 is on these scales. At thisresolu-
tion E3 isresolved, showing a cylindrical shapewith alength of around 3 kpc and a bright head (at the
eastern end) whose sizeisaround 0.7 kpc. E4isfully resolved into an east-west line of three knotswith
bright filaments branching off them to north and south. The*pits’ of very low emission separating these
filaments appear to bereal, athoughthey might befilled in to some extent by shorter-baselinedata. The
‘mushroom-cap’ shape of the eastern end of E4 is suggestive of a bow shock. The whole complex is
remarkably reminiscent of the western hot spotsof Cygnus A (e.g. Perley and Carilli 1996), withthe E3
hot spot corresponding to hot spot B in Cygnus A (it showsthe same head-tail structure) and E4 corres-
ponding to hot spot A. However, an understanding of the fluid flow in the source remains elusive. E3
must be identified, on the criteria | have used, as being the primary hot spot; but does its tail trace the
incoming beam, or is it outflow into the lobe? Carilli, Dreher and Perley (1989) argue that the corres-
ponding feature in Cygnus A west — the tail of hot spot B — traces flow into the secondary, but it is
difficult to see how this might be happening in 3C 123. On the other hand, the brightness (and corres-
ponding energy density) of E4 argue that it must have been connected to the beam until very recently,
if itisnot still being supplied with power. In favour of a model in which E4 is a disconnected former
primary and E3 the new site of beam termination is their similarity in shape; it is not hard to imagine
E4 asaninflated version of E3, possibly with someinflow and outflow still going on asin the models of
Cox et al. (1991). W2 and W1, by contrast, appear to be anormal double hot spot pair very likethosein
other sources. W1isclearly the primary, and thereis evidencein the MERLIN image for flow between
W1 and W2 and between W2 and the labe (to the north and east). The fact that the two ends of the
source are so different in their structure and inferred fluid flow means that a model explaining the hot
spot brightness asymmetry in terms of relativistic beaming is difficult to sustain; it is more likely that
the environments of the two hot spots are significantly different.

These observations shed a little light on the reasons for the peculiar large-scale structure of 3C 123.
Firstly, the hot spot structures, athough the eastern oneis unusual, are understandabl e when compared
to other objects and to the models described in section 1.6.4. 3C 123 is therefore an ordinary classica
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double source behaving in a peculiar way, rather than being something entirely unique. Two possible
models remain to be distinguished. Thefirst, initialy proposed by Riley and Pooley (1978), isthat the
beam axishasprecessed over thelifetimeof the source, and that thistogether with projectionis sufficient
to explainits structure. The second isthat the source axis has remained constant, but that outflow from
the hot spotshasformed plumesrather than lobes, in amanner similar to that proposed for 3C 171 below
(section 4.5.10) and presumably caused by an unusual large-scale environment. The well-collimated
and almost constant-width appearance of the plumesis a challenge for both moddls, but particularly
for the precession model. The multiple nature of the hot spots has been adduced as evidence for beam
precession (Cox et al. 1991) but multiple hot spotsare now seen to be common; thefact that the primaries
are in the correct positionsfor ongoing precession (in a north-through-west sense on the maps shown)
is equally consistent with an outflow model. The fairly good aignment of the magnetic field with the
plume axes (except at the very ends of the plumes) seems more consistent with amodel with ongoing
outflow. Thisfield configurationissimilar to that of the plumes of wide-angled tail sources (see chapter
3). Thefinal argument against precession, and so by implicationfor amodel involvingoutflow, issimply
the amount of precession required; the beam axiswould have to changedirection by at |east 70° over the
lifetime of the source (afew x 10° yr). With the possible — and debatable — exception of the winged
sources (e.g. Leahy and Williams 1984) precession of this magnitude on these timescal es has not been
observed or inferred for any other classical double source; by contrast, many sources exhibit peculiar
structures which can be attributed to an unusua environment. These arguments lead me to favour the
outflow model. The question of what might be special about the environment of 3C 123 remains open,
however.

458 3C132

Theliterature

3C 132 has not been extensively studied; the best radio map prior to thisstudy isin Neff et al. (1995).
JPR identify the source with a 19th magnitude red galaxy; our map shows the radio core and confirms
the identification. The galaxy isimaged by Hutchingset al. (1988) and is classed by Hutchings (1987)
as an interacting irregular; there are several faint objects within a few arcseconds of the host galaxy.
Some structure is observed in its centre (dK96). There is, however, no clear relationship between the
radio and optical alignments.

A high-quality spectrum of the sourcein Laing et al. (1994) shows wesk, narrow Ha and no sign of
high-excitation lines such as [Ol11]. 3C 132 isthus a prototype ‘dull FRII" (section 1.5).



102 CHAPTER 4. FRIIS OF INTERMEDIATE LUMINOSITY
My maps

The dataset used to make these images needs a small amount of shorter-baseline data to sample the
source completely. The result of the undersampling is a slight negative ‘bowl’ around the source.

3C132isanordinary classical double of small size (figure 4.13). Both hot spot regions, but particularly
the northern one, protrudein bottle-neck fashion from broader |obes, as seenin 3C 79 and 3C 234. The
eastern lobe has an unusua brightening along its southern edge, starting at the hot spot and extending
around the | obe, which might beinterpreted as backflow. At slightly lower resolutions(figure4.14) there
is the suggestion of alinear feature (E1, E2) which appears to run from close to the core to the bright
edge of the hot spot region. | have classified it as a possible jet. The UKIRT map of the field (figure
4.15) shows no obvious relationship between the field objects and the radio source. High-resolution
maps (figure 4.16) resolve the hot spot areas — the western hot spot, W1, has a size of about 800 pc,
and the eastern one, E1, is extended on scales of about 2 kpc. Both hot spots have inferred magnetic
fields transverse to the source axis. A curving feature leaves the western hot spot to the southeast and
then bends northeast about 7 kpc away from the hot spot before terminating in a diffuse region — this
might a so be interpreted as backflow.

459 3C153

Theliterature

Theonly high-resol utionradio maps are those of L onsdaleand Morison (1983) and Akujor et al. (1991),
made with MERLIN, and that of Neff et al. (1995) withthe VLA at 5 GHz; Pooley and Henbest (1974)
have a 5-km telescope map.

Hutchings et al. (1988) have imaged the host galaxy, aV = 18.5 magnitude elliptical, but remark only
that it istoo small to noteany structure. HST observations (dK 96) show an dliptica nucleus. Rawlings
(1987) suggeststhat the environment isa cluster.

3C 153 isanarrow-line object (Laing, private communication).

My maps

The southern lobe of 3C 153 isreasonably similar to those seen in larger sources. It has a clear double
hot spot, one component of which (W3) isbarely resolved (Gaussian fitting suggestsasize of 0.5 kpc);
the other, W2, is much more diffuse and has a tail leading back into the lobe. The magnetic field is
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Figure 4.12: 3C123 a 0.05 arcsec resolution. Above: E hot spot; contours at
2 x (—=v2,-1,1,v/2,2,2/2,...) mly bean~!. Below: W hot spot, contours a 1 x
(—v2,-1,1,4/2,2,21/2,...) mJy beam™1,
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Figure4.13: 3C 132 at 0.50 arcsec resol ution. Above: linear greyscale; black is20 mJy beam=1. Below:
contoursat 0.2 x (—2,—1,1,2,4,...) mJy beam=1,
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Figure 4.14: 3C 132 at 0.80 arcsec resolution. Linear greyscale; black is 5 mJy beam=1.
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Figure4.15: UKIRT image of thefield of 3C 132. Greyscaein arbitrary units. Overlaid are contours of
a0.50-arcsec resolution radio map a 0.3 x (=2,-1,1,2,4,...) mJy beam~1. Immediately to the east
of the galaxy isaforeground star.
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Figure 4.16: 3C132 at 0.22 arcsec resolution. Above: E hot spot — left: linear greyscale; black is5
mJy beam~1; right: contoursat 0.15 x (—v/2,-1,1,v/2,2,2v/2,...) mJy beam=1. Below: W hot spot
— asabove.
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Figure4.17: 3C 153 at 0.26 arcsec resolution. Above: linear greyscale; black is20 mJy beam~?1. Below:
contoursat 0.2 x (—2,—1,1,2,4,...) mJy beam~1. The position of the optical identification is marked
with across.
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Figure4.18: UKIRT image of thefield of 3C 153. Greyscaein arbitrary units. Overlaid are contours of
a0.26-arcsec resolution radio map at 0.2 x (-2, -1,1,2,4,...) mJy beam~'. Immediately to the west
of the galaxy isaforeground star.
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transverseto the presumed beam direction in W3 and isin the same direction in thelinelinking W3 and
W2, turning through 90° in W2; thisfollows the pattern seen in the larger sources. The knot W1 at the
base of the southernlobeis not the core, asit is extended along the source axis and has a spectral index
between 1.7 and 8.4 GHz of around 0.6 (the flux at 1.7 GHz being estimated from the map of Lonsdale
and Morison); instead it is probably atracer of the path of the beam. No core isdetected; from estimates
of the on-source noise and the confusing flux we can say that its flux must lie below about 0.5 mJly at
8.4 GHz.

The northern lobeisunusual in being broader thanit islong and containing ahot spot, E2, whichisloc-
ated at the centre of theloberather than theleading edge. The hot spot isresolved and appears el ongated
approximately transverseto the source axis; thisis confirmed by the higher-resol ution map of Akujor et
al.(1991). The magnetic field in the lobeistransverse to the axis almost everywhere. The linear exten-
sion of the lobe towards the southwest, E1 — lying on the straight line between E2 and W3 which aso
goes through W1 in the southern |obe and the optical identification position— isreal (it appears onthe
map of Lonsdaleand Morison and that of Neff et al. 1995) and may be another tracer of thebeam. | have
therefore classed 3C 153 ashaving two possibl ejets. Theunusual structure of thenorthernlobeisamost
certainly dueto a complicated local environment; the source lies largely inside its parent galaxy. The
UKIRT image (figure 4.18) shows little sign of the cluster environment suggested by Rawlings (1987),
though there are afew resolved objectsin the field, but does show a possible compani on object around
25 kpc to the west of the host galaxy core.

4510 3C171

Theliterature

3C 171 has been studied in the radio at a number of wavelengths. Heckman, van Breugel and Miley
(1984) show images at 15, 5 and 1.4 GHz; more recently, Blundell (1994) observed it at 1.4, 1.65, 4.9,
8.0, 8.4 and 15.0 GHz and studied its spectral and polarization properties extensively. The source ap-
pearsto be anormal small FRII whoselobes have disrupted in an unusual way; in thisrespect it may be
similar to 3C 123.

The host galaxy, an R = 17.94 magnitude object, isimaged by Hutchings et al. (1988) in the optical; it
shows considerabl e e ongation along the axis of theradio jets. Thisis even clearer in an HST snapshot
(dK96) but may well be due to contamination of the optical passbands by line emission; my K-band im-
age (figure 4.20) shows no such aignment. Heckman et al. (1984) have shown convincing evidencefor
an interaction between the radio-emitting plasma and the extended emission-line regionsin the source.
The emission-lineregions are brightest just beyond the hot spots.
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Figure 4.19: 3C 171 at 0.70 arcsec resolution. Left: linear greyscale; black is 10 mJy beam™1. Right:
contoursat 0.4 x (—2,-1,1,2,4,...) mly beam=?,

Laing et al. (1994) present a high-quality spectrum of the source which shows strong narrow [Ol11]
and Ha emission lines; 3C 171 is therefore a narrow-line radio galaxy in spite of its classification by
Smith, Spinrad and Smith (1976) as an N-galaxy. Thisis independently confirmed by Eracleous and
Halpern (1994). Wyndham (1966) lists the object as an ordinary red galaxy, but its colour in Sandage
(1973a) is sufficient to put it in the section of parameter space normally occupied by N-galaxies. If
3C 171 redly isan N-galaxy, it (like 3C 79, above) does not follow the strong trend noted by Grandi
and Osterbrock (1978) for N-galaxies to be broad-line abjects. It islikely, however, that the situation
has been confused by the unusual continuum structure seen in the HST image of dK96. The nucleusin
that image is resolved, suggesting that the object is not an N-galaxy after al.

My maps

Poor uv plane coverage at A-configuration means that | have had to use an eliptical restoring beam
(0.35 x 0.25 arcsec in position angle 75°) at the highest resolution.

A low-resolution map (figure 4.19) shows the main unusual features of the source; bright hot spots,
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Figure 4.20: UKIRT image of thefield of 3C171. Greyscaein arbitrary units. Overlaid are contours
of a0.70-arcsec resolution radiomap at 0.4 x (-2,-1,1,2,4,...) mJy beam™1.

twin jets and extended plumes transverse to the source axis. The sampling on the shortest basdinesis
poorer than is usual for this study and so the details of structuresin the plumes should not necessarily
be believed. The UKIRT image (figure 4.20) shows no alignment of the host galaxy with theradio, but
does show a possibl e companion object to the east and agroup of resolved objects of similar brightness
further south and east. At high resolution (figure 4.21), the jets in both lobes (E1, W1) can clearly be
seen. The hot spots are both slightly resolved and extensionsfrom the hot spot areas into the lobes can
be seen on both sides. The western hot spot, W2, is only weakly polarized, but the eastern hot spot,
E2, is completely unpolarized — in fact, awhole strip of the eastern jet and lobe, passing through the
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hot spot, has almost no polarized emission. Thisisrelated to the line-emitting material associated with
the jet, as can be seen in figure 4.22, which shows an overlay of the radio map on the HST snapshot
of dK96. Not only does the optical material appear to be associated with the jets, but the polarization
isclearly intimately related to the optical material — the 0.5 kpc-wide strip in the eastern lobe with no
polarizationisprecisely cospatial with the optically emitting material, whilethewestern hot spot isclear
of optical emission and has some polarized flux.

Laing (1981b) suggests that the object is related to the class of wide-angled tail sources, and the re-
semblance is certainly striking up to a point; both have twin inner jets (see chapter 3) and bright hot
spots. However, 3C 171'slobes are very different from the well-collimated plumes of atypica WAT,
and the eastern lobe extends both north and south. There is no evidence that the host of 3C171isa
dominant cluster galaxy, and no detection in the X-ray. It seems likely that the jets of 3C 171 disrupt
not because they undergo reconfinement somewhere in the galactic environment but because they are
interacting with the cold dense material traced by the optical lineemission. If so, it isnot surprising that
the outflow from the hot spotsis directed unusually.

4511 3C1731

Theliterature

3C173.1 was mapped by LP at 1.4 GHz withthe VLA; previous maps use the 5-km telescope at 5 GHz
and are of lower resolution (JPR; Rawlings 1987). A 5-GHz VLA snapshot by Giovannini et al. (1988)
has the highest resolution (0.35 arcsec) but resolves out most of the source, showing only the hot spots
with their multiple structure. LP suggest that the knot near the corein their image may be part of a jet.

The host galaxy of 3C173.1 liesin, but is not the dominant member of, a poor cluster (Eales 1985b;
dK96. It is alow-excitation object (Rawlings 1987; Laing, private communication). The nuclear con-
tinuum emission is aligned N-S approximately along the axis of the jet (dK96).

My maps

Poor uv plane coverage at A-configuration means that | have had to use an eliptical restoring beam
(0.30 x 0.20in position angle 75°) at the highest resolution.

3C173.1isone of the more ordinary sources in the sample. A low-resolution map (figure 4.23) shows
thepossiblejetinthenorthlobe (N1); thiscan clearly bedistinguishedfromlobe material at intermediate
resolution (not shown). Thejet is obscured by aregion of high surface brightness (N2) on the western
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Figure4.21: 3C171 at 0.35 x 0.25 arcsec resol ution. Above: linear greyscale; black is10 mJy beam~1.
Below: contoursat 0.4 x (—v/2,-1,1,v/2,2,2v/2,...) mJy beam=1.
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Figure4.22: 3C 171at 0.35 x 0.25arcsec resolutionoverlaid on an HST snapshot. Greyscalein arbitrary
units. Above: contours of total intensity at 0.4 x (—2,—1,1,2,4,...) mJy beam~'. Below: contours of

polarized intensity at 0.2 x (—2,-1,1,2,4,...) mJy beam™.
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Figure4.23: 3C173.1 at 1.70 arcsec resolution. Left: linear greyscale; black is15 mJy beam=1. Right:
contoursat 0.2 x (—2,-1,1,2,4,...) mly beam~1.
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Figure4.24: 3C173.1 a 0.3 x 0.2 arcsec resolution. Above: N hot spot — l€eft: linear greyscale; black
is2mJy beam™1; right: contoursat 0.2 x (—v/2, —1,1,v/2,2,2v/2,...) mJy beam='. Below: Shot spot
— left: linear greyscale; black is 4 mJy beam=1; right, as above right.
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side of the north lobe; thisis linked to the hot spot region by a bridge of emission.

At highresolution (figure 4.24) thenorthern hot spot is seen to consist of three components. Thewesterly
component, N5, is the most compact — it isjust resolved at this resol ution — and has magnetic field
roughly transverseto itsdirection of extension. A faint and marginally less compact second component
N4, just separate from N5, is to the east, and the most diffuse component, N3, is on the eastern edge
of the source, with magnetic field alignment approximately north-south. The bridge described above
leads from this hot spot into the lobe. The images are consistent with N3 being fed from N5/N4. It is
interesting, however, that the jet when last seen is pointing towards N3 rather than N5.

The southern hot spot again has multiple sub-structure, though none of the componentsis distinct by
the definition of L96. The brightest point is a resolved but reasonably compact hot spot S1, elongated
transverse to the source axis, and to its west is a curving ridge of emission S2. To the southwest of
these and joined to them there is a diffuse bar of emission (S3) whose relation to the other components
isunclear. The hot spots, and indeed this whole region of emission, have their magnetic field direction
transverse to the source axis.

A map of spectral index between 1.4 and 8.4 GHz (figure 4.25) does not have enough resolutionto dis-
tinguish the spectra of the various hot spot components. It does show, however, that the region of high
surface brightness (N2) in the northern |obe has a flatter spectrum (a ~ 0.9) than the material immedi-
ately to itswest (o ~ 1.2). Thismay be further evidence for collimated backflow in this source. The
steepest-spectrum material isthat at the edges of the |lobes where they are closest to the nucleus, as ex-
pected from simple models of spectral ageing.

Thesourceismoderately depol arized between 1.4 and 8.4 GHz, withthejetted | obe being more depol ar-
ized (DP = 0.40) thanthe opposingone (DP = 0.62); thisiscontrary to the sense of the Laing-Garrington
effect.

4512 3C219

3C219isawell-studiedlarge abject with an unusual ‘partia jet’ which disappears abruptly long before
thehot spot. VLA imagesaretobefoundin Clarkeet al. (1992). Thehost galaxy isa17.5 magnitudecD
object, the brightest member of a compact Zwicky cluster, and was detected by EINSTEIN (Fabbiano
et al.1984). Until recently the source was thought to be a narrow-line object, but Laing et al. (1994)
detect broad Ha and so | have classified it asa BLRG. It has a compact bright optical nucleus (dK 96).
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Figure 4.25: Spectral index between 1.4 and 8.4 GHz of 3C173.1 at 2.60 arcsec resolution. Lin-
ear greyscae between 0.5 and 1.5; superposed are contours of total intensity at 8.4 GHz at 0.4 x
(-2,-1,1,2,4,...) mJy beam~1.

4513 3C234
Theliterature

3C 234 has been mapped at anumber of frequenciesin theradio; thefirst map to show the main features
of the source was that of RP at 5 GHz with the 5-km telescope. Burch (1979b) and subsequently Al-
exander (1985, 1987) haveinvestigated the spectral index variation across the source at low resolution.
Alexander found that the spectral steegpening away from the hot spotswas|argely consistent with simple
spectral ageing models, but suggested that turbulent accel eration was necessary in the western lobe to
account for an apparent decrease in el ectron age close to the nucleus. Zukowski (1990) investigated the
polarization of the source but found no significant variation of depolarization acrossit. His 1.4-GHz
image (1.7 arcsec resolution; VLA A, B and C configuration data) is remarkable for showing the jet-
like feature at the end of the eastern lobe in polarized but not in total intensity. The highest resolution
map of the whole source before this study was that of Burns et al. (1984) with the VLA at 5 GHz (1.2
arcsec resolution), in their search for jets; they failed to find one in 3C 234, but noted the multiple hot
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spot structure in the eastern lobe. Dreher (1981) mapped the primary hot spots only at high resolution
with the partially completed VLA (15 GHz, maximum resolution 0.38 x 0.21 arcsec); his maps show
similar structure to those presented here, as do the 5 GHz snapshots of Neff et al. (1995).

3C234'shost is an N-galaxy with R = 16.52 which appears to be located on the edge of a small group
of fainter galaxies of similar size (Eales 1985a,b). It was detected in the X-ray by the EINSTEIN satel-
lite (Feigel son and Berg 1983). The host galaxy was imaged by Hutchings et al. (1988) who note four
small, red close companion objects. An HST continuum image of the nuclear regions (de Koff et al.
1996) shows extension to the east and west — in particular, a curved region of emission extending two
arcseconds to the west. Thismay be due to emission-line contamination.

Antonucci’s (1982) discovery that 3C 234 has broad lines which are strongly polarized perpendicular
to the radio axis (together with a strongly polarized featurel ess continuum in the optical) has made it
the canonical example of a‘hidden quasar’ in unified schemes (e.g. Antonucci 1993). Because of this
belief, it has been classified throughout thiswork asaNLRG in spite of thefact that itsbroad lines show
up strongly in total-intensity spectra.

My maps

3C 234 is the most striking example of the ‘bottle-neck’ lobe structure found in this sample (compare
3C79). Itslobes are broad at their base but are connected to the hot spots by well-collimated necks of
emission (150 kpc long and only 35 kpc acrossin the eastern lobe). The magnetic field in the necksis
paralld to the source axis; in the bases of the lobesit is largely transverse. The eastern lobe shows a
secondary hot spot, E2, very like that seen in the eastern lobe of 3C 79; there is a so some evidence for
ajet, intheform of afaint linear feature (E1) passing through the broad faint 1obe before disappearing
into the neck. The neck in the western lobe is unusual in appearing to be bent through 20° or so from
the axis of the rest of the source.

At the full resolution available, the eastern hot spot shows complicated structure. The most compact
component, E5, is clearly resolved, and is extended in position angle 107°. The extension to the north
seen on this map is an artefact. Perpendicular to the direction of extension (dlightly west of south) a
bright knotty ridge E4 leaves the hot spot and extends back into the lobe, curving as it does so. This
ridgeisreal, and is readily distinguishablein intermediate-resol ution maps both in polarized intensity
(as mentioned above) and in total intensity (figure 4.28); it seems most likely that it is a tracer of the
beam (particularly astheridge E1 pointsat that edge of thelobe) and | haveclassed it asajet. If itisa
jet, the beam has to bend through some 35° in the 8 kpc or so immediately before the hot spot. E5 has
magnetic field transverse to its direction of extension; E4 has alongitudinal field. A ‘tail’ of emission,
E3, whichisnot separate from E5, leaves E5 parallel toitsdirection of extension and then seemsto bend
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Figure 4.26: 3C 234 at 2.30 arcsec resolution. Above: linear greyscale; black is 8 mJy beam=1. Below:
contoursat 0.3 x (—2,-1,1,2,4,...) mly beam~1.
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Figure 4.27: 3C234 at 0.30 arcsec resolution. Above: E hot spot — |€ft: linear greyscale; black is 2
mJy beam~1; right: contoursat 0.15 x (—v/2,-1,1,/2,2,2v/2,...) mJy beam=1. Below: W hot spot
— left: linear greyscale; black is 10 mJy beam~1; right, as aboveright.
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Figure 4.28: E hot spot of 3C234 a 0.50 arcsec resolution. Contours at 0.15 x
(—v2,-1,1,1/2,2,21/2,...) mJy beam™1,
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south towards a faint component E6. It is not obvious whether E2 is still connected to the fluid flow;
where polarizationisdetected in thiscomponent the magnetic field isroughly parallel to the sourceaxis.

The situation is simpler in the western hot spot. There is a single compact component, W1, extended
roughly north-south and with magnetic field parallel to the direction of its extension. Ridges |leave the
hot spot on either side and bend back into the lobe, suggesting symmetrical outflow; one component of
the northern ridge (W2) is a separate hot spot according to the definition of L96. Thereisno sign of an
incoming jet.

4514 3C284

Theliterature

3C 284 isone of thelarger and more ordinary sources in the sample, and has not been extensively stud-
ied. RP have alow-sensitivity map with the 5-km tel escope which pointsup the side-to-sideasymmetry
of the source. Leahy and Williams (1984) have a 5-arcsec resolution map at 1.4 GHz; Gregorini et al.
(1988) show one at the same frequency at 4.9 x 4-arcsec resolution. The host galaxy isan R = 17.41
magnitude object (Eales 19854); Eal es(1985b) showsa CCD image of thefield, which Rawlings (1987)
suggests may contain some associated gal axies and McCarthy et al. (1995) class as a moderately rich
cluster. The nucleus of the host galaxy is roughly aligned with the radio axis (dK96).

My maps

A low-resolution map (figure 4.29) shows few remarkable features.

High resolution maps (figure 4.30) reveal a double hot spot in the eastern |obe; thisfollows the pattern
seen in other sources, in that the magnetic field direction of the most compact hot spot, E2, istransverse
to the source axis while the field direction of the more diffuse one, E1, is more or less along the source
axis. The hot spots appear to be joined by a bridge of emission. The western hot spot, W1, is extended
in position angle —30°;its magnetic field is roughly transverse to its direction of extension.
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Figure 4.29: 3C 284 at 3.60 arcsec resolution. Contoursat 0.2 x (—2,—1,1,2,4,...) mJy beam™1,

4515 3C300
Theliterature

3C 300wasone of thesampl e of RPand was also mapped by L eahy and Williams(1984). Burch (1979b)
investigated its spectrum and polarization. Its spectrum was studied in more detail by Alexander and
Leahy (1987). Blundell (1994) hasamap of the spectra index between 1.4 and 8 GHz, and overlaysthe
radio contourson optical continuumand[Ol11] imagesfrom McCarthy (1988); thelatter showsextended
emission. ShenotesthejetintheN lobe. Thesourceliesinapoor cluster (McCarthy 1988). Intheimage
of dK96 the nucleus appears extended to the NW.

My maps

The polarizationinformationinthe B and D configurationsat 8.0 GHz was not well calibrated owing to
problemswith the observing run, and so | ow-resol ution pol ari zation maps are not shown. A polarization
map made at a different frequency can be found in Blundell (1994).

A low-resolution map in total intensity (figure 4.31) shows the asymmetrical nature of the source and
thejet (W1-4) in the western lobe. This can be traced al the way from the core to the end of the lobe,
as the high-resolution image around the core (figure 4.33) shows. There is insufficient signal-to-noise
at the full resolution to see reliable details of the dim northwestern end of the source, and an image is
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Figure 4.30: 3C 284 at 0.90 arcsec resolution. Above: E hot spot — left: linear greyscae; black is 10
mJy beam=1; right: contoursat 0.2 x (—v/2,-1,1,v/2,2,2v/2,...) mly beam=1. Below: W hot spot
— left: linear greyscale; black is 2 mJy beam=1; right, as above right.

therefore not shown; but Gaussian fitting to maps at intermediate resol ution suggest that there is some
sub-kiloparsec structure at the source’stip. The bright eastern hot spot (figure 4.32) shows clear double
structure at the highest resol utions, with one component (E3, at the western edge of the hot spot region)
being extended towards the other, much brighter component (E2), which in turn is extended back to-
wards the core. The two components are similar in size and lie in an area of high surface brightness.
They are joined by aridge of emission — they are only marginally separate components by the defini-
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Figure4.31: 3C 3004t 2.10 arcsec resolution. Above: linear greyscale; black is10 mJy beam=1. Below:

contoursat 0.2 x (—2,—1,1,2,4,...) mJy beam=1,
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Figure 4.32: East hot spot of 3C300 at 0.23 arcsec resolution. Left: linear greyscale; black is 10 mly
beam~1; right: contoursat 0.1 x (—v/2,—1,1,v/2,2,2v/2,...) mJy beam™1.
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Figure4.33: Coreand jet of 3C 300 at 0.23 arcsec resolution. Linear greyscale; black is0.5mJy beam=1.
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tion of L96 — and both have magnetic field direction transverse to the source axis; it isnot clear which
is the current beam termination point, or what the relation is between this hot spot and the lobe to the
southwest, which containsaregion (E1) that counts as a diffuse secondary hot spot initsownright. The
angle between the beam as traced by W1 in figure 4.33 and that terminating in E3/E2 is some 10 to 15°
short of 180°; the jet in the western lobe a so appears bent. Some of the inferred bending in the beams
may be related to the unusual environment implied by the east-west extended [OIl1] emission seen by
McCarthy et al. (1995).

4516 3C319

Theliterature

3C319isin the sample of JPR and of Leahy and Williams (1984). Maps at 1.4 and 5 GHz made with
the partially completed VLA are in Bridle and Fomaont (1979), who were the first to suggest that the
source was probably a classical double. They discuss the significance of the 20th magnitude optical
object coincident with the radio hot spot. Crane, Tyson and Saslaw (1983) suggest that thisis directly
associated with the hot spot, because of itssimilar elongation (it does appear to be very similar in shape
to the brightest radio contours on my higher-resolution radio map). However, Keel and Martini (1995)
show that the optical spectrum of this object isidentical to that of an elliptical galaxy at the redshift of
3C 319, and conclude that the superposition is a chance one.

Macklin (1983) presents a spectral index map which shows steepening from the ends of both lobes to-
wards the centre and the presumed identification (a galaxy with R= 18.07; Eales 1985a) and so makes
it clear that the sourceisan FRII in spite of the absence of ahot spotinthe Slobe. Alexander and L eahy
(1987) find areasonablefit with their smplemodel of spectral ageing. No radio core has been detected.

The field of 3C 319 contains a number of faint red objects (JPR; Eales 1985b; Rawlings 1987) at least
two of which have redshiftswhich show them to be associ ated with the source, and another two of which
have col oursconsistent with being at the same redshift (Keel and Martini 1995). On larger scal esga axy
counting suggeststhe sourceisin acluster of Abell class 0 (Harvanek, private communication). Rawl-
ings (1987) reports a 40 margina detection from the EINSTEIN satellite. The nuclear regions of the
host galaxy appear normal (dK96). The galaxy is alow-excitation object on the basis of the equivalent
width of [Olll].
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Figure 4.34: 3C 319 at 2.20 arcsec resolution. Above: linear greyscale; black is5 mdy beam=1. Below:
contoursat 0.2 x (—2,—1,1,2,4,...) mJy beam='. A cross marks the position of the optical identific-
ation.
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Figure 4.35: 3C 319 at 0.90 arcsec resolution. Left: linear greyscale; black is5 mJy beam~1. Right:
contoursat 1 x (—=v/2,-1,1,v/2,2,2v/2,...) mJy beam~'. The position of the 20th magnitude object
coincident with the hot spot is marked with an asterisk.
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My maps

The low-resolution map of 3C 319 shows the features that make the source unusual; it has no core or
southern hot spot. Unsurprisingly, no jet is detected. From the position of the optical identification
it seems that the core, if it exists, should lie in the low-surface-brightness region at the centre of the
source; the polarization behaviour of the lobes supportsthis. From an estimate of the on-source noise
in thisregion | can say that the core is very unlikely to be brighter than 0.3 mJy. A high-resolution
image shows that the hot spot, N1, is extended roughly aong the source axis and has its magnetic field
transversetoit. Fainter extensionsleave the hot spot to the northwest and southeast.

4517 3C349

Theliterature

3C349isin the sample of JPR. Rawlings (1987) has a more detailed 5 GHz map made with the 5-km
telescope, but the best map prior to the present study isthat of LPat 1.4 GHz.

3C 349'shost galaxy (R = 17.84) appears to have a close small companion (Eales 1985a,b) but is not
in acluster (Harvanek, private communication).

My maps

A low-resolution map (figure 4.36) shows areasonably ordinary source. Thereis abright well-defined
region of emission N1 in the middle of the northern lobe, connected to the hot spot by aridge, and the
end of the northern lobe has the bottle-neck shape seen in 3C 234 and 3C 79. At the end of the southern
lobe a pronounced constriction in the lobe boundary (at S1) dividesthe hot spot region from the rest of
the source; thistype of feature occursin a number of objects (e.g. 3C 135; L96). The magnetic field in
the lobesis directed along the source axis except at N1.

Thehigh-resol ution maps (figure 4.37) point up the large differences between the brightnessesof the hot
spot areas. The northern hot spot islargely resolved, with no bright structure visible on sub-kpc scales.
The brightest component, N2, hasitslong axis transverse to the source axis and atail — the precursor
of theridge described above— leads back into thelobe. The southern hot spot (S2), by contrast, clearly
still has unresolved structure. It isextended and has its magnetic field direction transverseto the source
axis. A diffuse bright region extends from the hot spot back into thelobe; afaint region to the east of S2
(S3) countsas afaint secondary hot spot. The only sign of ajet isaknot 4.5 arcsec SE of the core, aso
remarked upon by LP; in the high-resolutionimagesit is seen to be extended along the source axis, but
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Figure4.36: 3C 349 at 1.80 arcsec resolution. Above: linear greyscale; black is15 mJy beam=1. Below:
contoursat 0.25x (—2,-1,1,2,4,...) mJly beam™1.

itisnot long enough to be ajet according to the criteriaof Bridle and Perley (1984). It has been classed
asapossiblejet.

A map of spectral index (figure 4.38) between 1.4 and 8.4 GHz showsthe expected spectra steepening
along the source axis. In addition, correlations between spectral index and flux density changesare vis-
iblein both | obes— the spectrum stegpens suddenly to the southeast of the bright region in the northern
lobe, N1, and to the northwest of the constriction at S1.

Thereislittle depol arization between these two frequencies (DP =~ 0.85) and no significant differencein
depol arization between thelobes. Thereis, however, asignificant variation in depolarization along both
lobes; suitably integrated, the DP varies from 1 (i.e., no depolarization) at the hot spotsto alow of 0.6
around the core. Thisis consistent with amodel in which the depolarizationis caused by the halo of the
host gal axy — which must then have adiameter comparabl e to the size of the source. Thisphenomenon
is seen in other sources (e.g. Johnson, Leahy and Garrington 1995; Strom and Jagers 1988).
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Figure 4.37: 3C 349 at 0.25 arcsec resolution. Above: N hot spot — left: linear greyscale; black is 10
mJy beam~1; right: contoursat 0.1 x (—v/2,—1,1,/2,2,2y/2,...) mJy beam~'. Below: S hot spot —
left: linear greyscale; black is1 mdy beam~1; right, as above right.

4518 3C381
Theliterature

Radio maps of 3C 381 arein RP and Antonucci (1985); L P havethe best mapsto date, with 1.25-arcsec
resolution at 1.4 GHz. Both LP and Antonucci’s maps show the curious extended structure in the S
hot spot. LP's maps show the source to have X-symmetry, with incipient ‘wings’ of the sort found in a
number of low-power sources (compare 3C 20; see section 1.4.4).
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Figure 4.38: Spectra index between 8.4 and 1.5 GHz of 3C349 at 2.90 arcsec resolution. Lin-
ear greyscae between 0.5 and 1.5; superposed are contours of total intensity at 8.4 GHz at 0.4 x
(-2,-1,1,2,4,...) mJy beam~1.

Wyndham (1966) classifies the host galaxy as G(ND:) — the only galaxy so classified, in contrast to
hisusual description of N-galaxiesas N. He remarks that the gal axy appears “amost stellar” onthered
plate. This classification and identification appear to be the basis for Grandi and Osterbrock’s (1978)
classification of the source as an N-galaxy; they report weak broad Ha in addition to a strong narrow
component of the sameline. 1t would appear, therefore, that neither the classification as an N-galaxy nor
that asaBLRG is particularly secure. The nuclear HST image of dK96 issimilar to that of an ordinary
eliptical.

3C381's host gadaxy liesin a smal group, with a nearby companion, and has R = 16.86 (Sandage
1973b). It was not detected in the X-ray by EINSTEIN (Fabbiano et al. 1984). A broad-band image by
McCarthy et al. (1995) shows the companion; their [Ol11] image shows a separate linear feature which
correspondsto the base of the ‘bar’ in theradio (seefigure 4.39), providing direct evidence for interac-
tion between the radio obe material and emission-linegas. The HST image of dK96 showstailsto the
north and south of the optical nucleus.
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Figure4.39: 3C 381 at 1.60 arcsec resolution. Above: linear greyscale; black is10 mJy beam=1. Below:
contoursat 0.4 x (—2,-1,1,2,4,...) mly beam=?,

My maps

A bright (40 mJy) steep-spectrum confusing point source lies 200 arcsec west of the pointing centre and
was subtracted from these maps.

The low-resol ution maps (figure 4.39) show areasonably normal source whose most striking featureis
the bright bar, N1, in the northern lobe. Thisis connected at itswestern end by a bridge to the hot spot,
and appearsto curveto the north again at itseastern end. Asthe bar is bounded to the south by aregion
of cool gas (see above) it isvery difficult to interpret thisfeature in terms of anything other than strong
backflow. The magnetic field in the bar is parallel to its direction of extension.

The high-resolution map shows the very different natures of the two hot spots. The northern hot spot
clearly has double substructure, with the more compact but weaker component, N2, to the southwest;
thisis unresolved at 0.25-arcsec resolution. The northeastern component, N3, is slightly resolved and
extended southwards. The magnetic field in N2 is in position angle 45°; that in N3 varies dong its
length. Both components sit on a bright background region about 5 kpc across, and do not count as
separate hot spots by the definition of L96. The extensionsto the northeast and northwest are artefacts
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Figure 4.40: 3C 381 at 0.25 arcsec resolution. Above: N hot spot — left: linear greyscale; black is 10
mJy beam~1; right: contoursat 0.2 x (—v/2,—1,1,1/2,2,2v/2,...) mJy beam~1. Below: S hot spot —
|left: linear greyscale; black is1.5 mJy beam=1; right, linear contoursat 0.1x (1,2,3,4...) mJy beam~1,
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Figure 4.41: Spectra index between 8.4 and 1.5 GHz of 3C381 at 3.25 arcsec resolution. Lin-
ear greyscae between 0.6 and 1.2; superposed are contours of total intensity at 8.4 GHz at 0.4 x
(-2,-1,1,2,4,...) mJy beam~1.

caused by the brightness of the hot spot region; the ridge which can be seen running southwards from
the hot spot and then bending northesast is real, however, and may represent a change of direction for
the backflow responsible for producing the bar. By contrast, the southern hot spot region appears to
have no single compact component; a number of knots of similar size are distributed throughout the
hot spot region. The brightest is S1 but there are at |east five separate components by the definition of
L96. We might hypothesise that strong turbulence within the lobe has caused the beam to disrupt and
distributeenergetic particlesover awideregion at thispoint inthe source'slifetime, a phenomenon seen
in numerical simulations (e.g. Hardee and Norman 1990); in this case a bright compact hot spot might
well form again on timescales of afew thousand years.
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A map of spectral index (figure 4.41) between 1.4 and 8.4 GHz shows little variation aong the source,
though the curving bases of the lobes appear to have considerably steeper spectra than the rest of it.
Thereissome evidencethat the spectrum of the bar inthe northern lobeisflatter than that of the material
immediately to the north of it; thisis evidence either of compression or of reacceleration in the bar.

Thereislittle depolarization (DP ~ 0.9) between the two frequencies. The northern lobeis marginally
more depolarized than the southern one. The parts of the source closer to the nucleus are noticeably
more depolarized on both sides, asin 3C 349.

4519 3C401

Theliterature

3C 401 wasinthesampleof JPR, who providetheidentificationwith an 18th magnitudeobject. Thebest
map prior to thisstudy wasthe 5-GHz VLA map of Burnset al. (1984) with 0.6 x 0.3 arcsec resolution.
Thejet inthe Slobeis sufficiently bright to be detectable evenin JPR's map, but isfirst clearly seenin
the 15 GHz 5-km map of Laing (1981b).

3C401 is embedded in a faint diffuse region of X-ray emission (Feigelson and Berg 1983). The host
galaxy appears double or interacting on the plate of Longair and Gunn (1975), and appears to lie in
an optical cluster of Abell class 1 (Harvanek, private communication). The degree of polarization at
low resolution and 2.7 GHz is unusually low (Laing 1981b). These facts seem to indicate an unusual
(presumably unusually dense) environment for 3C 401.

My maps

The integrated rotation measure of 3C401 is unknown, and so magnetic field directions should bein-
ferred from the polarization vector directions with caution.

A low-resolution map of 3C 401 (figure 4.42) showsthe jet in the southern lobe that makes this source
so unusua. The southern lobe aso has an extension to the east, much like the proto-wings of 3C 381,
which ishighly polarized. Neither lobe has a compact hot spot. At the full resolution available (figure
4.43) the jet (S1) can be seen to be knotty, bent at severa places and has inferred magnetic field par-
alé toitslength (behaviour unlike the jetsin FRIs; see chapter 3) in contrast to the mainly transverse
magnetic field configuration of the bases of the lobes. The jet can be traced into the ‘warm spot’ — ap-
proximately 10 kpc across— at thetip of the southern lobe (S2), withinferred magnetic field transverse
to itsdirection of extension and to the direction of theincoming jet. There is no sign of acounterjet in
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Figure 4.42: 3C401 at 0.50 arcsec resolution. Contoursat 0.1x (—2,—1,1,2,4,...) mJy beam™1,
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Figure 4.43: 3C401 at 0.27 arcsec resolution. Left: linear greyscale; black is5 mJy beam~1. Right:
contoursat 0.1 x (—v/2,—-1,1,v/2,2,2v/2,...) mly beam™1.
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the northern lobe, but there is again a ‘warm spot’ N1 with a tail that extends back towards the core.
The resolved areas in both lobes with low or absent polarization are striking.

4520 3C436

Theliterature

3C 436 was mapped by RPwith the 5-km tel escope; the sensitivity wastoo low to show the low-surface-
brightness lobes. A higher-sensitivity map with the same instrument is in Rawlings (1987). No VLA
map appears to be available in the literature as yet, athough DeGraaf and Christiansen (private com-
munication) have high-sensitivity maps at several frequencies.

Thehost gdaxy hasR= 17.32. Thereare somefainter objectsinthefield, and galaxy counting suggests
that the object liesin a cluster of Abell class 0 (Harvanek, private communication). The nucleus shows
dust features and appears to be aigned N-S (dK 96).

My maps

A 3 mdy confusing source 110 arcsec to the NW of the pointing centre has been removed. It appearsto
be extended in roughly the same direction as 3C436, and to be atwin-jet FRI; itsjets have transverse
inferred magnetic field.

The low-resolution map (figure 4.44) shows the main features of the source. The two lobes are sym-
metrical onthe large scale but thereisajet (S1, S2) and prominent double hot spot in the southern lobe
whilethe northern lobe hasweak hot spotsand no jet. Thejet appearsto havetransverse magneticfield,
but its contrast with the surrounding materia is low, so this may not indicate the true field in the jet.
Thereis no gap between the northern and southern lobes.

At the full available resolution (figure 4.45) the hot spotsin the northern lobe (N1, N2 etc.) are barely
visible above the noise; they evidently contain no bright structure on size scales below afew kpc. By
contrast, the southern lobe has a very compact hot spot, S3 (Gaussian fitting suggests a sub-kpc minor
axis). Thisliesat the end of thejet, has magnetic field transverse to it, and is extended north and west-
wards. Thereisalso abright but diffuse secondary hot spot, $4, at thetip of the source. It isnoteworthy
that ajet that appears to be resolved, with awidth of afew kpc, should produce such acompact hot spot.
4 has amagnetic field aligned along its direction of extension.
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Figure 4.44: 3C 436 at 2.20 arcsec resolution. Above: linear greyscale; black is 8 mJy beam=1. Below:
contoursat 0.3 x (—2,—1,1,2,4,...) mly beam=1,
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Figure 4.45: 3C 436 at 0.23 arcsec resolution. Above: N hot spot — left: linear greyscale; black is 200
uly beam=1; right: contours at 50 x (—v/2, —1,1,1/2,2,2v/2,...) uJy beam=1. Below: S hot spot —
left: linear greyscale; black is1 mJy beam~1; right, as above right but contours start at 100 puJy beam=1.
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4521 3C438

Theliterature

JPR have a map of 3C 438, as does Laing (1981b); his 15 GHz observations give the first indication
of the twin jets that make this source so remarkable. LP's 1.5 GHz VLA image does not really have
enough resolutionto show thejetsclearly; they cite an unpublished snapshot by Laing which does. The
source is completely unpolarized in the images of LP; Laing (1981b) comments that the polarizationis
unusualy low at 2.7 and 5 GHz (at low resolution). LP's map shows the wing-like extensions to the
lobes, with something approaching X-symmetry.

3C 438 was detected inthe X-ray by EINSTEIN (Feigelson and Berg 1983) and is the brightest gal axy
inarich cluster (Longair and Gunn 1975). This seemsto be a case, like 3C 401, of an unusually dense
environment producing an unusual radio source.

My maps

A nearby bright (9 mJy) confusing point source was removed from the map.

The integrated rotation measure of 3C438 is not known (observations by Inoue et al. 1995 fail to con-
strain it well), so magnetic field direction must be inferred with caution from the vectors plotted.

The low-resolution map (figure 4.46) shows some of the extended structure seen in the map of LP. LP
saw an extension of the N lobe to the SW which is not seen here; since the short baselines are well
sampled, thisimplies that the far edges of the lobes have a very steep spectrum. The source is not
strongly polarized even at this frequency (averaging about 10%). The prominent jets are visible. The
northern jet has inferred magnetic field along its length turning to a transverse configuration later on,
while the southern jet appears to have a magnetic field roughly transverseto itslength (initially nearly
north-south) as soon as polarization is detected. However, it is unsafe to infer magnetic field direction
fromthevectorsshown here, asthe depol arizationat low frequenciesmay well indicatelarge differences
in rotation measure across the source.

The high-resolution map (figure 4.47) shows the jetsin detail. Both are unresolved or at best slightly
resolved, and the opening angle is at most a few degrees. The north jet (N1) is straight and, although
it disappears before the end of the source, the structure there is consistent with the jet’s terminating
without bending further; the elongated knot at the far end of the lobe (N2) could be described as the
beam termination hot spot, athoughit is not separate from the bright structure to its north and east. The
jetinthesouthernlobe (S1), ontheother hand, isbentin severa places— infact, thejetsdo not make an
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Figure 4.46: 3C438 at 0.50 arcsec resolution. Contoursat 0.15 x (—2,-1,1,2,4,...) mJy beam=1.
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Figure 4.47: 3C 438 at 0.23 arcsec resolution. Above: linear greyscale; black is5mdy beam=1. Below:
contoursat 0.2 x (—v/2,-1,1,v/2,2,2y/2,...) mJy beam~1.
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angle of 180° at the core, so the beam must bend even before the jet becomes visibleif they areinitialy
oppositely directed. It can betraced to abright knot inthe middle of thelobebut itseventual termination
point is not clear; it may be the bright region S2. The structures in the lobe — there are at |least two
separate hot spot regions — together with the bends in the jet, are suggestive of a‘flapping’ jet which
may quite recently have been terminating in the southern end of the lobe. Both jets fade significantly
as they enter the bright parts of the lobes, and the tails of the lobes are curved at lower resolutionsand
frequencies. Thesefactsmakeamode plausibleinwhich buoyancy duetothehot cluster gas haspushed
the lobes away from the central regions of the source, leaving the jetsto interact directly with the IGM
over most of their length (cf. Williams 1991). 3C438 may thus have something in common with the
class of wide-angled tails.

46 Summary

Seventeen sources have been mapped in detail, with aresol ution approaching 1 kpc in most cases. Quant-
itative analysis of the properties of the objectsin this sample will be carried out in chapter 5; however,
afew qualitative points about the images presented are made here.

4.6.1 Overall source properties

Four of thesourcespresented here (3C 123, 3C 171, 3C 401 and 3C 438) are not typical classical doubles.
Thefirst two have distorted |obes, but (as argued above) are probably nevertheless classical doublesin
their essentia physics; the last two have bright jetsand diffusehot spots. Thejet of 3C 401 is one-sided;
it may be related to the class of abjects with dominant one-sided jets which have been given the name
‘jetted doubles' by Law-Green et al. (1995). There are severa similar objectswith bright one-sided jets
inthesample of B92 (e.g. 3C 15, 3C 277.3). 3C 438 appearsuniquein having bright dissipativetwinjets
which remain ‘FRII-like' in their structure and opening angle, but may be related to the jetted-double
class; if these are one-sided because of relativisticbeaming 3C 438 may be an exampl e closetothe plane
of the sky, whileif they are one-sided because of unusua dissipation on onesideonly it seems plausible
that there should exist two-sided versions. (The properties of this class of objects will be discussed in
more detail in chapter 6.) The remaining sourcesin the sample, with the possible exception of 3C 319,
are more or less conventional classical doubles.

The different shapes of the heads of the lobes have been pointed out in thetext. Asin the study of B92,
there are many sources whosetwo lobes are very different from one another. Some of these differences
may be attributed to short-timescale variations of the beam termination behaviour (examples might in-
clude 3C 381 or 3C349). In other cases (e.g. 3C 300) the differences must have been maintained over
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along time period, and if the beams themselves are symmetrical a strong environmental asymmetry is
required. Particularly noticeablein this sample are the sources in which the hot spots are connected to
the rest of the lobe by a long narrow ‘bottle-neck’, a feature also noticed by LP in their overlapping
sample. Lobesof thiskind, of which 3C 234 E isthe prototype, are consistent with the working surface
having encountered a sudden drop in the density of the external medium. The shape of the head of the
lobein simple model swithout variationsin jet directionis governed by therel ative vel ocities of hot spot
advance (governed by ram-pressure balance) plus backflow, and post-hot spot expansion, in which the
material that has passed through the jet termination shock expands sideways into the shocked IGM as
well aslinearly into the cocoon. If the external density drops, ram pressure balance ensuresthat the hot
spot advance speed increases. The speed of sideways expansion should aso increase, but because the
density of post-hot spot material should fall asthe hot spot advance speed increases, the dependence of
this speed on the externa density is weaker; the net effect is thus a narrowing of the head of the lobe.
Sources such as 3C 234, where the bottle-neck is on scal es comparable to the size of the whole source,
are the exception rather than the rule, which suggeststhat in general variationsin the jet direction can
smooth out thefront of thelobe. (3C 381 S may be an example of alobewherethisprocessisjust about
to occur.)

The sources shown here provide two further examples of objects (out of four studied) whose depolar-
ization clearly decreases with distance away from the host galaxy, providing further evidence for the
suggestion that this depolarization is due to the galaxy’s own halo. The depolarization in the other two
objects shows no significant trend with distance, however.

4.6.2 Hot spots

With the definition of hot spots | have adopted, almost al sources in this sample have distinguishable
hot spotsin both lobes. L96 tabulate the positionsand multiplicitiesof the hot spotsin the low-redshift
sample, and for comparison | have done the same, attempting to use comparabl e classifications. Table
4.6 summarizes these properties. Hot spots are classed as single (1), double (2) or multiple (M); in ad-
dition, componentsten times fainter than the peak brightness of the hot spot complex are counted after
aplussign, so that ‘ 2+1’ means ‘ double with an additional faint component’. Their location, asin L96,
may be ‘tip’ (at the very end of the lobe), ‘side’ (on the lobe boundary, but not at the end) or ‘middlie

(anywhereelseinthelobe). Thelocationis of thewholehot spot complex, but | have noted caseswhere
thelocation of the primary issignificantly different. Comments are generally self-explanatory; ‘ diffuse’

impliesthat thereislittle compact structure at the resolution of the map used, while‘extended’ implies
that a bright hot spot is significantly extended and so has a good chance of being resolved into multiple
components at higher resolution. ‘Rim’ implies that multiple hot spots form a bright rim around the
leading edge of the source or other structure in the hot spot complex; these features are common in the
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z< 0.15 sample (L96).

Double and multiple hot spots are common in this sample, as they were in that discussed by L96. Of
the 42 lobesin table 4.6, at least 18 (43%) have more than one bright hot spot, which should be com-
pared with ~ 50% in the sample of L96. In the majority of such sources one hot spot (the primary) is
unambiguously more compact than any of the others, asin L89; these usually have amagnetic field dir-
ection transverse to the seen or inferred incoming beam direction. In the mgjority of these the primary
hot spot is recessed with respect to the other components (though there are several counterexamples;
3C79 E, 3C234 E). The data presented here provide little direct evidence to identify the primary hot
spot with the jet termination point; however, in two cases ajet is clearly seen to enter the primary hot
spot (3C 234, 3C436) and there are no cases in which ajet enters a secondary hot spot. These results
are consistent with earlier work (L89). Most of the hot spots lie at the tip of the source; thistrend is
more pronounced than it wasin L96, and there are fewer sources which show adistinct internal hot spot
region (the clearest exception being 4C 14.11).

The physical significance of the numbers of hot spotsis not clear. Higher-resolution observations of
these objects would almost certainly reveal more hot spots (according to my classification) in a num-
ber of cases (compare the MERLIN and VLA images of 3C 123). The fundamental limit on the size
scale of emission from the beam termination region is the cross-sectional size of the beam itself, and
thereis no reason to supposethat the spatial resolution achieved in this or other studies approaches that
size. (Thejet and hot spot in the southern lobe of 3C 436 provide some evidence that the jet width is
not necessarily a good indicator of the beam width.) It is therefore hard to compare these results with
those from other samplesin an unbiased way. When | note that the hot spotsin this sample seem less
complicated than those of B92 and more complicated than those of L89, it must be bornein mind that
thisis certainly at least partly an effect of decreasing spatial resolution. Nevertheless, with this caveat,
the overal impressionis of a set of hot spots which, while being equally diverse, are slightly easier to
classify and to understand in terms of pre-existing model s than are those of B92 and L 96.

The more diffuse (secondary) hot spots often have a magnetic field transverse to a line between them-
selvesand themore compact hot spots. Althoughit isdangerousto arguetoo strongly from this, because
thisisoften also the (circumferential) direction of thefield linesin therest of the end of thelobe, | have
suggestedin severa particular casesthat this, together with the bridges of emission linking the hot spots
in severa cases, impliesthat they are being fed directly from the compact hot spot (in a manner similar
to that seen in the ‘ splatter-spot’ model s of Williams and Gull 1985 or the wall-jet mechanism of Nor-
man and Bal sara1993; seea so Laing 1982, Lonsdale and Barthel 1986) rather than being disconnected
from the energy supply (asinthe‘ dentist’sdrill” model of Scheuer 1982) or being fed by the remains of
a discontinued beam (as in the models of Cox et al. 1991). In these last two model s the magnetic field
in secondary hot spots might be expected to remain transverse to the beam direction until the hot spot
had expanded to be considerably larger than the new primary; there are several compact secondariesin
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Table4.6: Hot spotsand jets

Lobe Type Location Comment Jet?
4C12.03N 1 tip diffuse Y?
4C12.03s 1 tip Y?
3C20E 2+1  tip primary at side Y?
3C20wW 1+1  tip tail Y
3C33.1E 1? tip low resolution

3C33.1W 1? tip low resolution Y
3C61.1N 1 tip extended Y?
3C61.1S 1+1 tip extended; recessed secondary

3CT79E M+1 tip rim?; recessed secondary

3C79W M tip rim

4C1411E 2+2 middle  secondary onedge Y
AC1411W 2 tip

3C123E 2+M  tip primary recessed; cylindrical; substructure
3C123wWw 2 tip

3C132E 2 tip dim recessed secondary Y?
3Cc132w 1 tip tail

3C153E 2 tip Y?
3C153wW 1 middle Y?
3C171E 1 tip jet enters hot spot Y
3C171W 1 tip jet enters hot spot Y
3C1731N M tip rim Y
3C173.1s 1 tip? primary recessed, multiple sub-components
3C219N 2 middle curved rim around primary Y?
3C219S 1 middle Y
3C234E 1+2  tip jet enters primary Y
3C234 W 2 tip tails, rim?

3C284E 2 tip

3C284 W 1 tip extended

3C300N 1? tip jet/hot spot confused Y
3C300S 2+1  side equal size

3C319N 1 tip

3C319S 0

3C349N 1 tip diffuse; tail?

3C349S 1+1  tip extended

3C381LN 1 tip double substructure; primary recessed

3C381S M tip

3C401N 1 middle diffuse

3C401s 1 tip jet enters; diffuse Y
3C436N M tip rim; diffuse

3C436 S 2 tip jet enters recessed primary Y
3C438E 1? tip j€t nears; diffuse Y

3C438W 2? side j€t nears; diffuse Y
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which thisis certainly not the case. Equally, there are objects (e.g. 3C 123) which seem better fitted by
themodel of Cox et d. Asthemost recent numerical simulationscan reproduce both types of secondary
hot spot, the conclusion that thereis no singlemodel for multiple hot spotsis probably uncontroversial.
| believe, however, that the observations presented here provide further evidence for the possibility of
comparatively well-collimated outflow from hot spots.

46.3 Jets

New jetsaredetected in 3C 20, 4C 14.11, 3C 234 and 3C 436; jets are confirmed and well imaged for the
first timein a number of other sources (seetable 4.6). Jets which meet the criteria of Bridle and Perley
(1984) unambiguously are found in 11 out of 21 objects, or 52%. Possiblejetsare foundin afurther five
objects (3C 132, 3C 153 and 3C 349 are discussed in thetext; the possiblejetsin 4C 12.03 are discussed
in LP and that in 3C61.1 in Alexander (1985); | have aso identified aknot in 3C219 N as a possible
counterjet). Thetotal number of jets detected may therefore be as high as 16, or 76 per cent. Only two
objects have definite two-sided jets (3C 171, 3C 438) and both of these are unusual in other ways; there
are possibletwo-sided jetsin 3C 219, 3C 153, 4C 12.03 and (very tentatively) 3C 20, so that the number
with two-sided jets may be 6, or 29%. With the exceptions of the jets in the unusual sources 3C171,
3C 401 and 3C 438, and of thosein thewell-known objects 3C 219 and 3C 33.1, jetsare generally faint,
representing a very small fraction of the total flux of the source even at this high frequency, and can
seldom be traced all the way from core to hot spot. These results are similar to those of Black (1992,
1993) and L96; the similar rate of jet detection allows me to conclude that the high rate of jet detection
in that sample was not simply an effect of its proximity in luminosity to the FRI/FRII boundary.

The properties of the jets in the combination of the sample described here and that of B92, and their
consequences for quasar-radio galaxy unification, will be discussed in chapters 5 and 6.
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Chapter 5

Analysisof FRIIswith z < 0.3

Inthis chapter | discuss methods for extracting quantitative datafrom radio maps, and tabulatethem for
alarge sample of objects.

51 Thesample

The sample to be used in this chapter and the following one comes from combiningmy 0.15< z< 0.3
sample, drawn from LRL (table 4.1) with that of B92. The source information for the combined sample
isshownintable5.1.

B92 selected 3CR sources with Py7g > 1.5 x 102 W Hz~1 sr~1 and z < 0.15. They excluded sources
known not to have hot spotsand three giant sources. In addition, they did notimage the sourcesincluded
by LRL from outside the 3CR catalogue; DA 240 and 4C 73.08 would have met their selection criteria
but could be excluded as giantsin any case. Conversely, amost all the sources selected by B92 but not
LRL are only excluded from LRL’s sample on the grounds of position on the sky (the exceptions are
3C197.1, 3C223.1 and 3C277.3 which have S;7g < 10.9 Jy on the Baars et al. (1977) scale). All the
sourcesinmy L RL-based sample meet the power criterion used by B92, and sourcesfrom 3CR are only
excluded on the basis of position on the sky or S;7g < 10.9 Jy. Thus, although the combined sampleis
not strictly complete, it is not seriously biased, and a complete sub-sampl e consisting of the non-giant
LRL sources (34 in total) can be constructed if completenessisan issue. Possibly more seriousthan the
power and flux constraints from the point of view of biasisthe exclusion from my LRL-based sample
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of sources classed as FRIs. These classifications were often done on the basis of |ow-resol ution maps,
and it seems likely that some exclusions have been, in retrospect, quite arbitrary (in particular, 3C 288
(Bridle et al. 1989) and 3C 346 (Spencer et al. 1991) are excluded, though they are as FRII-like as, say,
3C438 or 3C15). Generaly this bias manifests itself as an exclusion of sources which have structure
intermediate between classical FRIs and FRIIs, and so does not affect conclusions based on the sample
of sourceswith classical FRII structure (the most obviousindicator of thisbeing well-defined hot spots).

178-MHz fluxes were taken from L R where possible, and otherwi se determined foll owing the prescrip-
tionin LRL, but correcting to the scale of Baars et al. (1977). This procedure generally produced the
same results asthose of Spinrad et al. (1985), but intwo cases the flux quoted by Spinrad et al. issigni-
ficantly in error, leading to an implausiblespectral index for the source. For 3C 403 they usethe 4C flux
(Gower, Scott and Wills 1967) although the source will have been resolved by the 4C interferometer; |
(and L96) have used the original 3CR flux (Bennett 1962), corrected to the scale of Baars et al. (1977).
For 3C 223.1 the correction from Véron (1977) (reducing the flux from 10.4 to 6.5 Jy on the scale of
Baars et al.) for confusion in the 3CR survey appears to have been excessive in view of the 6C 151-
MHz flux of 10.39 Jy (Hales, Baldwin and Warner 1988), the B3 flux at 408 MHz (Ficarra, Grueff and
Tomasetti 1985) and the fluxes at frequencies other than 178 MHz given by Kellermann, Pauliny-Toth
and Williams (1969: KPW) as corrected to the Baars et al. scale by Laing and Peacock (1980). | have
therefore adopted an interpol ated flux of 8.1 Jy. Theflux givenfor 3C 405 (CygnusA) isthevauegiven
by the formula of Baars et al.

Spectral indicesaretakenfrom LR wherepossible. Whereasourcewasnotin LRL B92 used the spectral
indices of Spinrad et al. (1985) which are based on the uncorrected 178- and 750-MHz fluxes of KPW.
Correction tothe Baars et al. scale by the factors given by Laing and Peacock (1980) suggest that spec-
tral indices calculated in thisway should be too low by 0.03in all cases. | have therefore recal cul ated
the spectral indices of the sources not in LRL from the re-scaled KPW data, with the exception of the
three described above; these are 3C 15, 3C 105, 3C 111, 3C 135, 3C 136.1, 3C 197.1, 3C 227, 3C277.3,
3C 327, 3C353, 3C 424, 3C430 and 3C445. Thisrecd culation ensures consistency in the data.

In table 5.2 some general information about the sourcesin the sampleis given, together with references
to the literature describing them.

5.2 Analysisof radio maps

High-resolution radio maps were available to me for most (43/50) of the sourcesin the combined sam-
ple! | used them to measure various quantitieswhich might provideinformation on the energy transport

1The omission of the remaining 7 objects does not biasthe sample, sincethey havevery little in common with one another.
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Table5.1: The combined sample of FRII radio sources

Source IAUname z Si7s a Pi7g LAS Size

(Jy) (arcsec)  (kpc)
4C12.03 0007+124 0.156 109 0.87 104 215 787
3C15 0034-014 0.0730 172 0.67 33 48.0 92
3C20 0040+517 0.174 46.8 0.66 543 53.6 214
3C33 0106+130  0.0595 59.3 0.76 75 254 404
3C33.1 0106+729 0.181 142 0.62 178 227 935
3C61.1 0210+860 0.186 340 0.77 462 186 782
3C79 0307+169  0.2559 332 0.92 930 89.0 474
3C98 0356+109  0.0306 514 0.78 17 310 264
3C105 0404+035 0.089 194 0.61 56 335 764
4C14.11 0411+141 0.206 121 084 208 116 527
3C111 0415+379  0.0485 704 0.76 59 215 283
3C123 0433+295 0.2177 206.0 0.70 3873 37.8 179
3C132 0453+227 0.214 149 0.68 269 22.4 105
3C135 0511+008 0.1273 189 0.95 118 132 409
3C136.1 0512+248 0.064 153 0.72 22 460 781
3C153 0605+480 0.2771 16.7 0.66 524 9.1 51
3C171 0651+542 0.2384 21.3 0.87 505 325 165
3C173.1 0702+749 0.292 16.8 0.88 624 60.5 353
3C184.1 0734+805 0.1182 14.2 0.68 73 182 530
3C192 0802+243  0.0598 230 0.79 29 200 319
3C197.1 0818+472 0.1301 88 0.72 56 24.0 76
3C219 0917+458 0.1744 449 081 536 190 760
3C223 0936+361 0.1368 16.0 0.74 113 306 1007
3C2231 0938+399 0.1075 81 0.73 35 140 376
3C227 0945+076  0.0861 331 0.70 89 230 510
3C234 0958+290 0.1848 342 0.86 466 112 469
3C277.3 1251+278 0.0857 9.8 058 26 49.0 108
3C284 1308+277  0.2394 123  0.95 299 178 904
3C285 1319+428  0.0794 123  0.95 29 180 371
3C 300 1420+198 0.272 195 0.78 604 100 561
3C303 1441+522 0.141 122 0.76 92 47.0 159
3C319 1522+546  0.192 16.7 0.90 249 105 453
3C321 1529+242  0.096 147 0.60 49 307 748
3C327 1559+021  0.1039 385 0.64 152 302 788
3C349 1658+471  0.205 145 0.74 242 85.9 389
3C353 1717+009  0.0304 2572 074 83 284 240
3C381 1832+474  0.1605 18.1 0.81 181 73.2 274
3C382 1833+326  0.0578 21.7 059 26 185 286
3C388 1842+455  0.0908 268 0.70 81 50.0 116
3C390.3 1845+797 0.0561 518 0.75 58 229 345
3C401 1939+605 0.201 228 071 362 23.6 105
3C403 1949+023  0.059 283 0.74 35 230 362
3C405 1957+405 0.0565 9660.0 0.74 11001 130 197
3C424 2045+068 0.127 159 0.88 98 35.0 108
3C430 2117+605  0.0541 36.7 0.75 38 90.0 131
3C433 2121+248 0.1016 613 0.75 233 68.0 174
3C436 2141+279  0.2145 194 0.86 365 109 511
3C438 2153+377  0.290 48.7 0.88 1783 22.6 131
3C445 2221021  0.0562 270 0.76 30 570 859
3C452 2243+394  0.0811 593 0.78 142 280 588

Notes as for table 4.1, but RM not shown.
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Table5.2: Genera information on the combined sample

Source Jets?  Referenceto Frequency of Clustering Reference Line  Nuclear [Olll]]  Reference
radiomapused radiomap (GHz) environment for clustering Type lineflux  for [OllI]
4C12.03 oo - - G? 1 E
3C15 [ 2 84 G? 21 E 33 9
3C20 0 1 84 G? 1 N
3C33 - - | 18 N 175.0 10
3C331 . - — G? 1 B 10.5 11
3Ce6l1.1 0 - - G 18 N
3C79 1 84 S 1 N 55.0 10, 14
3C98 . 2 84 | 17 N 130.0 10
3C105 0 2 84 | 17 N 5.6 9
4C14.11 o 1 84 G 18 E 18 10
3C111 . 2 84 — B
3C123 1 84 C 1,18 E 29 10
3C132 o 1 84 c? 1,18 E
3C135 . 2 8.4 | 19 N
3C136.1 2 8.4 — ?
3C153 00 1 84 S? 1 N
3C171 [ 1 8.1 S? 1 N 34.7 12
3C1731 o 1 84 G 1 E 12 10
3C1841 o 2 84 1S 19,18 N 97.0 10
3C192 0 2 84 G 17,18,21 N 86.0 10
3C197.1 3 84 G 3 E
3C219 0 16 49 C 16 B 19.0 10
3C223 00 2 84 | 18 N 60.0 10
3C2231 o 3 84 | 18, 19 N
3C227 3 84 | 17 B 57.6 9,13,23
3C234 . 1 8.4 G 1 N 308.0 10
3C277.3 o - - | 17 E
3C284 1 8.1 G? 1 N 17.0 10,11
3C285 00 7 49 c? 7,17 N 6.7 10
3C300 . 1 8.1 G 1,18 N 19.3 10,11
3C303 . 15 15 G? 18,19 B 15.0 10
3C319 1 8.4 G 1 E <1.0 10
3C321 . - - | 17,19,21 N 120.0 10
3C327 00 2 84 — N 53.2 9,23
3C349 0 1 84 S 1 N 47 10
3C353 . 8 8.4 C 8,21 E 16 9,23
3C381 1 84 G 1 B 7.0 10, 14
3C382 . 3 8.4 G 3,18 B 130.0 10
3C388 00 5 49 C 10 E 21 10
3C390.3 o 4 84 G 17,18,19 B 430.0 10, 12
3C401 . 1 84 C 1 E 25 10
3C403 . 3 8.4 | 3 N 61.7 9,23
3C405 [ 6 45 C 22 N 210.0 12
3C424 . 3 84 G? 19 E
3C430 - - — E
3C433 . 3 8.4 G 3 N 3.6 14
3C436 . 1 8.4 G 1 N 6.8 10
3C438 X} 1 84 C 1 E 31 10
3C445 [ 2 84 1? 17,19 B 252.1 9
3C452 . 3 8.4 S? 18 N 16.9 10

Table 5.2 continuesoverleaf.
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Table 5.2: continued from previous page.

References are as follows:

(2) thisthesis, chapter 4, and references therein.
(2) Leahy et al. (1996) [L96].

(3) Black et al. (1992) [B92]; Black (1992).

(4) Jane Dennett-Thorpe, private communication.
(5) Roettiger et al. (1994).

(6) Perley, Dreher and Cowan (1984)

(7) van Breugel and Dey (1993).

(8) Swain, Bridleand Baum (1996).

(9) Tadhunter et al. (1993).

(10) Rawlings et al. (1989) and references therein.
(11) Jackson and Browne (1990).

(12) Baum and Heckman (1988).

(13) Prieto et al. (1994).

(14) McCarthy et al. (1995).

(15) Leshy and Perley (1991) [LP].

(16) Clarke et al. (1992).

(17) Prestage and Peacock (1988).

(18) Rawlings (1987).

(19) Allington-Smith et al. (1993).

(20) Burnsand Gregory (1982).

(21) Longair and Seldner (1979).

(22) Carilli and Harris (1996) and references therein.
(23) Simpson et al. (1996).

(24) Fasano, Flomo and Scarpa (1996).

Information on jet detection is taken from L96 and chapter 4. A filled circle in column 2 indicates a definite jet
and an open circleapossiblejet. Cluster environmentsare classified as| (isolated), S (afew associated objects),
G (anumber of associated objects, but the sourceis not classified as adominant galaxy) and C (the sourceisthe
dominant galaxy of a cluster). Linetypesare E (low-excitation), N (narrow-lineradio galaxy) or B (broad-line
radio galaxy). Emission linetypes are taken from LR or from the spectrophotometry of Laing (Laing et al. 1994:
Laing, privatecommunication) for sourcesin LRL. Thenon-LRL sources have been classified from thefollowing
literature: 3C 15, 3C 105, 3C 403, Tadhunter et al.(1993); 3C 111, Sargent (1977); 3C 135, 3C 445, Eracleous and
Halpern (1994); 3C 227, 3C 327, 3C 353, Simpson et al. (1996); 3C197.1, 3C 424 (tentatively), 3C 430, Smith,
Spinrad and Smith (1976); 3C223.1, Cohen and Osterbrock (1981); 3C 277.3, Yee and Oke (1978); 3C 405, Os-
terbrock and Miller (1975). 3C 136.1 has strong emission lines (Smith et al. 1976) but is not classified as broad
or narrow-line. Cluster environment determination and [Ol11] flux information are described in section 5.3. Line
fluxes are measured in 10~ W m=2,
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in the sources, as described bel ow.

With theexceptionsnotedinindividual tables, thefluxes given aretaken from VLA maps, and arethere-
fore subject to errors of afew per cent because of thelimiting accuracy of the absol ute calibration of the
VLA. Thiserror has not been included in the errors quoted.

For ease of tabulation, | have divided thejets, lobesand hot spotsof each sourceinto ‘ north’ and ‘ south’.

5.2.1 Total and lobefluxes

A reliable measurement of the total flux of an object could be obtained from direct integration on low-
resolution maps only if the object had been observed with sufficient short-baseline coverage to sample
all the large-scale structure. This was true of all the objects observed in chapter 4, with the possible
exception of 3C 132, but a number of the objects from the sample of B92 were undersampled due to
insufficient observation or large angular size. In these cases (discussed in table 5.3) integrated fluxes
from the literature or (as a last resort) from interpolation from other frequencies were used. Reliable
fluxes of individual lobes are clearly only available for the well-sampled sources, and so these are only
tabulated (table 5.4) where agood measurement was possi ble; even in these cases it was sometimes not
easy to separate the two lobes, and so the errors on the quantities may be large. Largest angular sizes
of the sources are measured directly from the maps, and the distance from the core to the most distant
region of lobe emission was aso always tabulated in order to define a measure of hot spot recession
comparable with that of B94 — in the few ‘winged’ sources where the greatest distance or the largest
angular size was in a direction transverse to the source axis, thisis noted and an aternative distance
given.

5.2.2 Cores

In generd the radio nuclei of the objects in the sample were unresolved with the highest resolution of
the VLA. The cores were therefore well fitted by an eliptica Gaussian plus basdine (using the AIPS
task IMFIT) and theintegrated flux wassimilar to the peak value. Hardly any of the coreswere polarized
at any significant level.

The measurements of the core fluxes given in table 5.3 are therefore the integrated fluxes fitted by Jm-
FIT.2 Errorsin the core flux determination are the formal 1 errors from the fitting routine, and as such
are likely to be underestimates.

2Note that in chapter 4 the peak fluxes were used when measuring core fluxes: fluxesin this chapter are therefore slightly
different from those quoted there.
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Table5.3: Basic measured quantities

Source Frequency Tota flux  Error  Coreflux Error
(GH2) ) (myy)
3C15 8.35 1.00 27.99 0.05
3C20 8.44 2.29 3.32 0.06
3C79 8.44 0.694 6.04 0.01
3C98 8.35 3.08 0.07 6.1 0.1
3C105 8.35 1.68 18.9 0.5
4C14.11 844 0.500 29.69 0.03
3C111 8.35 4.8 0.2 1276 1
3C123 8.44 9.44 108.9 0.3
3C132 8.44 0.674 4.1 0.2
3C135 8.35 0.520 1.0 0.2
3C136.1 835 1.00 0.05 153 0.03
3C153 8.44 0.712 <05
3C171 8.06 0.690 2.0 0.1
3C1731 844 0.461 9.64 0.02
3C1841 835 0.785 6.0 0.5
3C192 8.35 1.38 0.08 4.0 0.2
3C197.1 835 0.320 6.0 0.1
3C219 4.87 2.27 0.06 51.6 0.1
3C223 8.35 0.89 0.05 85 0.2
3C2231 835 0.53 0.01 6.4 0.4
3C227 8.35 2.05 0.04 13.2 0.6
3C234 8.44 0.919 34.46 0.04
3C284 8.06 0.340 2.79 0.02
3C285 4.86 0.740 6.8 0.4
3C 300 8.06 0.645 6.2 0.1
3C303 148 2.45 106.6 0.3
3C319 8.44 0.362 <03
3C327 8.35 2.01 0.05 25 1
3C349 8.44 0.723 24.21 0.02
3C353 8.44 14.1 151.0 0.2
3C381 8.44 0.906 4.7 0.1
3C382 8.35 1.30 251.2 0.1
3C388 4.87 1.80 57.9 0.1
3C3903 835 2.8 0.1 733 5
3C401 8.44 0.844 28.54 0.03
3C403 8.35 1.50 7.1 0.2
3C405 453 415 776 3
3C424 8.35 0.357 7.0 0.3
3C433 8.35 2.08 1.2 0.3
3C436 8.44 0.592 17.90 0.02
3C438 8.44 0.780 16.2 0.1
3C445 8.40 1.34 0.08 83.9 0.4
3C452 8.35 214 125.8 0.3

Table 5.3 continues overleaf.

161



162 CHAPTER 5. ANALYSISOF FRIISWITHZ < 0.3

Table 5.3: continued from previous page

Thetotal fluxesfor 3C 98, 3C 136.1, 3C 192, 3C 227, 3C 327 and 3C 445 are taken from the single-dish measure-
ments of Stull (1971), as these sources were al seriousy undersampled by the VLA observations. These fluxes
areto betreated with caution. Stull’sflux scaleisnot consistent with that of Baarset al. (1977), but the systematic
error is much less than 1%. The random error due to the calibration process is tabul ated above and is as given by
Stull. In addition, the fluxes have not been corrected from 8.0 GHz to the VLA frequency, which makes them sys-
tematically highby upto5%. The 5-GHz flux of 3C 219 isfrom Laing and Peacock (1980). The fluxesfor 3C 223
and 3C 390.3 were interpol ated from other frequencies, and the errors assigned to them are estimates of the error
in the interpolation. Elsewhere errors are only assigned where the integration was problematic because of off-
source noise, but the VLA calibration errors apply in addition to these and to any source with no error assigned.
Noise or mild undersampling means that the fluxes of 3C 105, 3C 111, 3C 171, 3C197.1, 3C 284 and 3C 382 may
be too low. The flux of 3C 303 is taken from LP. The core fluxes of 4C 14.11, 3C79, 3C 111 and 3C390.3 are
variable (see chapter 4, L96 and Leahy and Perley 1995). | took the southern component of 3C424's core to be
the true core (pace B92).

5.2.3 Jetsand counterjets

It is possible, as discussed in B94, to measure the flux of these in a number of different ways. Clearly
a simple measurement of the flux of the jet region (as in B92) is not useful, even if the jet region is
well defined, because of the necessity of correcting for background flux (particul arly important in these
objects where the jets have low contrast with the lobes). However, the jet region is not always well
defined, particularly where the jet is entering a hot spot.

Because | would later be comparing my measurements with those of B94, | choseto extract jet flux from
my mapsin the same ways asthey did. | measured total jet flux by taking threeindependent integrations
around the areathat clearly contained jet emission with the AIPS verb TV STAT, correcting for the back-
ground flux by integrating a similarly-shaped area on either side and subtracting the average of these
measurements, normalised to the area of the jet integration, from the value obtained by integrating over
the jet. Errorsare assighed by considering the standard deviation of the integrated and the normalising
values, and combining the resulting errors in quadrature. It will be seen that where there is a substan-
tial difference between the background fluxes on the two sides of the jet, this will dominate the error
assigned.

| also measured straight jet flux; this quantity isimportant when considering relativistic beaming (see
chapter 6). Thestraight jet regionwasdefined, following B94, to be arectangle over whichthelineof the
jet deviatesfrom the centerline of therectangle by lessthan ajet radius and which avoids any significant
confusion with lobe flux. (Thus, when the jet enters a hot spot or region of high surface brightness, the
straight jet is considered to end.) Identically-sized rectangles on either side of the straight jet region
wereintegrated to provide an estimate of the background flux. The same rectangular region on the other
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Table5.4: FHuxes and sizes of |obes

North lobe South lobe

Source Frequency Flux Error  Length Flux Error  Length

(GH2) ) (arcsec) ) (arcsec)
3C15 8.35 0.54 0.01 24.6 041 0.01 236
3C20 8.44 1.23 0.02 27.2 1.06 0.02 28.7
3C79 8.44 0.386 383 0.302 50.8
3C98 8.35 1.67 138 1.44 178
3C 105 8.35 0.356 162 131 171
4C14.11 844 0.231  0.005 58.6 0.239 0.005 57.5
3C111 8.35 - 123 - 939
3C123 8.44 331 19.2 6.02 17.6
3C132 8.44 0.273  0.005 117 0.397 0.005 11.0
3C135 8.35 0.186 0.005 78.8 0.337 0.005 51.7
3C136.1 835 - 191 - 267
3C153 8.44 0.355 0.002 4.3 0.356  0.002 4.8
3C171 8.06 0.386 24.4 0.302 12.1
3C1731 844 0.201 27.2 0.250 334
3C1841 835 0.397 0.001 107 0.382 0.001 82.0
3C192 8.35 - 109 - 93.0
3C1971 835 0.147  0.005 16.0 0.170  0.005 11.6
3C219 4.87 - 97.8 - 92.1
3C223 8.35 0.440 156 0.320 152
3C2231 835 0.180 810 0.215 60.0
3C227 8.35 1.03 113 0.660 121
3C234 8.44 0.334 0.005 64.6 0.551 0.005 48.0
3C284 8.06 0.152 0.003 106 0.185 0.003 72.6
3C285 4.86 0.408 87.0 0.325 103
3C300 8.06 0.154  0.005 70.2 0.485 0.005 3.8
3C303 1.48 1.90 0.02 27.8 0.40 0.01 20.8
3C319 8.44 0.25 0.01 48.9 0.12 0.01 57.9
3C327 8.35 - 199 - 108
3C349 8.44 0.269  0.008 417 0.430 0.008 44.2
3C353 8.44 8.5 01 142 5.5 0.1 142
3C381 8.44 0.570 332 0.331 40.0
3C382 8.35 0.790 87.9 0.580 91.0
3C388 4.87 0.869 279 0.873 225
3C390.3 835 - 132 - 92.0
3C401 8.44 0.348 0.005 10.7 0.467 0.005 129
3C403 8.35 - 95.0 - 116
3C405 453 205 70.6 209 60.6
3C424 8.35 0.120 0.005 13.0 0.230 0.005 21.0
3C433 8.35 0.237  0.005 41.0 1.84 0.01 325
3C436 8.44 0.27 0.01 59.2 0.30 0.01 49.6
3C438 8.44 0.368  0.005 11.9 0.397 0.005 10.8
3C445 8.40 - 299 - 280
3C452 8.35 0.940 141 1.07 135

Table 5.4 continues overleaf.

163



164 CHAPTER 5. ANALYSISOF FRIISWITHZ < 0.3

Table 5.4: continued from previous page.

Fluxesare listed only where maps were available to me that appeared to reproduce the large-scale structure well.
Errors have been assigned where there was some difficulty in separating the north and south lobes, and so where
some flux might be assigned to either; the errors are rough estimates of the variation over multiple attempts at
integration. These are in additionto the errorsdueto VLA flux calibration, which apply to al the measurements.
Lengths are measured from the core to the most distant visibleregion of emission. In several cases these lengths
are substantially away from the source axis: these, withtheir on-axislengths, are 3C 105N (156 arcsec), 3C 171N
(5.0) and S (4.8), 3C197.1N (7), 3C 300S (30), 3C 403N (55.5) and S (52.8) and 3C 433N (24.6).

side of the core was integrated to provide an estimate of the flux from the counterjet, if present, or an
estimated limit on its flux if not (if the central value was higher than the values on either side, their
average was subtracted; if not, the modulus of the difference between the lower vaue and the central
value was used as an upper limit). As for the total jet fluxes, three measurements were made on each
source and averagestaken; errorswere assigned inthe same way asfor thetotal jet fluxes. Therectangle
was generally taken from the core to the furthest extent of the straight jet, even where the straight jet
wasonly visiblein part of thelobe, to maximise the chances of acounterjet detection. (It may be noted
in passing that most of the objectswith well-defined counterjets had an angle of not quite 180° between
jet and counterjet; counterjet measurements of this sort can thus underestimate the counterjet flux. On
the other hand, the counterjet rectangle can intersect confusing flux in the counterjet lobe, and therefore
seriously overestimatethe counterjet flux. Theseresultsshould betreated with some caution, therefore.)

All theerrors on thejet flux determinationsare conservative, because of the difficulty in deciding which
parts of the object should betreated as ajet or counterjet. In afew casesinterpretationiscrucial, includ-

ing

¢ 3C192: | have only counted the jet seen near the S hot spot complex in the high resol ution maps
of L96. Theinclusionof thefaint linear feature seenin the Slobeat ow resol ution— whichisnot
clearly aligned either withthe core or with the hot spots— would increasethejet flux substantially
and providearea straight jet.

e 3C234: | have only counted the jet leading into the northern hot spot. If the ridge E1 were in-
cluded (asitisinthestraight jet flux determination) the integrated jet flux would be substantially
higher.

¢ 3C300: Itisnot clear how much of this object’s north |obe should be classed as ajet. | omitted
thelast few arcseconds where there is no surrounding lobe emission. The flux might beincreased
by up to 15 mJy if thisregion were included.

e 3C327: | have differed from L96 in counting the faint linear features in both lobes as possible
jets. If only the jet candidate around the core isintegrated, the flux isaround 0.4 mJy.
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Table5.5: Fluxesand lengths of jets

North jet South jet

Source Freg. Flux Error Length Flux Error  Length

(GH2) (mdy) (mdy)
3C15 8.35 210 10 9.50 3.6 0.9 6.20
3C20 8.44 23 6 183 *3.7 0.9 6.80
3C79 8.44 <38 <13
3C98 8.35 90 20 121 < 0.79
3C105 8.35 <83 *40 10 17.2
4C1411 844 <25 1.9 0.3 2.80
3C111 8.35 100 10 114 <28
3C123 8.44 <21 <30
3C132 8.44 <72 *3 2 5.97
3C135 8.35 <3 31 0.4 214
3C136.1 835 <26 <27
3C153 8.44 *1.9 0.6 1.20 *13 2 1.40
3C171 8.06 15 1 3.80 6.3 0.9 3.50
3C1731 844 2.4 0.8 10.2 <24
3C1841 835 *14 3 322 <13
3C192 8.35 <32 *8 1 139
3C1971 835 <19 < 0.85
3C219 4.87 *2.09 0.09 1.40 56.1 0.5 16.5
3C223 8.35 *8 2 29.4 *5 9 42.0
3C2231 835 *2.5 0.7 19.2 <77
3C227 8.35 <15 <27
3C234 8.44 3 2 6.20 <23
3C284 8.06 <28 < 6.6
3C285 4.86 36 7 74.6 <21
3C300 8.06 38 4 62.6 <17
3C303 148 66 4 14.2 <74
3C319 8.44 < 0.12 <18
3C327 8.35 *11 3 107 *11 3 60.4
3C349 8.44 <21 *0.24  0.04 1.10
3C353 8.44 90 10 710 30 8 37.0
3C381 8.44 <29 <13
3C382 8.35 31 2 77.9 <0.14
3C388 4.87 *10 2 4.58 49 8 12.7
3C390.3 835 34 5 81.3 *2 1 21.0
3C401 8.44 <4 114 9 5.85
3C403 8.35 7.8 0.6 24.0 - -
3C405 453 2300 300 50.3 380 40 24.1
3C424 8.35 <1 15 1 3.04
3C433 8.35 47 9 24.1 <14
3C436 8.44 <051 19 3 38.8
3C438 8.44 43 9 8.90 40 3 7.40
3C445 8.40 *1.3 0.3 5.60 10.3 0.7 60.0
3C452 8.35 16 3 95.4 31 7 108

Fluxes of jets classed as ‘ possible’ in table 5.2 are marked with an asterisk.
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Table5.6: Fluxes and lengths of straight jets

North straight jet South straight jet

Source Freg. Flux Error Flux Error Length

(GH2) (mdy) (mdy)
3C15 8.35 96 3 <14 4.17
3C20 8.44 7 5 *<9 124
3C79 8.44 - -
3C98 8.35 50 20 <13 101
3C105 8.35 - -
4C14.11 844 < 0.45 1.14 0.04 15.0
3C111 8.35 90 20 <58 101
3C123 8.44 - -
3C132 8.44 <13 *2 3 5.00
3C135 8.35 <16 10 4 30.2
3C136.1 835 - -
3C153 8.44 *8 1 *13 5 1.70
3C171 8.06 6.0 0.7 6.3 0.8 3.07
3C1731 844 21 0.9 < 0.29 11.2
3C1841 835 - -
3C192 8.35 - -
3C197.1 835 - -
3C219 4.87 *56.5 0.3 21 0.1 17.1
3C223 8.35 *11 4 * <58 34.1
3C2231 835 *3 1 <21 21.9
3C227 8.35 - -
3C234 8.44 10 8 <19 59.1
3C284 8.06 - -
3C285 4.86 19 2 <14 51.6
3C 300 8.06 2.4 0.2 <0.23 4.70
3C303 148 63 5 <13 12.3
3C319 8.44 - -
3C327 8.35 *16 6 * < 140 119
3C349 8.44 < 0.053 *0.31 0.04 1.27
3C353 8.44 70 10 <34 66.5
3C381 8.44 - -
3C382 8.35 14 1 <11 48.3
3C388 4.87 *30 5 34 6 8.40
3C3903 835 20 10 * < 650 88.6
3C401 8.44 <57 338 0.4 5.67
3C403 8.35 6 1 <38 19.6
3C405 453 1200 600 500 800 40.8
3C424 8.35 <84 16.7 0.9 299
3C433 8.35 9.8 0.1 <83 4.43
3C436 8.44 <0.27 38 0.8 20.2
3C438 8.44 40 4 <98 8.67
3C445 8.40 *<19 14 3 78.1
3C452 8.35 9 2 13 2 46.4

Fluxes of jets classed as ‘possible’ in table 5.2 are marked with an asterisk.
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e 3C390.3: | only count material closer to the core than knot B of Leahy and Perley (1995), on the
groundsthat knot B is the primary hot spot.

e 3C403: | only count theregions F7, F8 of B92 astrue jet, on the grounds that F6 is the primary
hot spot. Counting F6 and the jet-like components F4 and F5 would increase the flux to 80 mJy.

e 3C424: | have not counted the northern ‘jet’ of this object as atruejet. It is quite possible that
some of the internal structure in this northern component should be treated as jet material, how-
ever. | havetreated S3 as the only jet component in the southern lobe. The reasonsfor this treat-
ment are discussed in L96.

Where even the most tentative jet or counterjet candidate is detected, | have chosen to record its flux.
(Fluxes of ‘possible’ jets are marked as such in table 5.5.) Where there was no detection of any sort,
| have tried to determine an upper limit on the flux of a present but undetected jet. Thereisno way in
whichatruly conservativeupper l[imit can be set on flux from an unseen jet, given the number of possible
forms that jets can take, but some reasonable approximations can be made to a plausible limit which
most unseen jets will not exceed. For compatibility with the limits put on straight jets (and thus with
the measurements of B94) | defined total jet limitsin asimilar way. On maps of intermediate resolution
| integrated over the rectangl e two beamwidths wide between the core and the primary hot spot (chosen
as the most plausible path for a jet) or the closest approach which did not intersect bright confusing
lobe emission, and over the two rectangles on either side of it. If the flux in the central rectangle was
larger than that inthe other two, | subtracted the mean flux of the edge rectanglesfrom that of the central
one and used the result as an upper limit. Otherwise, | used the modulus of the difference between the
central flux and the lower of the two edge fluxes as the upper limit. Thisway of assessing the upper
limits has the advantages that the number obtained increases with the inhomogeneity of the lobe (the
correct behaviour, sincejets are hidden by confusing | obe structure as much as by on-source noise), and
that when measured on alobethat doeshave ajet the upper limit is areasonable measure of thejet'strue
flux. The limits obtained can be used when a limit is needed on either total jet flux or straight jet flux.
The obviousdisadvantage of thismethod isthat it is patently resol ution- and sensitivity-dependent, and
that a subjective decision must be taken to make the measurements from a particular map; where only
low-resolution maps were available to me, the limitsare higher.

524 Hot spots

Asdescribed in section 1.4.3, | attempt to identify a‘ primary’ hot spot in each lobe. Measurements are
made only of these components, which are identified where there might be ambiguity.

B94 measure the fluxes and dimensionsof the hot spotsin their quasar sample by fitting with aGaussian
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Table 5.7: Fluxes and sizes of hot spots

North hot spot South hot spot
Source Freq. Flux Error Bmgj Ormin Dist. Flux Error Oy Ormin Dist.
(GH7)  (mYy) (my)

3C15 8.35 - - - - *5 1 15 1.0 18.2
3C20 8.44 160 10 021 0.16 24.1 89 2 0.22 0.18 233
3C79 8.44 4 1 0.21 0.08 36.8 15 2 0.53 0.34 50.4
3C98 8.35 *40 10 41 34 132 27 5 39 2.0 155

3C105 8.35 32 0.6 17 0.80 155 110 5 0.28 020 171

4C14.11 844 1.7 0.5 1.2 0.10 58.1 33 0.1 0.29 0.09 36.4
3C111 8.35 300 10 13 0.70 123 76 1 1.9 11 74.1
3C123 8.44 21 2 0.15 0.08 7.3 162 5 0.11 0.08 7.9
3C132 8.44 53 1 0.19 0.15 113 22 4 0.40 0.25 10.9
3C135 8.35 1.7 0.2 0.55 0.25 72.3 *T77 5 4.6 17 45.0
3C136.1 835 *56 8 20 10 173 *23 5 12 12 255

3C153 8.44 133 2 0.19 0.08 2.4 87 1 0.11 0.07 4.8
3C171 8.06 120 10 0.27 0.07 4.9 95 2 0.29 0.19 4.6
3C1731 844 8.3 0.3 0.47 0.18 26.4 10 2 0.50 0.25 31.9
3C184.1 835 *7 2 2.6 1.0 103 19 1 0.95 0.50 78.2
3C192 8.35 *80 20 4.0 3.0 103 20 0.2 1.2 0.90 88.5
3C1971 835 34 0.1 0.33 0.30 6.8 85 0.5 0.75 0.35 9.6
3C219 4.87 29 0.2 0.99 0.36 72.6 76 1 3.2 16 731
3C223 8.35 10 1 35 1.3 140 *6 2 6.0 2.0 147

3C2231 835 *14 4 2.0 0.80 40.3 13 1 0.90 0.40 385
3C227 8.35 17 1 0.90 0.60 108 *7 1 1.0 050 109

3C234 8.44 55.8 0.1 0.51 0.20 63.9 50 10 0.73 0.35 47.4
3C284 8.06 *6 2 15 0.75 104 27 2 0.76 0.57 72.4
3C285 4.86 *4 1 3.0 2.0 78.8 *4 1 9.0 7.0 92.5
3C300 8.06 *1.0 0.5 0.30 0.30 69.7 29 1 0.44 0.26 29.3
3C303 1.48 650 10 <17 1.1 16.9 5.0 0.5 0.90 0.50 16.9
3C319 8.44 19 3 14 0.90 47.7 - - - -

3C327 8.35 35 0.2 0.40 0.30 182 20 1 1.0 0.35 99.1
3C349 8.44 *4 1 0.50 0.30 40.3 90 5 0.65 0.47 42.9
3C353 8.44 *70 10 45 25 94.4 63 2 3.2 1.8 123

3C381 8.44 9 1 0.20 0.17 325 *7 2 0.80 0.40 355
3C382 8.35 45 5 22 2.0 86.5 *8 2 2.3 21 82.4
3C388 4.87 40 10 2.8 1.6 15.9 55 2 1.2 0.90 16.4
3C390.3 835 67 2 25 1.2 104 450 20 4.1 2.0 88.4
3C401 8.44 *5 2 0.50 0.50 8.8 *4 2 0.60 0.20 12.3
3C403 8.35 30 1 0.40 0.21 28.5 *20 10 4.0 0.90 47.8
3C405 453 3060 20 0.61 0.35 63.2 2320 50 1.0 0.47 53.1
3C424 8.35 2.7 0.2 0.20 0.15 8.7 24 2 0.50 0.20 4.2
3C433 8.35 - - - - *6 2 0.65 0.55 0.0
3C436 8.44 *2 1 2.2 1.0 57.4 11 1 0.34 021 435
3C438 8.44 *4 2 0.30 0.10 11.4 *2 1 0.30 0.10 8.9
3C445 8.40 43 2 2.2 1.0 291 60 10 3.7 14 275

3C452 8.35 *20 10 35 1.2 130 31 1 1.0 084 126

Table 5.7 continues overl eaf
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Table 5.7: continued from previous page.

All distances in arcseconds. ‘Dist.’ is the distance between the hot spot and the core. Fluxes marked with an
asterisk, and their associated major and minor axes (8mg and Byin), were measured by integration rather than by
Gaussian fitting. In several cases it was not clear which object was the primary; in these cases fits were made to
each candidate component and theresults for the most compact components were used here. The relevant objects
are3C173.1N (N4 was used rather than N3), 3C 227N (Flaof B92 was used) 3C 285N (southern candidate object
was preferred), 3C 300S (E2 was used rather than E3) and 3C 403N (F6 of B92 was taken to be the primary rather
than F1).

and baseline. They remark that such model sdo not always represent the hot spotswell, and the situation
is still more difficult in the present sample with its considerably higher spatial resolution and with a
more relaxed definition of the term ‘hot spot’. The procedure | have adopted is as follows, therefore: |
havetried to fit model s consisting of a Gaussian and baselineto all but the most obviously resolved hot
spots, running thefitting routineanumber of different timeson slightly different regionsor with slightly
different initial guesses. Where these different fits gave essentially the same results, | havetabulated (in
table 5.7) the average val ues of the integrated fluxes and major and minor axislengths, with an estimate
of theerror on thefluxes(which may betaken asan indicationof thelikely error of theaxes) derived from
the range of the results of different measurements. Where the fits were obviously poor, and diverged
significantly (say, by afactor of 1.5 in flux either way) on small alterations of the initial parameters of
thefitting routine, | measured the sizes of the components by taking slices through them and estimating
the FWHM, or inextremely resolved cases by simplemeasurement from maps; | measured thefluxes by
integration from the maps, with a rough correction for background flux from integration over a nearby
part of thelobe. The errorsin the derived hot spot fluxes in these cases are an estimate of the error from
direct integration, taking into account the difficulty of deciding exactly which was the hot spot region.

The distances of the hot spots from the cores are al so tabul ated.

5.3 Environmental indicators

For each source, where the information was available in the literature, | have tabulated the flux of the
nuclear [OI11]A5007,4959 lines (hereafter [Ol11]) and an indication of the cluster environment. | have
chosen to use the [Ol11] doublet because measurements of its strength, or that of the [OI11]A5007 line,
are widely available in the literature; the suitability of the line as a measurement of AGN activity will
be discussed in chapter 6. Where only the luminosity or intensity of the [OI11JA5007 linewas avail able,
| scaled the measurement by 4/3 (following Rawlingset al. 1989). In afew cases, marked as such inthe
table, two or moreindependent measurements of the[Ol 1] flux existedin theliterature; | normally used
the mean value as a best guess (the one exception being 3C 381 where the measurement of McCarthy
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et al. (1995) is clearly contaminated by the bright extended emission line region). The measurements
were seldom significantly different from one another.

A quantitative measure of the cluster environment must be derived from systematic counting of the
local galaxy population from optical plates or sensitive X-ray observations, or both. Thisis not gen-
erally available. Even a simple qualitative classification will be useful in what follows, however, and
so in table 5.2 | have classified the environment of each object for which information was available
to me as described in the notesto that table. Where local galaxy population counts or cross-correlation
amplitudeswere available, principally for thelower-redshift objectsin the sample (Longair and Sel dner
1979; Eales1985b; Prestage and Peacock 1988; Allington-Smithet al. 1993; Harvanek, private commu-
nication) | used alarge excess in the statisticsas an indication of cluster membership and alarge deficit
asanindication of isolation; intermediate values of Byg, the cross-correl ation amplitude, appeared to be
consistent with membership of a small group of galaxies. In afew cases these statisticsare misleading
because the radio source is projected on to an unrelated cluster. At higher redshifts | used the results
of Rawlings (1987), who classified galaxiesin a similar way from optical plates, and classifications of
individual objectsfrom the literature described in chapter 4. In chapter 6 these classifications will be
used to point out some simple trendsin radio galaxy properties.



Chapter 6

Discussion

In thischapter | discusstrendsin the sample of 50 sources described in chapter 5 (particul arly thosefor
which good images were available to me), and their implicationsfor the physics of radio sources as a
whole.

| first discuss unified models (section 1.6.6) in the context of this low-redshift sample, and outlinethe
expected rel ationshi ps between observed quantitiesin the standard model for radio sources. | go on to
point out some general trends in the properties of the lobes, hot spots, jets and cores in the combined
sample, and their relationsto one another, re-analysing some of the trends discussed in Black (1992). |
then discussthe applicationto thissample of other indicatorsof jet power. Using Monte Carlo methods,
| address the question of whether the standard models can be said to work in this sample of objects, and
deduce some physical parameters of the sources. Finaly | outlinethe implications of my results.

The high-frequency fluxes | usein plotsin this chapter have al been *corrected’ to an observing fre-
guency of 8.4 GHz for ease of comparison, unless otherwise specified. Cores are assumed to have flat
spectra(a = 0) and jetsto have a = 0.8. Totd fluxes are scaled using the low-frequency spectral index,
because this was easily available for the whole sample. Errors in these corrections should not badly
affect the results of the analysis performed here.

Coloursin the plots on pages 202 — 217 distinguish low-excitation sources (green), narrow-line radio
galaxies(dark blue), broad-lineradio gal axies(light blue) and quasars (red). Theoneunclassified object,
3C136.1, isplottedin black and is not included with any class of object where the objects are separated
by emission-lineclass.
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Throughout, the subscript ¢ denotes a quantity relating to theradio core and j onerelating to the jet or
beam.

6.1 Unified modelsat z < 0.3

In section 1.6.6 | discussed the problems of unified models at low redshifts. If unified models are cor-
rect, the absence of quasars from the sample discussed here implies the presence in it of other objects
aligned at a small angle to the line of sight which should be detectable by anisotropic optical and ra-
dio emission. Barthel (1989) believed the broad-line radio galaxiesto be intermediate between quasars
and radio galaxies, which may be true in some cases (e.g. 3C 234); but in this sample at least it seems
more likely that some or all of the objects classed as BLRG are true quasars whose optical continuum
isinsufficiently bright for them to be classed as such optically.

However, the situationis rendered more complicated by the low-excitation galaxies. If, as discussed in
section 1.6.6, these appear optically identical no matter what their angle to the line of sight, then they
will certainly confuse any attempt to analyse orientation effects from radio data (Barthel 1994) unless
they are treated separately. If thisisdone carefully they should be able to provide avaluabl e population
for comparison with BLRG and NLRG, provided no other effects are present. However, | shall show
that other effects do appear to be present in the sampl e discussed here.

Inwhat follows| will therefore discussthe overall properties of the sample with the emission-lineclas-
sifications of the sourcesin mind. | will compare the properties of this sample with those of others,
particularly the high-resolutionimages of quasars in B94; the place of these objectsin unified models
should be bornein mind.

In the present sample there are 15 low-excitation objects, 9 BLRG and 25 NLRG. If thelow-excitation
objects are discarded, the proportion of BLRG to NLRG is consistent with the critical angle of 40-50°
of Barthel (1989).

6.2 Beam power and the standard model

It has been suggested that the most fundamental measure of the power of a radio source is the energy
supplied to its beam (or beams), usually called the beam power. If unified schemes are correct and line

1it isimportant to realise that classificationsin terms of broad or narrow lines are dependent on high-quality spectrawhich
are not in general available for this sample. Laing et al. (1994) have shown that the classifications can change significantly
with improved observations. The classifications used here must be viewed as best guessesonly.
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luminosity is a good measure of the beam power, as suggested by Rawlings and Saunders (1991) (see
also sections 1.5.3 and 6.7.1) then an ideal source at an angle O to the line of sight and with beam power
Q (constant over the source lifetime) should have the following properties:

1. Forbidden line power 00 Q

2. Observed core power » [ Q but also depending on 8 and the bulk vel ocity in the central regions
of the source, f3c.

3. Observed jet power per unit length »; 0 Q but also depending on 6 and the bulk velocity on kpc
scales, 3;. (I assumethat the beam is efficient enough that only asmall amount of its power isra-
diated on theway to the hotspots. L engths measured on the sky must be corrected for aprojection
factor.)

4. Jet-counterjet ratio (sidedness) depending on 6 and f3;.

5. Tota intensity at low frequencies (or, equivalently, total extended flux) depending on Q but aso
on environment and source age.

Thisassumesthat beam efficiency issimilar in all sources on both kpc- and sub-kpc scales. (The model
is unaffected if beam efficiency is different on sub-kpc (core) scaes than on kpc scales, though thisis
largely a matter of conjecture as good VLBI information is sparse; it is affected if the efficiency of the
beam or the bulk vel ocity of the emitting material varies significantly over the length of the source, but
observations do not seem to revea any trend in jet surface brightnesswith length.)

The predictions of thismaodel will be tested in what follows.

6.3 Largescalestructure

Figure 6.11 shows the power-linear size diagram for the whole sample. The sources populate a range
of two decades in luminosity, if the brightest abjects (Cygnus A, 3C 123 and 3C438) are not counted,
and approximately 1.5 decadesin linear size (the upper limit in this plot is due to the exclusion of the
giants; thelower limit is due to the absence of compact sourcesfrom LRL at low redshifts).

It will be seen that there is atendency for the low-excitation sources to be smaller, made clearer on a
histogram of linear sizes (figure 6.12); the distribution of linear sizes of these objectsis strongly peaked
around the 100-kpcrange. | will returntothisinitialy surprisingfact, first noted by Black (1992) for his
sub-sampl e of these abjects, in alater section. The distribution of linear sizes of BLRG does not appear
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significantly different from those of NLRG, athough the mean is somewhat smaller. The absence of
the giant sources is probably important here (though some of these are low-excitation objects. Laing
et al. 1994). In the larger and higher-power sample of Laing et al. (1994) the broad-line objects are
significantly smaller.

6.4 Hot spots

Thereisastrong positivecorrelation, with slope approximately unity, between sourcelinear sizeand hot
spot sizein the 43 sources in the sample with measured hot spots (figure 6.13). (Hot spot size is defined
here as the average of the sizes of the two hot spots at either end; the size of an individual hot spot is
defined as the geometric mean of thelargest and smallest angular sizes). It isdangerousto comparethe
sizes of hot spotsin different objects, because they have been measured from maps of differing resolu-
tion; objectsof largeangular sizeare morelikely to have been mapped at lower resolutionin thissample.
However, since this correlation is present even when considering only those measurements made from
maps of ~ 0.23 arcsec resolution, it is not entirely fictitious. It may provide some support for sugges-
tionsin L89 and B94 that the hot spot sizes scale with source linear size. Black (1992) found no such
correlation in the sub-sample of these objects that he analysed. If the correlation isrea, it may imply
that the beam is not pressure-confined over al of itslength, or it may be evidencefor ‘tired jet’ models
in which the jet decel erates with distance from the core (B94).

Comparing thesizesof hot spotswithinasinglesourceislessdangerous. Of the 32 sourceswith detected
jets or possiblejets and measurements of hot spot size, 24 had hot spotsthat differed in area by more
than 25%. Of these 15 (62%) had the brighter or only jet pointing towards the more compact hot spot.
Thislack of asignificant trend contrastswiththeresults of B94 who found that thejetsin their sampleof
guasars universally pointed towards the more compact hot spotswhere the hot spots were significantly
different in size. They also found a dependence of hot spot size ratio on core power which is absent
in this sample. B94 aso found atrend for the hot spot on the jetted side to be more recessed (where
recession ismeasured by the ratio of the core-hot spot distanceto the lobe length) but the jetted hot spot
was less recessed in 21 (65%) of the 32 sourcesin the present sample, amarginally significant trend.

22 sourcesin the present sample had one hot spot brighter than the other within theerrors assigned. The
brighter or only jet pointed towardsthe dimmer hot spot in 7 cases and towards the brighter in 15 (68%)
— amarginally significant trend. Thismay be contrasted with the results of L89, who found that 26/30
sourceswithjetshad thejet pointingtowardsthe brighter hot spot in asampl e of powerful radio galaxies
and quasars. It would appear that all the trends relating to hot spots are weaker, if present at all, in this
sampl e than in high-redshift samples containing quasars. Thisisunderstandableif thetrendsin the B94
sample are dueto relativistic effects (as suggested by theory; e.g. Komissarov and Falle 1996), since at
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least some of the objects studied here cannot be strongly beamed towards us.

Best et al. (1995) have analysed the hot spot separation ratios of a large sample of FRII radio sources
(with some overlap with the present sample, but including many high-power sources), showing that
there are significant differences between the distributionsof radio galaxiesand quasars. The quasarsare
more asymmetrical. They attribute thisto mildly relativistic hot spot advance speeds. They concluded
that in the low-redshift régime there was no difference between the distributions of broad- and narrow-
lineradio galaxies, but were unableto test whether the low-excitation objects formed a distinct popula-
tion. Infigure 6.14 | show ahistogram of thefractional separationdifferencex (x = (81 —06,)/(01+ 62),
where 8; and 6, are the lengths of the longer and shorter Iobe respectively) for the 41 objectsin this
sampl e with measured hot spot positions. It will be seen that the distributionsare not markedly different
for the NLRG and the low-excitation objects, and a Mann-Whitney U-test finds no significant probabil -
ity that the two are drawn from different distributions. The broad-line objects appear more symmetric-
aly distributed than the narrow-line objects (a result significant at the 97% level on a Mann-Whitney
U-test), but thisis strongly dependent on the positions of a few abjects. These results are both rather
surprising; in the simple model s outlined above we would expect BLRG and |ow-excitation objects to
be more asymmetrical than the NLRG, because of their smaller mean angle to the line of sight. This
may be evidence that in this comparatively low-redshift and low-power régime environmental effects
onh source symmetry are dominant over light travel time (see aso section 1.6.5).

6.5 Jets

There appears to be no dependence of jet detectability on luminosity over the luminosity range studied
here, as shownin figure 6.15, aplot of jet prominence against luminosity for the 43 sources with meas-
ured jetsor possiblejets or upper limits. (The prominence of acomponent istheratio of itsbackground-
subtracted flux to the total extended flux of the source, i.e. with core and jets subtracted.) In al but the
most extreme cases jets have less than 6% of the extended flux of the source, and the typica valueis
nearer to 1%. In the sample as a whole 29/50 (58%) of objects have definite jet detections and 40/50
(80%) have possibleor definite jets.

Jets are one-sided. In the sample as awhole 16 objects (32%) have possible counterjet detections, but
only 6 (12%) have definite detections, and these include the unusual objects 3C 15, 3C 171 and 3C 438,
together with the two bright, deeply imaged objects 3C405 and 3C 353. The counterjet candidate de-
tection fraction is thus below that of B94 in their sample of quasars (54% have counterjet candidates),
whichisasurprising result in the context of unified models.

In the only independent search for jetsrecently conducted, Fernini et al. (1993) imaged a sub-sampl e of
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five objectswith powers matched to those of the B94 quasars, and found only one definite jet (but three
possible jets). Because of the higher redshift of these objects and the lower angular resolution of the
observations, the spatial resolutionin this study was lower by afactor 2, athough the sensitivity should
have been comparable to that of my observations. Too much should not be read into the differing jet
detection fractions; one further jet detection, in their sample of five objects, would bring their fractions
broadly into line with those in the present study.

Perhaps surprisingly, thejet detection fraction isnot very different in thedifferent classes of object stud-
ied here. Of the 15 low-excitation objects, 9 (56%) have definitejetsand 11 (73%) have possibleor def-
initejets. For the 9 BLRG, thefigures are 7 (78%) with definite jets and the same number with definite
or possible. The 25 NLRG have 13 definite jets (52%) and 22 definite or possible (88%). It is perhaps
unexpected, if the BLRG are thought to be quasar counterparts, that there should be two (3C 227 and
3C 381) with noindication of ajet — compare the universal jet detectioninthe B94 quasars. Severa of
the BLRG that do have jetsare very similar in appearance to the quasars, on the other hand. Laing et al.
(1994) found a much more marked difference between the jet detection fractions of broad-line objects
and NLRG in their higher-power sample. In the present sample the jets of the BLRG, when detected,
are at the higher end of the prominence range, but not sufficiently high to explain the results of Laing et
al. simply as an effect of poorer observation; thisraisesthe possibility that the dispersionin prominence
is higher a higher powers.

Black (1992) noted atendency for jetsto be detected in shorter objects. In the present sample 19 of the
29 sources (66%) with definite detected jets, but only 24 of the 40 sources with definite or possiblejets
(60%), have linear sizeslessthan 400 kpc; these resultsare wesker than those of Black (1992), probably
because of the detection or possible detection of anumber of faint jetsin larger sources. It can be seen
from figure 6.16 that there is aweak trend for jet prominenceto be related to length, entirely because of
the existence of anumber of short, low-excitation objects with bright jets.

Thereis no tendency for the brighter or only jet to liein the longer lobe (17/32). (In naive relativistic
beaming/light travel time models, the lobe pointing towards the observer would have the brighter jet
and appear longer.) In the cases where jet and |obe measurements were available, the brighter or only
jet lay inthe brighter |obe (after hot spot and jet flux had been subtracted) in 16/25 objects (64%). This
result, though not statistically significant, may be a weak indication of some relationship between jet
and secondary hot spot structure.
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6.6 Cores

The prominences of radio cores are acommonly used orientation indicator in studies of beamingin ra-
dio galaxies and quasars (e.g. Orr and Browne 1982). Figure 6.17(a) shows a plot of core prominence
against radio luminosity for the 43 objectsin the present samplewith measured fluxes (notethat thisin-
cludestwo upper limits, 3C 153 and 3C 319). Figure 6.17(b) showsthe quasars of B94 on the same plot.
Various authors (e.g. Kapahi and Murphy 1993; Laing et al. 1994; Morganti et al. 1995) have attemp-
ted to show consistency between the distribution of core prominences and unified schemes. The present
sample appears to be consistent with the predictions of the simple unified models discussed above, in
that the BLRG tend to have brighter cores than the NLRG (the arithmetic mean core prominence is
greater by more than a factor 10) and that the BLRG are comparable in core prominence to the B94
guasars. Note that the core prominences for both broad-line and narrow-line objects have a scatter of
2-2.5 ordersof magnitude. Thelow-excitation objects havealessbroad distributionin core prominence
(aresult noticeably different from that of Laing et al. 1994) and have a mean intermediate between the
broad- and narrow-line objects (asin Laing et al. 1994). In the simplest versions of unified models we
might expect their core prominences to be distributed like those of the broad- and narrow-line objects
combined, which is clearly not the case in this sample.

If we believe that the core is a beamed parsec-scale jet (as suggested by VLBI observations) and that
the one-sidedness of jetsis arelativistic effect, there should in principle be a relationship between the
prominence of jet and core (see section 6.2). Theformulafor Doppler boosting of afeaturewith velocity
v = Bcand Lorentz factor y = (1— B2)" 2 is

Sobs = Srest[V(1 — BosB)] =™+ (6.1)

(Ryle and Longair 1967) where 6 is the angle made with the line of sight, a is the spectra index, and
m is a constant reflecting the geometry of the beamed component — m = 2 will be used for jets. In
genera, the velocity in the core may not be equal to that in the kiloparsec-scale jet, and so the slope
of ajet-core prominence relation will not be unity. B94 investigate the relation between core and jet
prominence for their sample of quasars, and conclude that there is decel eration between the parsec- and
kiloparsec- scales.

Figure 6.18(a) shows a plot of total jet prominence against core prominence for the present sample.
Thereisnot much difference between the jet prominences of the BLRG and NLRG; athoughthe BLRG
perhaps have slightly more prominent jets than the NLRG average, the difference is not significant.
(I note in passing that the two BLRG with the weakest cores are those without detected jets.) Figure
6.18(b) shows the same figure with the B94 quasars added. The quasars have much more prominent
jetsthan either the BLRG or the NLRG, though they include objects such as 3C 9 which are amost en-
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tirely jet. The most prominent jets in the radio-galaxy sample are those of the low-excitation objects
3C15, 3C401, 3C424 and 3C 438, closely followed by 3C 388.

B94 chose to investigate the rel ationshi p between the core and straight jet prominence. They point out,
correctly, that a well-defined relationship between the core and jet beaming factors only occurs when
the two are at the same angle to the line of sight. As soon as the jet is seen to bend, the emission is
beamed differently and the simple relationship islost. This could be used to explain the absence of a
strong relationship in the plots of figure 6.18.

Infigure 6.191 plot the rel ationshi psbetween (brighter) straight jet and core prominence for the present
sample and for the quasars of B94. Unlike them, | have made no attempt to assign some of the flux
from the coreto the straight jet, as | havelittleinformation on the VLBI propertiesof theradio galaxies.
Thisweakens the correlation observed by B94 for their sample, thoughiit is still significant at the 90%
level on a Spearman-Rank test. There is a weak but not significant correlation between the core and
straight jet prominences of the NLRG and BLRG when considered separately (ignoring upper limits).
The objects with the brightest straight jets remain the low-excitation objects discussed above. When
the quasars are added, their positions are consistent with their being a population similar to the BLRG,
but their straight jets are in the main not significantly brighter than the detected straight jets in radio
galaxies. If the quasars are thought to be more beamed than the radio galaxies, we might expect their
straight jetsto be significantly brighter. Instead, it seems that athough the bent parts of jetsin quasars
are more prominent, the straight jets are on the whole not.

The use of straight jetsis not as straightforward for the radio galaxy sample as it was for the quasars.
B94 found that the objectsin their sample tended to have well-defined initial straight jets. In the radio
galaxy samplethejetsare rarely traced al the way from the core to the hot spot (the exceptionsto this
are mainly BLRG) and the straight jet segment may be aregion in the middle of the lobe. In addition,
straight jets may simply disappear, without bending, in the radio galaxies. 4C 14.11's jet exemplifies
both these features, which imply aloca change in beam efficiency not catered for in the simple model.
Thisparticular plot isin any case not a perfect diagnostictool. Ideally we would be plotting quantities
which directly measured the beaming in the radio source, with the only scatter being due to variations
in beam efficiency. The prominence-prominence plot has scatter introduced by the normalisation with
respect to extended flux and by theintegration over thewholestraight jet (points3 and 5 of section 6.2).
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6.7 Beam power and emission lines

6.7.1 Introduction

Rawlingsand Saunders (1991) and othershave presented evidence that the narrow-linepower of FRIIsis
related to their beam power and suggest that both are measuring the fundamental power of the AGN (see
section 1.5.3). The connectionisassumed to be photoionization of the narrow-lineregionsby the AGN.
There is some evidencefor this, but also some evidence for shock ionization in extended emission-line
regions; it is reasonable to consider only the nuclear emission-line regions so as to exclude the debat-
able extended regions. Typically 90% of the flux comesfrom theinner 2.5 kpc (Zirbel and Baum 1995).
Where no information about the spatial distributionof the gasisavailable, thetotal emitted flux isthere-
fore areasonable estimator of the flux from the nuclear regions.

6.7.2 Orientation-dependenceof [Ol 1]

As discussed in section 1.5.3, it has been suggested that [OI11TA5009,4959 lines (hereafter [Ol11]) are
not orientation-independent (Jackson and Browne 1990); Hes, Barthel and Fosbury (1993) suggest that
they come preferentialy from a region within the torus and so are at least partially obscured. They
prefer the lower-ionization [O11]A3727 line and show that its luminosity distribution as a function of
178-MHz total luminosity in a sample of quasars is indistinguishablefrom that of a matched-redshift
sample of radio galaxies, whereas the Jackson and Browne objects show a clear offset. In figure 6.20 |
show these effects for an incompl ete sampl e of objectswithz < 0.6 for which | have emission-linedata,
including the present sample, the objects from Jackson and Browne (1990) and the B94 quasars.? The
guasars and BLRG do show a tendency to have brighter [Ol11] emission at a given radio luminosity,
but the [Ol1] powers are indistinguishable. (Note that the samples shown in this plot are overlapping
but not identical, particularly at high radio luminosities.) The low-excitation objects, unsurprisingly,
have the lowest [Ol11] powers at agiven radio luminosity; the large amount of obscuration inferred by
Jackson and Browne (1990) was certainly in part the result of comparing quasars with low-excitation
objectsrather than with NLRG.2 It would therefore be better to try to use[Ol1] emission as an indicator
of beam power. Unfortunately there are many more[OlI1] fluxesavailableintheliteraturethan [Ol1] for
low-redshift samples; | have chosen to usethe[OlI1] flux as my indicator of beam power and to attempt
to work around the fact that it is not orientati on-independent.

2The sources for the [Oll] fluxes are Hes (1995), Saunderset al. (1989), McCarthy et al. (1995), Tadhunter et al. (1993),
and Simpson et al. (1989).
3Similar conclusionswere reached by Laing et al. (1994).
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6.7.3 Relationshipsbetween [Ol11] and straight jet

An obviousquestioniswhether thereisarel ationship between the power emitted in the (straight) jet and
the power in[OIl1] (asan indicator of beam power). Figure6.21 showsa plot of these two quantitiesfor
the 34 objectsin the samplewhich have [Ol11] fluxesand measured jet properties. It can be seen that the
relationshipis, if anything, less good than the well-known rel ationship between [Ol11] power and total
radio luminosity, plotted for the same sourcesin figure 6.22. The trend in both plotsis weskly positive
but the scatter isvery large. Unsurprisingly, the low-excitation objects stand out in both plots. In figure
6.21 the most conspicuous low-excitation objects are the brightly-jetted group (3C 15, 3C 388, 3C401,
3C 438) discussed above. The narrow-line object with jet and tota radio power ‘too high’ for its[Ol11]
luminosity is Cygnus A; the low-excitation object with the weakest [Ol11] power is 3C 353. There ap-
pearsto be no clear difference between the BLRG and NLRG on theseplots. Clearly if [Oll1] powerisa
beam power indicator thereis considerable scatter in the rel ati onshi p between beam power and observed
jet power. Thisscatter could arise (see section 6.2) because of beaming, because of differencesin beam
efficiency between sources, or because of the varying lengths of straight jets. Interestingly, the [Oll1]-
straight jet correlation for the 7 quasars from the sample of B94 with measured [Ol11] fluxes is much
stronger on a Spearman-Rank test than the corresponding [Ol11]-total power correlation. The sampleis
too small to allow strong conclusionsto be drawn from this.

6.8 Sidedness

The jet-counterjet ratio should be an indicator of the velocities involved and the projection angles in
models based on relativistic beaming. If the jet and counterjet are intrinsically symmetrical, then their
relative fluxes are found from equation 6.1. In general theratio J is given by

([ 1+Bjcos) %

where R is the degree of intrinsic asymmetry (the ratio between the rest brightnesses of jet and coun-
terjet) and might represent the effects of different environments on the efficiencies of the two beams. It
followsfrom thisformulathat, if relativistic beaming effects are dominant in the jets, objectsat smaller
anglesto the line of sight should have larger jet-counterjet asymmetries.

Figure 6.23 shows the distribution of straight jet sidednesses for the radio galaxies with detected jets
and for the B94 quasars. Dashed areas of the histogram represent lower limitson the jet-counterjet ratio
(since they are calculated using upper limits on the counterjet flux). Clearly selecting on detected jets
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biases the sample; in the context of unified models, sources without detected jets will be preferentially
unbeamed and so the more two-sided sources are excluded from the plot.

The plot asit stands can at best be said to be consistent with unified schemes (which would not be the
case if, for example, the radio galaxies were obviously more one-sided than the quasars). However,
the paucity of counterjet detectionsin the radio galaxy population is surprising if unified schemes are
true (though the counterjet detection fraction is underestimated by thispl ot which excludes non-aligned
counterjetsin, for example, 3C 15 and 3C 438).

B94 fail to find a significant correlation between core prominence and jet-counterjet ratio, which may
indicate (particularly when combined with their resultsabout where acounterjet isfound) that counterjet
detection and prominenceispartly determined by environmental factors. If thisisso, andfor al theother
reasons discussed in their section 6.2, jet sidedness analysis must be undertaken with caution.

6.9 Modeling

Theresultsabove have appeared broadly consistent with versions of unified modelsfor the low-redshift
objectsinwhichthereis considerablebeaming in thecores, somebeaminginthejetsand arange of beam
efficiencies. Using Monte Carlo simulation, we can try to constrain the parameters that are needed. The
genera approach | adopt isto generateaset of model dataunder some assumptionsand estimateits prob-
ability of coming from the same dataset asthe observed data, using astatistical test such as Kolmogorov-
Smirnov (see e.g. Press et al. 1992 for information on implementation): theinitial parameters can then
be varied and a table of the probabilities associated with them can be built up. This technique has two
disadvantages; one, it does not allow direct testing of relationships between model and data quantities,
since the Kolmogorov-Smirnov test is based on a one-dimensiona distribution; two, it does not easily
alow for the presence of limitsin the data*. Nevertheless, the approach is worth attempting.

6.9.1 Sidedness

Wardle and Aaron (1996) have applied a similar Monte Carlo approach to the determination of the jet
speeds in the B94 quasars with some success, finding velocities of 3; = 0.65to 0.7 and littleintrinsic

4To conduct this analysis rigorously in the presence of limits techniques from the field of survival analysis should be ap-
plied. Prescriptions exist for deciding the probability of two datasets having been drawn from the same distribution when
the datasets are subject to random censoring; the best in this case would probably be a modified Kolmogorov-Smirnov test
(e.g. Fleming et al. 1980) becauseof its sensitivity to differences at any point in the distributions being compared. Their prob-
lemisalack of robustnesswhen only one dataset is censored, asin the present case. | havechosenthe easier path of attempting
to point out the probable errors introduced by considering upper limits as measurements.
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asymmetry best fit the data. | initially followed Wardle and Aaron in modelling sidednessto try to con-
strain Bj, the velocity in the jets, and the degree of intrinsic asymmetry. Like them, | treated al the
sidedness limits (section 6.8) as measurements. (Thisis more dangerous in the present sample than it
wasin that of Wardle and Aaron, because there are few true measurementsin thedistribution. | will dis-
cuss the effect this has on the results below.) The variablesin my simulation were the range of angles
(Bmin < 6 < Bmax), thejet velocity B; and the maximum intrinsic asymmetry parameter, Ryax. | assumed
that the probability that a source was at an angle 6 to the line of sight was proportional to sin, so that
each simulated angle 6; was given by

0, = c0s™[COSBax . . . COSBpin] (6.3)

where|[X. . .y] denotesarandom number chosen between x and y with auniform probability distribution.
The simulated intrinsic asymmetries were given by

R = [1...Rua

where Ryax Was avariable in the simulation.

| generated a large number of datasets (typically several hundred) from each set of parameters, each
containing sidedness measurements derived from equation 6.2 (a; = 0.8) for the same number of sim-
ulated objects as the real dataset contained. For each one | measured the probability that the simulated
and measured datasets were drawn from the same popul ation with a Kolmogorov-Smirnov test. | recor-
ded the mean probability as a function of the variables [3; and Ryax 0n afine grid. The principal results
are summarized below.

¢ NLRG only. With 8, = 45°, Bmax = 90° (the ‘unification’ anglerange) the best fits (probability
of being drawn from matching datasets p > 0.55) from simulationto the 17 sourceswith sidedness
measurementshad 0.5 < B; < 0.6, Rmax ~ 1 (figure 6.1).> Thisimplieslittleintrinsic side-to-side
asymmetry and moderate relativistic beaming. With 6in = 0°, Bax = 90°, the fits are poorer
but give 0.4 < Bj < 0.5, Ryax & 1. There is no good fit with 8min = 0°, Bmax = 45°: Bj = 0,
4 < Rpax < 50r 6 < Rnax < 7 are the best solutionswith p ~ 0.20.

¢ BLRG and NLRG. The measured dataset contained 23 objects. With 8, = 0°, Bax = 90° the
best fitshave 0.45 < 3; < 0.55, Rmax ~ 1 (figure 6.2). Notethat thisangle range may betoowide;
in unified model s, there should be some core-dominated objectsat 6 ~ 0° which would not appear

5Note that only the un-contoured regions of parameter spacein this figure, with p < 0.05, can be formally rejected at a
high level of confidence.
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Figure 6.1: Probability contoursfor sidedness simulations: NLRG with B = 45°, Bax = 90°. Con-
toursat p = 0.05,0.1,0.15...
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Figure 6.2: Probability contours for sidedness simulations: BLRG and NLRG with B = 0°, Bmax =
90°. Contoursat p= 0.05,0.1,0.15...
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in this sample. However, the probabilities associated with small angles are low. Attempting to
correct for thisby using an anglerange 6yin = 10°, Bax = 90° makes no difference to the results
above. For Byin = 45°, Bmax = 90° apoorer fit was found with 0.6 < Bj < 0.7, Rmax = 1. There
was no good fit with By = 0°, Bmax = 45°, as before.

o Low-excitation objects. In these 9 objects there was little distinctionin probability, whatever the
angle range chosen, between fits with Ryax &~ 1 and low B (j &~ 0.4 for 8min = 0°, Bmax = 90°,
the appropriate range according to Laing et al. 1994) and fitswith B ~ 0, Ryax &~ 8. Thissuggests
thereiseither substantial side-to-side asymmetry, or jetswith 3; < 0.4, or both, in these objects.
The sampleissmall, however.

e Quasars. Asa‘sanity check’ on my fitting routines | verified that there was no good fit to the
B94 quasar sidednesses with Byin = 45°, Bax = 90°. | did not attempt to replicate the results
of Wardle and Aaron because of the necessity to take selection effects into account in modelling
their sample of quasars.

Thismodelling suggeststhat the observationsof at |east the BLRG and NLRG are consistent with unified
models and with moderate val ues of jet velocity 3;. Thelow-excitation objects are not well fitted with
any model; thismay reflect the fact that they are an inhomogeneous sample. It must be noted, however,
that a more sophisticated model for intrinsic asymmetry, rather than the top-hat probability distribution
adopted, might fit the data better.

The use of limits as measurements is not as obviously wrong as might be supposed at first, because
it seems likely that the upper limits assigned to counterjet flux are in fact reasonably close to the true
values. Thefactorslimitingjet and counterjet detection appear now to be confusionwith other structures
in the lobe, rather than sensitivity, so that the method | adopted of measuring counterjet limitsislikely
to produce a number which is not too far different from the true vaue. If thisis not the case, and the
asymmetries are much larger than these lower limits, the true velocity 3; could be substantially larger
than the best fits of around 0.6. However, the sample used here is aso biased by the exclusion of the
objects with no detected straight jets. Since these objects are likely on the average to be less beamed
than those with detected jets, the true velocity might be substantially less than that fitted here.

6.9.2 Coreprominence

| next investigated the distribution of core prominences, in an attempt to constrain the possible angles
to the line of sight and the velocities in the nuclear regions. Without beaming, we would expect the
core flux to be proportiona to thetota flux, although the relationship should involve some scatter (see
section 6.2 above). Following Urry, Padovani and Stickel (1991) | therefore treated the prominence P;
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as the product of the intrinsic ratio between the core and unbeamed fluxes or powers, k, and the factor
due to relativistic beaming (equation 6.1):

Pe = K[ye(1 — BccosB)]~ (M)

withm= 2, ashefore, and o = 0to reflect the flat-spectrum nature of the cores. The parameterstovary
in this relationship are clearly B¢ and k. | made provision in the simulationsfor k to be drawn from a
range, to mimic the intrinsic scatter, so that the vaue for each simulated observation was given by

ki :[km'n---fkm'n]

where f wasaparameter of the simulation asawhole; however, theresults appeared to be unaffected by
changesin f for f < 5. Theresultsshownhave f = 1.1, i.e. very littlevariation inintrinsic prominence.
Thevariablesin the simulation were thus 3. and kyin. Asbefore, | generated several hundred simulated
datasets to compare with the real distribution, with the angle to the line of sight 6; for each simulated
object being drawn from the distribution of equation 6.3. | treated the upper limits on core prominences
as measurements; there were only two of these, so the results should not be affected significantly. The
results are summarized bel ow.

¢ BLRG and NLRG. For 6in = 0°, Bmax = 90° the core prominence distributionfor the 30 sources
with measured cores (figure 6.24) was only well fitted with relativistic velocities; thisis because
of thewide range of core prominencesin thesample. Figure 6.3 showsthat awide range of para-
metersisformally possible (the formal errors on best-fit quantities are therefore large). The best
fitswere around 3¢ = 0.985, kyin = 0.075 (probability p = 0.69), correspondingtoy. = 5.8. This
best fit is plotted with the data in figure 6.24. Regions of parameter space with similar, though
smaller, probabilitiesrange from 3. = 0.958, Kqin = 0.025 to B¢ = 0.996, kyin = 0.26. The only
constraintswe haveon y. for thissample arethosefrom VL Bl measurements of superluminal mo-
tionin the cores of thetwo BLRG 3C 111 (y, < 6.9, Preuss et al. 1990) and 3C 390.3 (Y. = 3.6,
Alef et al. 1996). The Lorentz factor derived from the best fits is therefore compatiblewith these
observations, athough since the speeds of VLBI components may not reflect the true bulk velo-
city in the core regions thisresult is not a strong one.

For Bpin = 45°, Bmax = 90° thereis no fit to the data with probability better than p = 0.26 (B =
0.988, kimin = 0.165). Byin = 0°, Bmax = 45° (the case in which all the objects are preferentially
oriented with respect to theline of sight) hasreasonably good (p ~ 0.6) fitsaround y. = 25, Knin =
0.1
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Figure 6.3: Probability contoursfor core prominence simulations: BLRG and NLRG with 6, = 0°,
Brmax = 90°. Contoursat p = 0.05,0.1,0.15...
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Figure 6.4: Probability contoursfor core prominence simulations: NLRG with O, = 45°, 8;max = 90°.
Contoursat p=0.05,0.1,0.15...
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e NLRG only. The 22 NLRG have moderately good fits (p = 0.44) with B = 45°, Brrax = 90°;
Bc = 0.992, kmin = 0.145 (figure 6.4), although the region of parameter space which was best for
the combined BLRG-NLRG sample is still comparatively high-probability. This different result
and poorer fit is presumably due to the pronounced overlap between the BLRG and NLRG core
prominences, and may be an indication that there are still some unidentified broad-line objects
in the NLRG sample or that the unification angle should be less than 45°. If 6, is decreased
slightly, the fits improve and the numbers converge on those obtained for the combined sample,
consistently with this (for 8., = 35°, the highest-probability region has p = 0.58, 3. = 0.988,
krnin = 0.085, though again there is a wide spread of regions with similar probability, including
solutionswith B¢ = 0.995, kyin &~ 0.2 and 3¢ = 0.98, kyin =~ 0.04). Too much should not be read
intothisdifference between the NLRG and thewhol e sampl e, which dependson afew datapoints;
alarger sampleisdesirable.

o Low-excitationobjects. These 12 abjectswere not well fitted by highly relativistic core vel ocities
— thebest fits (p = 0.8) occur around 3¢ = 0.65, kyjn = 0.02 for B,in = 0°, Bmax = 90°, the angle
range suggested by Laing et al. (1994). Thisisbecause of the small range of core prominencesin
thelow-excitation objectsin the sample. Even for B, = 45°, the best fitsoccur at 3¢ < 0.9. This
could conceivably be a genuine indication of lower velocitiesin the cores, but given the results
of Laing et al. (discussed in section 6.6) it may simply be coincidence.

Urry, Padovani and Stickel (1991) suggest that arange of core Lorentz factors (y.) ishecessary to model
theluminosity function of BL Lac objectsand FRIs, and Morganti et al. (1995) usethisapproachintheir
study of core prominencesin acomplete sampleof 2-Jy objects. To alow comparison of my simulations
with theirs| ran an aternative set of simulationsin which the variables were ki (as above) and e min;
the Lorentz factor for each simulated source was drawn from a power-law distribution (p(y)dy 0 y=)
so that

_ (741 7+~ (G+1)
Yei = {(Vc.,(ézl) _Vc.rggatl)) [0...1] ‘|'Vc.r(1$a-|>-<1)

| chose e max = 36 and { = 2 for comparison with Morganti et al. (1995). Theresultsfor the NLRG and
BLRG are shown in figure 6.5. It can be seen that the introduced scatter in y. simply smooths out the
probability distribution. The only conclusionthat can be drawn from thisplotisthat y; < 2 providesthe
best fitsto the data. A larger sample, perhaps with some better constraints from VLBI measurements,
is needed to constrain the beaming in the cores better. The conclusion that the distribution cannot be
reproduced without significantly relativistic core velocities and small angles to the line of sight is an
important one in view of the other results from modelling, however.
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Figure 6.5: Probability contours for core prominence simulationswith variable y;: BLRG and NLRG
With Bpmin = 0°, Bmax = 90°. The x-axis shows Y min. Contoursat p = 0.05,0.1,0.15...
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Figure 6.6: Probability contours for jet prominence ssimulations: BLRG and NLRG with 6, = 0°,
Bmax = 90°. Contoursat p=0.05,0.1,0.15. ..

6.9.3 Jet prominence

Theintrinsic flux of the straight jet should be proportional to the total unbeamed source flux, as above.
Scatter is introduced into this relationship by the variations in straight jet length and the fact that the
extended source flux is not simply determined by the beam power (see above, section 6.2, points 3 and
5) and also by any intrinsic scatter in the efficiency of the straight parts of beams. The simplest possible
approach isto treat the straight jet prominence P; identically to the core prominence, and find the values
of ‘intrinsicjet prominence’ k and relativistic velocity 3; that best fit the data, ignoring these sources of
scatter; in other words,

Py = Klyj(1—Bj cose)] =™+

withaj = 0.8. Thevaluesof k can again be chosen from atop-hat distributionwith ki = [Krin. . - fKmin].
When thisis donewith the BLRG and NLRG (see figure 6.25), treating the upper limitson jet promin-
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Figure 6.7: Probability contours for jet prominence simulations: BLRG and NLRG with 6, = 0°,
Bmax = 90° and f = 10. Contoursat p = 0.05,0.1,0.15...
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ence as measurements and setting Bin = 0°, Bmax = 90°, f = 1.1, the distribution of probability is as
showninfigure6.6. Again, awiderange of parametersisformally possible, but the probability distribu-
tion hasapeak at Bj ~ 0.62, kyin ~ 0.005 with p ~ 0.75. In this case increasing the allowed scatter by
introducing larger values of f — reflecting the differing efficiencies and lengths of jets— does margin-
aly improvethefit of the model to the data, at the cost of increasing the spread of the formally allowed
values of B; (since 3; ~ 0 isamore plausiblefit if the spread inintrinsic prominenceis larger). Larger
values of f also produce smaller best values of 3;. The probability distributionwith f = 10, whichis
about the largest f-valueto fit the data, is shownin figure 6.7; the best fit 3 is0.55 and p = 0.77, and
the mean k implied is again about 0.005.

Estimates of (3; would clearly be increased if the upper limits assigned substantially over-estimate the
true straight jet flux, but experimentswith lowering the values used for the limits suggest that the effect
would not be great (for example, if the objects with upper limits are treated as having straight jet flux
equal to five times less than the limit, the best fit 3; ~ 0.65). Thisis because of the high rate of jet
detection in the sample.

When the NLRG are considered alone, afit with 8, = 45°, B = 90°, f = 1.1 gives best-fit values
of Bj ~ 0.8, kmin ~ 0.011 (figure 6.8) with a reasonable probability for some higher values of 3;; the
parameters are clearly less well constrained, and the best-fit value is not consistent with that obtained
for the database as a whole. Modelling the NLRG with 8, = 30°, Byax = 90°, f = 1.1 gives a best
fit of B; ~ 0.7 which is more compatible with thefits for the combined BLRG and NLRG sample. The
resultswith f = 10 are similar. This effect appears to be due to the presence of afew very prominent
jets (e.g. 3C 285) and ‘ prominent’ upper limits (e.g. 3C 284) in the data, but it may suggest that smaller
unification angles are needed at thisluminosity or that some BLRG are still mis-identified as NLRG.

When this simulation was run on the 11 low-excitation objects with measured jets or upper limits, the
best fit values of B (Bmin = 0°, Bmax = 90°) were around 0.8, with considerable scatter but reasonable
fits(p ~ 0.7). Interpreting this at face value would imply more beaming in the low-excitation objects,
but it will be recalled that fits to the sidedness suggested a much lower value of 3;. For this reason this
interpretation is suspect.

An approach which reflects the expected contributionto the scatter in jet prominence from the variation
inlengthsof thejet shouldallow the scatter i n beam efficienciesto be constrained more directly, the other
factorsinducing scatter being the variation of total source flux with age, whichislikely to besmall even
at thisfrequency (Kaiser, private communication), any significant scatter in the beaming velocities, and
thefact that straight jetsdo not extend over thewhol elength of the source. However, thereisno obvious
analyticdl fit to the unprojected distribution of lengthsin the sample (figure 6.12 shows the projected
linear sizes). The best distribution function | obtained by trial and error was
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Figure 6.8: Probability contours for jet prominence simulations: NLRG with 8y = 45°, Byax = 90°
and f = 1.1. Contoursat p= 0.05,0.1,0.15...
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Figure 6.9: Probability contours for jet prominence simulations incorporating the variaions in jet
length: BLRG and NLRG with 8yjn = 0°, Byax = 90° and f = 1.1. The y-axis showsKk/;, x 1000 kpc.
Contoursat p=0.05,0.1,0.15...

NI=

li = lo {exp(—[0...1.75)%) }

with lg = 840 kpc; asimulated distribution of objectswith thisrange of lengthshasatypical probability
p ~ 0.7 (on aK-Stest) of being drawn from the same sampl e as the broad- and narrow-line objectswith
straight jet measurements when projected at angles 0° < 8 < 90° to theline of sight.

| then generated the sampl e to be compared with the observations by using the same distributions of 6;
and k; as before, generating a model jet prominence per unit length and multiplying by the randomly
assigned intrinsic length. The prominence of agiven simulated jet P;; isthus given by

Pj.i = Klily;(1— Bj cos6;)] (™)
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where ki now representstheintrinsicjet prominence per unit length. (Notethat thelengths|; being used
are the lengths of the whole source, while thefits are being made to one-sided jets. The ‘unit length’ in
thiscaseisunit length of thewhol e source, and the actual val ue of k should be doubled when considering
asinglejet.) In the model we have been discussing, this should represent the efficiency of the beam
only. Asbefore, k' can be drawn from atop-hat distributionto represent the scatter in efficiency, so that
K = [Kn- - - TKnl; fits with Bpin = 0°, Bax = 90° and f = 1.1 are shown in figure 6.9. The best fits
to the parameters are Bj ~ 0.6, k' ~ 1 x 107° kpc~1; thismodel is plotted with the datain figure 6.25.
Higher factors f again giverise to lower best fit 3; but identical mean k'.

To attempt to constrain the possible degree of scatter in the jet efficiency | next set up simulationsthat
had afixed mean k' (k' = 10~° kpc~1) but allowed therange f to vary; in this case

0= (12 )R (25)F]

| ran several thousand iterations of the simulation to ensure convergence. Figure 6.10 showstheresults.
It will be seen that the best fits are found with small valuesof f, but that large valuesare not ruled out by
thedata. Thebest interpretation of thisisthat the true scatter has adistributionwith atail of particularly
efficient and/or inefficient sources. The plot allows us to guess at arange for the scatter of an order of
magnitude or so, however. It must be borne in mind that the model is not a perfect fit to the data at
any point, which (if the model is correct as far as it goes) suggests the presence of additional sources of
scatter in the dataset. These may be at least partly due to the poor modelling of the length distribution
in the true dataset, but will also include the scatter in extended power introduced by environment and
source age and any variation in beaming velocities. When good theoretical models are availablefor the
evolution of source length and high-frequency flux these might provide a better fit to the data.

The best fits found here allow a rough estimate to be made of the typical beam efficiency €; = »;/Q
in this sample (where »; is the bolometric power radiated in the kiloparsec-scale jet per unit length).
Rawlings and Saunders (1991) suggest a jet power of between 103 and 103° W for the sourcesiin this
sample. If the 8-GHz extended flux of a ‘typical’ sourcein the sample, at z= 0.15,is 0.5 Jy, then its
intrinsicjet flux per unit length of thejet is 10~° Jy kpc~1; assuming a constant power-law for the spec-
trum of jets, with aj = 0.8, and integrating between 10 MHz and 100 GHz we find » j to be 6 x 1031 W
kpc~1; taking Q to be 103 W and dividing by two becausethere aretwo jets, €; ~ 10~ kpc=2 (towithin
an order of magnitude). Integrated over the lobe length of anormal source, thisimpliesthat a typica
beam loses considerably less than 1% of its energy in radiation on kiloparsec scales on its way to the
hot spotsin straight jets. Beams which are dissipative enough that a significant amount of the energy
islost (as suggested for some of the low-excitation sources, e.g. 3C438) must therefore be two orders
of magnitude (or more) less efficient than the norm. It will be noted (1) that the scatter in the efficiency
discussed above appliesto € and (2) that these typical efficiencies are an average over the length of the
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Figure 6.10: Probability contours for jet prominence simulations incorporating the variations in jet
length: BLRG and NLRG with 8 = 0°, 8ax = 90°, k' = 10~ and variable f. Contoursat p =
0.05,0.1,0.15...
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source.

6.9.4 Expected correlations

With the best-fit velocities found above, the expected forms of the relationship between straight jet
prominence and core prominence (section 6.6) can be calculated. Figure 6.26 shows a plot of thisre-
lationship for 250 simulated sources, with 3; = 0.6, B¢ = 0.99, Bpax = 90, Bpmin = 10, EJ = 0.005,
ke = 0.08, f; = 10, fc = 5 (the spreadsin theintrinsic prominences f;, f. being at the high end of those
suggested by modd fitting). It can be seen that the plot reproduces a number of the features of figure
6.19, including the overal distribution in the plane, the approximate cutoff point between BLRG and
NLRG at P, ~ 0.03, and thefact that the jetsin the brightest NLRGs are similar in prominence to those
in BLRG. Thejet-core prominence relationshipis present but relatively weak in this simul ated dataset,
and it isnot surprising that it was not detected in thereal data.

Given the relationship between straight jet power and beam power, we may see whether the lack of a
correlationin figure6.21 isconsistent with the standard model and theresultsof Rawlingsand Saunders.
Figure 6.27 showsthe expected form of the beam-jet power rel ationship for beam powers between 1037
and 10%° W. Inthiscase Bj = 0.6, €j = 107, fj = 10, Bmax = 90, Opmin = 10, and the effects of alength
distribution are included. The simulations reproduce the scatter and general parameter space distribu-
tion of figure 6.21 (bearing in mind the empirical result of Rawlings and Saundersthat [Ol11] power is
between 2 and 3 orders of magnitude less than the beam power). However, they predict a stronger cor-
relation than is observed, and suggest that the broad-line objects should be seen to have systematically
brighter jetsthan thenarrow-lineobjectsfor agiven[Oll1] power, whichisnot seeninfigure 6.21. Rawl-
ings and Saunders (1991) suggest that there isan order of magnitude scatter in the relationship between
narrow line power and beam power, but experiment shows that thisis not usualy enough to wash out
either the correlation or the expected tendency for broad-line objects to have brighter jets. Some form
of orientation-dependence of the [Ol11] linesis thus probably necessary, as suggested above.

6.10 Interpretation

6.10.1 Vedocitiesand unified schemes

The modelling work described above has shown that the distributionsof core and jet prominencesinthe
sample of BLRG and NLRG is consistent with the unified model, with velocitiesin the jets B ~ 0.5to
0.6 (found by two complementary methods) and vel ocitiesin thecores 3¢ < 0.9, and random distribution
of the angleto theline of sight. Modelsinvolving an intrinsic asymmetry as an explanation for jet one-
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sidednessdo not fit the dataas well. Inthisrespect my resultsare similar to those of B94, Hough (1994)
and Wardle and Aaron (1996) in a sample of quasars, and to earlier work (Owen and Puschell 1984,
Bridle and Perley 1984); but the analysis here has been carried out in a sample which should have few
sel ection effects affecting the orientation or other distributionsof the sources. Two puzzlesremain. One
isthefailure of the NLRG a oneto reproduce the vel ocitiesfound for the combined sample; as has been
suggested above, this may indicate that the unification angle of 45° isinappropriate in this sample, or
that afew BLRG are masquerading as NLRG with prominent jets. The other isthe difference between
the counterjet detection rates in the radio galaxies and quasars.

The interpretation of the best-fit vel ocities needs some care. As yet we are not sure what relationship
the emitting material haswith the beam as awhol e (for example, isthe emission from aboundary layer,
or isit fromthe entire beam?) soitisquitepossiblethat by ng vel ocitiesfrom the distributionsof
prominencesin thisway we are not saying agreat deal about the true bulk vel ocity of the beam. Indeed,
from one point of view, we might hopethat thisistrue, since, if the vel ocitiesdeduced apply to thewhole
beam, then, inverting the argument of Bicknell (1994), theinferred deceleration from the core to the jet
scal esin these objectswoul d suggest that the whol e beam was trans-sonic, an inference at oddswith the
appearances of jets and hot spots. Equally, as B94 have pointed out, it is highly probable that the beam
(and therefore, presumably, the emitting part of the beam, whatever that is) should have a distribution
of velocities. In this case the velocity measured is a weighted average over the emitting regions of the
beam. Theresults here are therefore not a conclusive proof of beam decel eration between the scales of
the cores and the jets, but they are certainly an indication that something is different in thetwo régimes.

It is quite possible that the jet velocity is a function of source luminosity, so that sources with higher
power will show more pronounced relativistic effects. Wardle and Aaron’s results for the jet velocit-
iesin the B94 quasar sample suggest marginally higher values of 3; in those objects. This might help
to explain the differencesin jet detection between the low- and high-redshift samples studied up until
now, as discussed in section 6.5. The present sampleistoo small to alow any search for arelationship
between best-fit velocities and luminosity.

6.10.2 Beam efficiency

The results discussed above have alowed me to constrain the beam efficiency, both in terms of the in-
trinsic jet prominence and (very roughly) as an estimate of the energy dissipated by the beam on its
way to the hot spots. The scatter in beam efficiency is approximately one order of magnitude in nor-
mal sources, but | have mentioned above (and will discuss further below) the suggestion that the low-
excitation objects with bright jets have particularly dissipative (inefficient) beams.

The question of what determines beam efficiency has been left unanswered. A theoretical approach is
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hampered by the fact that we do not know what part of the beam is responsible for the emission. Are
the emitting particles part of the beam, or are they simply advected and excited by it? What processis
responsible for the spectra of jets (and what are the spectra of jetsin FRIIS)? If, as seems likely both
from theory and from the highly efficient jetsfound here, the emission comesfrom aboundary layer, the
efficiency will certainly bestrongly influenced by thejet’slocal environment, butitishardto say inwhat
way. Sources such as 3C 171 and 3C 438 suggest that beam efficiency is lower when the beam is not
propagating through a cocoon (but compare the entire absence of ajet detectionin 3C 123). Numerica
simulation may be the way forward in this case.

Variation of beam efficiency with source luminosity remains apossibility. In the context of models for
the FRI-FRII divide, the beam efficiency clearly varies dramatically with beam power and more weakly
with environment, since the beams of FRIs are highly dissipative compared to those of FRIs. If higher-
power beams are more efficient, thismight again help to explain thelower detectionrate of jetsin high-
redshift galaxies; but, as discussed above, there seems to be little difference in jet detection rates or
prominences between the z < 0.15 and 0.15 < z < 0.3 sub-samples studied here.

6.10.3 Thelow-excitation objects

Thelow-excitation abjectsin the model s proposed by Laing et al. (1994) and others are simply objects
whose high-excitation lines are sufficiently weak that we would not expect to see broad lines even if
they were present. There isthusno a priori reason why they should be different from the narrow-line
and broad-line objectsin their radio properties.

However, as discussed above, the low-excitation objects are different from the rest of the samplein a
number of ways. 3C 15, 3C 401, 3C 424 and 3C 438, possibly with the addition of 3C 388, form agroup
of objects whose jets and straight jets are ‘too bright’ for their cores. The jets are more dominant even
than those of the quasars, which suggeststhat their dominance cannot easily be explained by relativistic
beaming (certainly not in the case of 3C 438, which istwo-sided). Fits of simple relativistic beaming
models to their jet and core prominences, described above, give confusing and contradictory results
(athough the sampleis small). The diffuse hot spotsin most of these objects are further evidence that
their beams are particularly dissipative. In addition, | noted above atendency for low-excitation objects
to be small (first discussed by Black 1992).

Two effects may be working in the same direction in this sample. In section 1.5.3 | noted that strong
emission lines were anticorrelated with cluster membership not merely in radio sources but in the el-
liptical population as awhole. From table 5.2 we can see that the environments of the low-excitation
objects are almost all classed as ‘cluster’ or ‘group’. If these objects preferentially lie in dense envir-
onments, then their small sizes and dissipative jets are easily explained; for a given beam power and
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source age, aradio source in a denser environment is expected to be shorter (by the usual ram-pressure
balance argument); the materia within thelobeswill be denser (by conservation of mass) and higher in
pressure (if thelobes arein pressure equilibrium with the post-shock material surroundingthem) and so
abeam propagating throughthelobeislikely to be more dissipativeand less efficient; it isnot necessary
for the beam to interact directly with the external medium, although | argued this above for 3C438. At
the sametime, as pointed out by Black (1992), objectslying in dense environments would be expected
to be brighter for a given beam power than similar sourcesin isolated galaxies, or, equivalently, to have
alower beam power for agiven total luminosity. If alower beam power implies alower emission-line
luminosity, as argued by Rawlings and Saunders (1991), then we would expect a class of bright small
objects with low emission-line power to exist. Thus the weak emission lines in these objects can be
explained without reference to the general tendency for al objectsin clustersto have weak lines.

The most general result of these arguments, whichever is correct, isthat low-excitation objects are se-
lected to liein dense environments, and so that the relationship between emission line classand sizeis
not surprising. The more specific result is that it is not surprising that the objects with apparently the
least efficient beams shouldliein thisclass. However, some of thelow-excitation objectsappear to have
beams of normal efficiency (4C 14.11 and 3C 173.1 are examples of low-excitation objects which are
perfectly normal in theradio). As noted above, |ow-excitation objects have no more detected jets than
the other classes; nor isthere generally any obviousrel ationship between environment and jet detection
or prominence. The simplest explanation for these facts, and for the problems in fitting models to the
low-excitation dataset, is that these objects are not a homogeneous population.



202

Power (W Hz™ " sr™ 1)

CHAPTER 6. DISCUSSION

1 029

1 025

100

Linear size (kpc)

L
1000

Figure 6.11: The power-linear size diagram for the sample of radio sources.
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Figure 6.12: Histogram of linear sizes of the sample of radio sources.
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Figure 6.13: Linear sizes of the hot spots of the objects with good measurements against largest linear
size.
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Figure6.15: (Brightest) jet prominence against total |ow-frequency luminosity. Upper limitsare marked
with arrows.
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Figure 6.16: (Brightest) jet prominence against linear size. Upper limits are marked with arrows.
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Figure 6.17: Core prominence as a function of luminosity. (a) Above, the radio galaxy sample. (b)
Below, the radio gal axies with the B94 quasars.



6.10. INTERPRETATION

209

Jet prominence
0.01 0.1
\

07"

0.01

Core prominence

0.1

10

Jet prominence
0.1

0.01
\

0.01

Core prominence

0.1
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arrows. (a) Above, theradio galaxy sample. (b) Below, the radio galaxies with the B94 quasars.
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Figure 6.19: (Brightest) straight jet prominence against core prominence. Upper limits are marked by
arrows. (a) Above, theradio galaxy sample. (b) Below, the radio galaxies with the B94 quasars.
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on both plots are represented by filled stars; objects appearing on one plot only are open.



212 CHAPTER 6. DISCUSSION

1 025

W024
T
|

Straight jet luminosity (W Hz ™' sr™ 1)
1023
\
*
.
!

1 022
T
|

=032 1033 103 10%° 1076 10%

[O] power (W)
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Radio galaxies with z < 0.3
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Figure 6.23: Jet sidedness of radio galaxies and quasars. Dashed shading indicates|lower limits.
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Figure 6.24: Core prominences of NLRG and BLRG. Dashed shading indicates upper limits. The solid
line shows the best-fit single-vel ocity model, with . = 0.985; the dark blue line represents NLRG, the
light blue BLRG, with the black showing the sum of the two. Sources treated as BLRG have simulated
angleto theline of sight less than 45°.
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Chapter 7

Conclusions

In this chapter | briefly review the main results of the thesis and discuss possibl e future work.

7.1 Retrospect

In chapter 2 | discussed the techniques necessary to make reliable maps from uv datasets containing
awide range of baselines, and the properties and problems of the different deconvolution techniques
available. Flexible self-calibration and imaging strategies are necessary in order to get the best from
this sort of database at al possibleresolutions.

In chapter 3 | presented images of three twin-jet objects and one WAT. The twin-jet objects al show
achange in magnetic field direction from alongitudinal to a transverse configuration at some distance
from the core; | compared the appearances of the jets in these abjects, and others in the literature, to
models for the change in field direction and showed that none of them explainsit completely. Two of
the objects show evidence for a sheath of longitudinal magnetic field surrounding the transverse field
at afew kpc from the core. | discussed this as evidence for a shear layer and deceleration in the jet.
3C 296 has ajet-counterjet ratio which isgreater in the centre of thejet than at itsedges, which supports
thismodel if there are relativistic velocitiesin the jets; | considered the relativistic beaming model for
3C 66B and 3C 296 and found that the observationswere consi stent with moderate rel ativistic vel ocities
and rapid deceleration of thejets. Inthecaseof 3C 66B, which hasan optical jet, | showed that theradio-
optical spectrum was constant and curved in the inner 5 kpc of the jet, and discussed the necessity for
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some particle accel eration mechanism in this region in addition to the standard turbul ent-entrainment
mechanism which is thought to occur on large scaes; athough the location of such a mechanism is
unclear, | suggested that it might be associated with the knotty structure of the 3C 66B jet.

My images of the WAT 3C 130 showed a compact, sub-kpc hot spot and two bright jets with marked
bends and longitudina magnetic field. | suggested that this supports modelsin which WATs are similar
to FRIIs.

In chapter 4 | presented images of 17 FRII radio galaxies, part of asample of 21 objectswith0.15< z<
0.3. Theseimages are in most cases the best so far of the objectsin question. | discussed the physics
of particular objectsin detail. Previously unknown jets were found in four objects; in totd, the fraction
of objectswith definite or possiblejet detectionsis 76%. Double and multiple hot spotswere common.
The magnetic field in the primary hot spot is generally transverse to the source axis. | suggested that
in anumber of cases this, together with other features of the sources, suggested that there was ongoing
collimated outflow from the primary hot spots feeding the secondaries, but concluded that there is no
single mechanism for producing all secondary hot spots.

In chapter 51 collated radio and other dataon a sample of 50 objectswith z < 0.3, combiningmy sample
of 21 with the 29 objects from B92. High-resolution images were available to me for atota of 43 of
the abjects, and where possible | measured the fluxes of jets, straight jets, hot spots, cores and lobes. In
chapter 6 | investigated the relationshipsof these quantitiesin some depth. Resultsinclude:

Thereis atendency for the low-excitation objects to be smaller than the high-excitation ones.

¢ Thereisacorrelation between the linear size of an object and the mean linear size of itshot spots.

e Thereisno strong relationship in this sample between the j et side and the brighter hot spot or the
brighter or longer lobe.

¢ Jet prominence and detectability is not a function of luminosity; the high jet detection ratein this
sample compared to that in previous work is a product of superior imaging techniques.

¢ Jet detectability isnot obviously related to source spectral type, but the most prominent jetsinthe
sampl e are those of |ow-excitation objects.

¢ Thereislittle evidence for a correlation between core and jet prominence, as suggested by B94
for a sample of quasars.

¢ Thereisno obvious relationship between the power of the [OlI1] line and the straight jet power.

e Theobjectsinthe present sample show less of atendency to be one-sided than the quasars of B94.
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I used Monte Carlo simulationto test thefit to this dataset of unified modelsinvolvingrelativistic beam-
ing in the cores and jets. | concluded that the sample was reasonably well fitted by such models, with
the velocitiesin the jetsin the range 0.5 — 0.6¢ and the vel ocitiesin the cores being greater than 0.9c¢.
| deduced an approximate value for the efficiency of a typical beam of 10-% kpc~1. | discussed the in-
terpretation of these results, and suggested that the anomal ous behaviour of the low-excitation objects
could be explained if they were preferentially in dense environments.

7.2 Lessonsand models

Theexternal observer, seeing the beautiful, complicated and disparate images of individual objectsnow
being produced (e.g. 3C405, see figure 1.1; 3C353, Swain et al. 1996), might wonder why we need
more high-resolution, high-sensitivity maps and suggest that the observations have moved far ahead of
our understanding of the physics. | hope that the present work has shown this reasoning to be wrong.
Excellent work can bedoneonindividual objects, butitisincreasingly clear that thereisno suchthing as
a‘typica’ radio source from which the physicsof al the others can beinduced. It isonly by observing
large samples that we can now expect to advance our understanding of the physics from radio work
aone.

My work has shown that moderately relativistic vel ocitiesin the beams of these objects are plausible on
the grounds of their single-frequency radio behaviour aone: the jet sidednesses and pol arization struc-
tures in the FRI abjects, and the distributions of sidednesses, jet prominences and core prominences
(supported by other observations) in the FRIIs. This complements work by others on different samples
based on modelling of the core or jet prominencesand of theluminosity functions, the Laing-Garrington
effect in both types of sources, the VLBI observations, and so on. Itisincreasingly obviousthat rel ativ-
isticbeaming isimportant at somelevel inal radio sources. Unified modelswhich rely on thisare safe;
the precise detail s of unification of broad- and narrow-line radio galaxies are less clear, however.

| have also emphasised the role of the efficiency of the beam as a parameter determining source struc-
ture. Thisquantity has been neglected in model sto date, partly becauseit is*hidden’ by beaming, partly
because — as now appears — itsvariation can be large even when the effects of beaming are removed.
Efficiency isclearly afunction of luminosity; atwin-jet FRI converts much of itsbeam power into radi-
ated jet power (thoughin the entrainment model sthe magjority of the power will end up askinetic energy
of the cold entrained material; Bicknell 1996) whereas an FRII of the type discussed in chapter 6 loses
asmall fraction of its power on the way to the hot spots. The basic physics of this dichotomy is well
understood; what remains to be made clear isthe process by which efficiency isdetermined in the more
powerful sources.
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7.3 Thefuture

The projects described here and in earlier work (B92, L96) have provided much observational inform-
ation on the jets and hot spotsin powerful radio sources and have (to some extent) made the physics of
these regions clearer. Further advances could now come on several fronts:

o Further observations. In most other scientific disciplinesfifty objects would not be considered a
large sample; the fact that the present sample can be described as such reflects the difficulty of
observing and imaging numbers of objectswith the resolution and sensitivity required. The next
stepfromtheproject of chapter 4 will be comparabl e observationsof ahigher-redshift sample; this
work isaready in progress. Similarly, the models discussed in chapter 3 need to be tested against
alarge and representative sample of well-imaged FRIs. At the sametime, VLBI observations of
both types of source are needed to constrain the parsec-scale velocities and jet sidedness; some
of thiswill be done, for FRIs, in the next few years.

¢ Better modelling. The models against which the observations were compared in chapter 6 were
simplistic at best. We are perhaps approaching the stage now where anaytical models are de-
tailed enough to be compared with more than just the lengths and powers of radio sources. Such
acomparison could take proper account of sel ection effects, and would allow many more physical
guantitiesto be constrained and related.

¢ Numerical simulation. The capabilitiesof simulationareimproving rapidly, and simulationshave
been successful in reproducing much of the physics inferred from the images of hot spots. A
coupleof particular pointswhere we might hope for an advance deserve mention. First isthe per-
ennial problem of visualisation — how to translate the results of a simulation into images com-
parable with what we observe. We still lack an understanding of where the synchrotron emission
comesfrom. Second, and related, isthenecessity (discussed above) for an understanding of where
the emission comes from in the jets, and what determines their efficiency. Detailed simulations
of the behaviour of jets of different power as they propagate through a realistic medium are ne-
cessary.

o Other wavebands. Itisremarkablethat after aquarter of acentury thereisstill no consensusonthe
environment of particular sources. Information of thiskindisvital if modelsare ever to beableto
reproduce the data, since we know that the environment can affect the behaviour of radio sources
on al scales. We are now starting to learn something about the nuclei of 3CR host galaxies from
HST observations; also necessary are reliable clustering analyses and X-ray observation. These
may start to become availablein the next few years.
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