
STELLINGEN

behorende bij het proefschrift

THE POLARIZATION OF RADIO GALAXIES

-its structure at low frequencies-

1. De structuur van de polarisatieverdelingen in uitgebreide extragalactische radiobronnen
toont aan dat de veelgemaakte aanname van cilinder symmetrie voor de radiocomponenten
onvolledig is (dit proefschrift).

2. Voor multispectrale vergelijkingen van radiokaarten van uitgebreide extragalactische stelsels
ware het gewenst dat de Westerbork Synthese Radio Telescoop wordt uitgebreid met
ontvangers bij een frequentie ergens tussen 610 MHz en 1400 MHz.

3. Het verloop van de spectrale index in zogenaamde edge-brightened double radio sources is
slechts afhankelijk van de spectrale indices van de hot spots (dit proefschrift).

4. In de radiosterrenkunde blijft de theorie te ver achter bij de vele goede waarnemingen.

5. Om een goede astronoom te zijn moet men geloven dat het te bestuderen object de sleutel
tot het heelal levert.

6. Bemande ruimtevaart moet waar mogelijk vermeden worden.

7. Sporters moeten zelf kunnen beslissen of zij een politiek omstreden evenement boycotten of
niet.

8. Gelijktijdige pauze op alle Nederlandse astronomische instituten verhoogt de doelmatigheid.

9. De verwijzing private communication in wetenschappelijke literatuur is onacceptabel.

10. Het niet respecteren van Oost-Europese sportprestaties miskent het fenomeen topsport.

11. De huidige opzet van de dames tafeltennis competitie is nadelig voor het algehele dames
spelniveau.

W.J. Jagers Leiden, 2 december 1986
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CHAPTER I

1. Introduction and Summary

Observing extended extragalaotic radio sources can be compared to

unveiling the world's most exquisite paintings. These radio sources which are

associated with galaxies and quasars are the largest and most beautiful

astronomical objects in the universe.

Much of our knovaedge about the physics of radio sources has been derived

from morphological studies. During the past two decades there have been giant

strides forward in these studies, mainly because of the improvements in the

resolution, sensitivity and dynamic range of interferometric arrays. Through

instruments such as the Westerbork SRT, the VLA, MERLIN and the Cambridge 5 km

array as well as througt» very long baseline interferometry (VLBI) a huge body

of data has been assembled. On the one hand using VLBI, resolutions of smaller

than a milliarcsec have been attained (e.g. Preuss 1983. Barthel 1984),

enabling investigation of the physical conditions in the nuclei of active

galactic centres where radio sources are formed (Linfield 1982, Eilek 1982).

On the other hand, lower resolution instruments (WSRT, Cambridge, VLA, MERLIN)

have been used to study the properties of the large scale structures (e.g. Van

Breugel 1980-b, Leahy 1984). Together they can give insight in the physical

processes going on in the giant objects (e.g. Barthel et al. 1985, Leahv et

al. 1986).

During the last two decades a picture has emerged of extended radio

sources as a manifestation of activity within the nuclei of their parent

galaxies (e.g. Begelman et al. 1984). A rotating massive object, probably a

black hole of mass -10 -10l0Mg in the nucleus, continuously accretes matter.

It ejects a collimated flux of energy in two opposite directions along its

angular momentum axis in a form of a recurrent spluttering of plasmons or a

quasi-continuous beam of relativistic particles. Provided the nuclear activity

is strong enough, prolonged enough, and/or stable enough in direction, an

extended radio source is built up. The overall morphology of the extended

lobes is determined by the degree of activity, as well as the amount of

translational and/or rotational motion of the nuclear machine and the

surrounding medium.

There are several aspects of radio sources that are not yet understood.



Here we shall refrain from comments on such basic questions as how the

collimated beam is produced or as to the nature of the energy carrying fluid.

This thesis will deal with observational data relevant to the nature and

evolution of large scale radio emission and the medium where it is produced.

Among radio sources a multiplicity of morphologies is visible. Miley

(1980) categorized several classes of radio structure that are commonly seen,

narrow edge-brightened double sources (Van Breugel and Jagers 1982), narrow

edge-darkened double sources (Strom et al. 1983), wide double sources (Van

Breugel 1980-a), narrow tailed sources (Rudnick and Burns 1981), wide tailed

sources (Van Breugel 1980-c). These various morphologies can be understood as

differentiated mainly due to interaction of radio sources with the media in

which they are is situated and the kinetic energy in the beam (Miley 1980).

The observed properties of the radiation from radio sources indicate it

to be synchrotron radiation generated by relativistic electrons in a magnetic

field (Ginzburg 1951, Shklovskii 1952, 1953). One of the important properties

of the radiation is that it is linearly polarized. Observations of the

polarization structure provide a unique diagnostic for studying the physical

properties of a source (and its environment). The presence of a magnetolonic

medium within the source can depolarize the observed radiation via

differential Faraday rotation. Since this depolarization is wavelength

dependent, observations of polarization as a function of wavelength can yield

vital information about such parameters as magnetic field strength and

direction and the electron density along the line of sight. The use of

polarization distributions at several wavelengths therefore in principle

allows us to study radio sources in three dimensions. However, the number of

available observing wavelengths is a severe practical limitation. To date one

of the most important studies in this field has been the work of van Breugel

(1980-d) using measurements with the Westerbork telescope at 1.1 and 5 GHz.

There have been few measurements of polarization distribution within

radio sources at low frequencies (S 1GHz). Because Faraday rotation is

proportional to the square of the observed wavelength, low frequency

polarization measurements provide an extremely sensitive method for detection

of thermal gas within radio sources. Until now there have been no instruments

available which had the necessary combined resolution and sensitivity at low

frequencies capable of mapping the polarization of a significant number of

extragalactic radio sources.

In the last decade two important improvements, appropriate to the problem



of polarization measurements at long wavelengths, nave been made to the

Westerbork Telescope. First the extension of the maximum baseline from 1.5 km

to 3 km and second the reduction of the system noise temperature at 49 cm from

380 K to 100 K. These two improvements made the Westerbork Telescope a unique

instrument for carrying out polarization measurements at long wavelengths and

motivated the project described here.

A sample of extragalactic radio sources for low frequency polarization

mapping was selected in 1980 on the basis of two criteria. First the sources

should be larger than 200 arcsec and second, their declinations should be

greater than +25°. These criteria ensure that there were at least 9

beams/source on each object, giving reasonable resolution in right ascension

as well as in declination. The resulting sample comprised 30 bright radio

sources, 16 3C-sources and 14 non 3C-sources and was representative of all the

previously mentioned morphological types. Figure 1 shows the optical regions

surrounding the parent galaxies of the 30 sources from the red Palomar Sky

Survey plates. Table 1 summarizes the optical data of the galaxies identified

with the radio sources. Figures 2 and 3 show the distributions of the radio

sources in the sky in equatorial and galactic coordinates respectively. The

dashed lines indicate our declination acceptance criterion & = 25°.

Figure 2. The distribution in the sky of the 30 radio sources listed in
Table I in equatorial coordinates. The dashed line indicates
6 = 25°.
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Figure 3. The distribution in the sky of the 30 radio sources listed in
Table 1 in galactic coordinates. The dashed line indicates 6 = 25°.

In this thesis the observations of the 30 radio sources will be described

and interpreted. Chapters II, III and IV present the radio observations at 0.6

GHz, together with matched (convolved) observations at 1.1 GHz, of twenty nine

of the thirty sources. The remaining radio source 4C73.08 will be described in

Chapter VI. Chapter II deals with the edge-brightened double sources, Chapter

III with the edge-darkened doubles and Chapter IV with radio sources with

other morphologies.

Next, several sources of great interest are individually discussed. A

multifrequency comparison of the radio observations of the complex nearby

source 3C66B is described in Chapter V. This was made at five frequencies,

with the 5 km at Cambridge and the VLA as well as the Westerbork telescope. A

correlation between depolarization and rotation measure was detected, implying

that some of the rotation must be occurring within the radio-emitting

components. There is also good evidence for rotation in a foreground screen

localized near the centre of the host galaxy. It has been suggested that

matter enters the radio lobes via entrainment from the confining medium.

In case of the giant source 1C73.08 (Chapter VI), data at three

frequencies, 1.1 GHz, 0.6 GHz and the very low frequency of 0.3 GHz are used.

The peculiar morphology of this radio source is intermediate between the two

classes as defined by Fanaroff and Riley (1971), Significant polarization is

visible in the radio maps at all three frequencies. Despite its somewhat

peculiar morphology the physical quantities determined are in good agreement

with those in other giait sources.

An unexpected discovery was made from the analysis of radio observations



of the narrow edge-darkened double source 3C13O (Chapter VIII). Besides 3C13O

two additional narrow edge-darkened doubles were found in the field and the

orientations of the three radio sources were remarkably parallel. It was

suggested that the sources are members of the same cluster and that the major

axes of elliptical galaxies, may be aligned preferentially with the axis of

the cluster.

In Chapter X the radio structure 3C13O is interpreted in terms of the

dynamical model of Blandford and Icke (1978). The observed Westerbork map and

the additional high resolution VLA maps of 3C13O were well reproduced assuming

an orbital interaction between the parent galaxy and a nearby companion,

including the effects of buoyancy.

3C129 the prototype head-tail galaxy is another individually interesting

source (Chapter X). The 0.6 GHz map showed a previously unknown feature of the

head. This is taken as further evidence for the occurrence of periods of "one-

sided" ejection in radio galaxies.

Besides the thirty radio galaxies one quasar was observed, the largest

known (Chapter VII). This giant quasar HC31.t7 has an edge-brightened double

morphology and is very similar to that of the radio galaxy 3C39O.3 (Chapter

X). The morphological resemblance between both radio sources is consistent

with the picture that quasars with extended radio structure are active phases

of high luminosity radio galaxies.

From the observations shown in Chapters II, III and IV it is clear that

the spectral index distributions of high-luminosity radio sources is different

from that of the low-luminosity sources (Chapter XII). In high-luminosity

sources the spectrum steepens from the hot spots inwards, in low-luminosity

sources from the nucleus outwards. This is consistent with the idea that

particle acceleration in radio sources takes place both in the nuclei and in

shocks associated with hot spots at the edges of the most luminous radio

sources and that in hot spots a considerable portion of the observed radiation

is produced by electrons flowing backwards towards the nuclei.

The final Chapter of the thesis (Chapter XIII) deals with the nature of

the depolarizing medium. Evidence is presented that the lack of polarization

at long wavelengths is the resuls of differential Faraday rotation in a large

scale halo associated with the central elliptical galaxy. Combining radio and

X-ray density estimates, we find that the behaviour is consistent with gas in

hydrostatic equilibrium trapped in the gravitational potential well of the

central galaxy.
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2. Interpretation of polarization

Since polarization is a major subject of this thesis it is useful to

discuss initially what information can be derived from its study.

The complex linear polarization is defined as P=pe " where p and x are

the degree and angle of polarization (Burn 1966, Laing 1984).

P=pe2iX = (Q+iU)/I (1)

where I, Q, U and V are the Stokes parameters. I measures the totcl intensity,

Q and U measure the linearly polarized intensity and V the circularly

polarized intensity (negligible in extragalactic extended radio galaxies). The

observations yield radio maps of I, Q, U and V at a given wavelength A.

For radiation from a point r in the source

X(r) = 6(r) + 4>(r)-A2 (2)

where 6(r) is the intrinsic angle of polarization, and $(r) the Faraday depth

of the point r with respect to the observer

r

<f>(r) = K ƒ nB.dl (3)
o

n is the,thermal electron number density, B is the magnetic field strength,

dl is the length along the line of sight, and K is a constant (8.1.10^ when

$ in radians, n in m~^, B in gauss and dl in parsec). In the absence of a

thermal medium, synchroton radiation is polarized orthogonally to the

intrinsic projected magnetic field direction by a degree p,= l*j° . — § ^ — 5

where a is the spectral index (SaA ) and Bu and Br are the respective field

strengths due to the uniform and random components of the magnetic field (e.g.

Miley 1980). The Faraday dispesrion function F($) measures the polarized flux

coming from a Faraday depth <j>. Then

P(A2) = J F(*).e2i*xd4>
— CO

However to evaluate

I !



FC*) = TT"1 J PU 2) e"2i*A2dX2 (5)
— 00

2 2
we must know P U ) for X <0 and this is not an observable quantity. In general

we have only sampled P for a few discrete A. Hence some assumptions must be

made, about the geometry of the depolarizing medium.

We consider two (non exclusive) possibilities:

- External Faraday dispersion (depolarization occurs in a foreground screen).

- Internal Faraday dispersion (a depolarizing thermal medium is mixed with the

emitting plasma).

External Faraday dispersion

A uniform foreground screen merely results in a rotation of the apparent

polarization position angle following (2). However, the situation changes

drastically if there are fluctuations in the foreground screen within the

observing beam. Then various elements within the beam have different

rotations and therefore different "apparent" polarization position angles.

The observing beam vectorially adds the various parts which results in a

depolarization (decrease of the degree of polarization) of the observed

radiation.

Internal Faraday dispersion

In this oase the source is assumed to contain mixed thermal and relativistic

(i.e. synchrotron radiation emitting) electrons and a magnetic field with

uniform and random components. For every point r along the line of sight

through the source, the Faraday depth $(r) is different (follow from (3)).

Thus even if the intrinsic angle of rotation 6(r) is the same throughout the

source, the resulting polarization position angle x (r) is different for

each point. Vectorially adding the resulting polarization for all points

along a given line of sight gives the depolarization. In the absence of

external Faraday dispersion

P(A2) = Pi I J f ^ ? — exp 1- U-mx) + 2i<fv.
2]-i<|>dx with f(x)dx the fraction

1 0 -*> /(STIV^X) 2V^X

of the source's radiation which traverses a path length between x and x+dx

12



within the source. The distribution of Faraday depths of this fraction may

be represented by a Gaussian function with mean KnBuxx and variance

(KnBrd)
2x/2d. d is the scale of the fluctuations of the magnetic field

m=KnBux and v
2=(KnBp)

2d/2.
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CHAPTER II

0.6 GHz Happing of extended radio galaxies I: Edge-brightened double sources.

Summary:

Radio observations made with the Westerbork Telescope at 0.6 GHz are

presented for 9 edge-brightened double sources: 3C33-1» 3C35, 3C111,

BO844+316, 3C223, 4C26.35A, 4C74.17.1, 3C390.3 and 3C452. Previously observed

Westerbork data at 1.4 GHz are convolved for comparison with the 0.6 GHz

observational data. Besides maps of the total intensity and linear

polarization structure, the distributions of the spectral index, the

depolarization and the rotation of the poalarization position angle between

0.6 GHz and 1.4 GHz have been derived. Integrated values for the total

intensity and the polarization are also given.

Introduction

Measurements of the radio structure have contributed considerably to the

knowledge of the production and evolution of extragalactic radio sources. In

particular, multifrequency measurements of intensity and polarization

distributions allow useful constraints to be placed on thermal plasma and

magnetic field configurations within the sources and give meaningful

information about the energy loss processes (e.g. Van Breugel 1980, Willis et

al. 1981).

In recent years, the emphasis of such studies has been more and more on

exploring the small scale structures such as jets, cores, and hot spots, with

high resolution techniques at frequencies of 1.4 GHz and above. In

multifrequency comparisons it is clearly important to extend the wavelength

coverage over as wide a wavelength range as possible. However, in most cases

the lower frequency observations carried out until now provided only a few

pixels over a typical radio source. This lack of detail at low frequencies was

one of the limitations affecting the multifrequency comparison. The fourfold

increase in pixel density provided by the "new" 3 km Westerbork Synthesis

15



Radio Telescope (WSRT) and the improved properties of the system (the system

noise temperature is now about 100 K at 0.6 GHz instead of 350 K in the oin

system) at frequencies below 1.1 GHz have prompted the initiation of a program

to systematically map strong extended radio sources with the WSRT at 0.6 GHz.

The main purpose of this program is to make comparisons between 0.6 GHz (3 km)

and 1.1 GHz (1.5 km) WSR'f data and to interpret the resultant information on

magnetic fields, thermal plasma distributions and energy loss machanisms

within the context of current models of radio sources.

Our sample is limited to radio sources larger than 200 arcsec and those

with declinations above 25°. This gives at least 9 pixels across a source at

0.6 GHz and a synthesized beam whose ellipticity does not exceed 2.5. He

attempted to include all sources known to satisfy these conditions in 1980

when the project began. The resulting sample comprises 30 radio sources, 16 of

which are 3C-sourees. Together the sample is representative of the various

morphological types found among radio galaxies (e.g. Miley 1980).

This paper is the first of a series describing the 0.6 GHz observations

of the sample, and a comparison with observations made at 1.4 GHz. This paper

deals with 9 sources which (adopting the classification scheme of Miley

(1980)) have narrow edge-brightened double uorphologies. These Cygnus A-type

sources are 0104+321(3C33.1), 0106+492 (3C35), 0415+379 (3C111), O844+316(B2),

0936+361 (3C223), 1155+266 (4C26.35A), 1209+745(4C74.17.1), 1845+797 (3C39O.3)

and 2243+394 (3C452). Presentation of the results for the spatial

distributions of several quantities inevitably requires considerable space. We

therefore present these results here. A general discussion of the results and

their interpretation will be given in a subsequent paper.

Observations and Data reduction

The 0.6 GHz observations

Each of the 9 radio sources was observed for 12 hours with the Z km WSRT

at a frequency of 608.5 MHz and a bandwidth of 2.5 MHz. The WSRT and its data

reduction system have been described in detail by Baars and Hooghoudt (1974),

HOgbom and Brouw (1974) and Van Someren Gréve (1974). The parameters of these

0.6 GHz observations are listed in Table 1.
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Column 1 : the source name.

Column 2 : an alternative source name.

Column 3,1 : the centre of the observed field in equatorial coordinates

(1950.0).

The diameter of the primary beam (FWHM) at 0.6 GHz is 1.1

degrees.

Column 5,6 : the centre of the observed field in galactic coordinates.

Column 7 : the date of observation. Each source was observed for 12 hours.

Column 8 : the receivers used. The sensitivity of the receivers was

improved at the end of 1981.

The "old" receivers had a system noise temperature of ahout 350

K compared with a system noise temperature of about 100 K for

the "new" receivers.

Column 9 : the half power width of the synthesized beam. The observations

have been done with 40 interferometers having baselines ranging

from 72 m to 2736 m in increments of 72 m. A Gaussian taper was

applied to the visibility data reaching 25? at 2736 m.

Column 10,11: the RMS noise and the confusion level in the total intensity map

(to be discussed below).

• • • • • • ' .

Using standard calibrators (Table 2) the usual corrections to the

amplitudes and phases of the visibilities were applied to compensate for

drifts in the gain and phase stability of the receivers (WSRT Users Manual

1980). The uncertainties in the phases due to incorrect baseline determination

is negligible at this low frequency as is the effect of atmospheric

disturbances. However, the ionosphere is a potent source of disturbances

(Spoelstra 1983). Spoelstra showed that the correction for a combination of
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both horizontal and vertical gradients in the electron density distribution in

the ionosphere can improve the observations considerably, especially at 0.6

GHz. Variations of ionospheric refraction on small time scales (<few hours)

are still present in the data due to a insufficient number of measurements in

the ionosphere. In particular, it is not possible to derive reliable

corrections around sunrise, when rapid changes in the vertical electron

density occur. These insufficient corrections show up in the maps in the form

of "spikes" around point components. This can clearly be seen in the total

intensity maps of the radio sources 3C111 and 3C452.

The corrected observations were than Fourier transformed to obtain maps

at the four Stokes parameters I,Q,U and V. I is the total intensity of the

radio emission, Q and U determine the linear polarization and V the circular

polarization. The (dirty) I,Q and U maps were cleaned using the "clean"

technique developed by Högbom (1974) to remove the effects of grating rings

and near-in side lobes and to correct for the distortions introduced by

missing short spacings. After restoration, the cleaned maps were corrected for

primary beam attenuation.

The 1.4 GHz observations

One of the aims of observing the radio sources at 0.6 GHz was to compare

the observations with existing 1.4 GHz data. For 8 of the 9 sources 1.4 GHz

observations made with the 1.5 km WSRT were available but there are none for

the source 1155+266 (4C26.35A). The 1.4 GHz observations were re-reduced using

as similar as possible procedures as for the 0.6 GHz observations. To obtain a

satisfactory comparison between maps at two different frequencies, similar

resolution must be produced. To achieve this, the visibility data must be used

from baselines as closely as possible the same length in units of

wavelengths U ) . The data at 0.6 GHz was tapered with a gaussian which falls

to 0.25 at the longest baseline (2736 m » 5553 A). At 1.4 GHz the same taper

was used with the weight of 0.25 being applied to the baseline 2736 x

608.5/v m, with v is the exact frequency of the observation in MHz. Where

certain baselines were missing, the corresponding ones at the other frequency

were also omitted, especially where the shortest baselines were involved. The

shortest baseline at 0.6 GHz (72 m) corresponds to 31 m at 1.4 GHz. All the

1.4 GHz observations were made with a shortest spacing of either 36 m or 54 m

except for B0844 + 316 where it was 72 m. For the comparison the 0.6 GHz
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observations of 80811+316 were reduced again excluding the 72 m spacing.

Relevant parameters of the 1.1| GHz observations are listed in Table 3.

Column 1

Column 2

Column 3,4

Column 5

Column 6,7

Column 8

the source name.

an alternative source name.

the exact frequency and bandwidth of the 1.4 GHz observation.

the date of observation.

the RMS noise and confusion level in the total intensity maps,

determined from the convolved maps.

notes on the references corresponding to the 1.4 GHz full

resolution maps. See the notes to Table 3.

3C111 was reobserved in 1977. Older observations were published

by Högbom and Carlsson in 1974.

From the UV plane the Fourier transform was made to obtain the I,Q,U and

V-maps. The 1.4 GHz dirty maps were then further reduced as the 0.6 GHz maps

had been. The maps were restored, after cleaning, with a similar Gaussian

beam. As the observing centres of the maps at the two frequencies were usually

different, the 1.4 GHz maps were shifted and regridded to the maps at 0.6 GHz.

The intensity of the linear polarization P is defined as (Q2 + U 2)^, and the

position angle of the electric vector <j> is \ arctan U/Q. The percentage of

polarization, %P, is the fraction of the total intensity that is linearly
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polarized. From the various maps at the two frequencies the distributions of

the spectral index a (the flux F a v a), the depolarization

DP (= %Pg g GHz/'''p1 H GHz' a n d t f l e r o t a t ion of the electric vector

A<j, (= 4>0 g G H z - ^1 2| G H z , measured from the North to the East) were

determined.

The rms noise level was measured from the V-map. Assuming the intrinsic

circular polarization to be negligible, the V-map is a measure of the combined

effects of receiver noise, part of the instrumental polarization and

interference. The 1 - o noise level in the appropriate part (that is where the

radio source is) of the V-map determines the rms noise level and has been

taken as the uncertainty in the Q and U maps. But for Q and U there are

additonal instrumental terms.

In most cases the effective noise level in the I-map is dominated by

dynamic range limitations due to differences between the real and predicted

synthesized antenna pattern mainly caused by ionospheric and atmospheric

disturbances, and incomplete removal of background sources within and outside

of the synthesized field. The latter is relatively severe at 0.6 GHz because

of the large field of view of the primary beam and the high density of the

background sources. In the contour representations of each I-map the f irs t

contour level was chosen at the lowest reliable intensity in the map. This

level was determined taken into account the lowest negative map intensities.

Both the rms noise and confusion levels in the I-map are given in the

Tables 1 and 3.

The lowest contour levels in the maps of the total intensity and

polarization were taken as cut-off levels for the calculation of percentage

polarization, spectral index, etc. In general values below these levels were

ignored, except to show regions of the source whose polarization was below a

specified upper limit.
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Results

Figures 1 to 9 show the results.

In each case panel "a" shows a contour plot of the total intensity

distribution of the radio source at 0.6 GHz. The dashed contours represent

"negative" brightnesses. Superimposed on each map are the position angles of

the electric vectors of the lineary polarized intensity with arbitrary

lengths. An ellipse represents the half power intensity of the synthesized

beam, and a cross marks the position of the optical galaxy identified with the

radio source. Panel "b" shows a contour plot of the linearly polarized

intensity distribution at 0.6 GHz superimposed on a two-level gray scale plot

of the total intensity distribution. Panel "c" shows a gray scale plot of the

distribution of the percentage polarization at 0.6 GHz superimposed on a two-

contour plot of the total intensity distribution. Note that for the percentage

polarization the first gray values represent upper limits i.e. they indicate

regions where the percentage polarization is smaller than the indicated value.

Higher levels represent absolute values.

Panels "d", "e" and "f" show the same quantities as "a", "b" and "c" but

at 1.4 GHz, that is the distributions of total intensity, the intensity of the

linear polarization and the percentage polarization.

Panels "g", "h" and "i" show the distributions of spectral index,

depolarization and the rotation of the electric vector superimposed on two-

level plots of the total intensity distribution at 0.6 GHz.

Panel " j " shows the spectral index variation along each radio source. The

lower panel shows the integrated (parallel to the minor axis) total intensity

along the major axis of the radio source at 0.6 GHz (thick line) and 1.4 GHz

(thin line). The two lines have been normalized to the maximum of the 0.6 GHz

curve. The upper panel is the spectral index variation. Values with

uncertainties larger than 1.0 have been omitted. 0 marks the position of the

optical galaxy. The points in the curves are not independant as they reflect

values with a separation of one grid-point. In general each independant beam

comprises 2.8 points in both dimensions.

Table H lists the integrated values of total intensity, percentage linear

polarization and position angle of the electrie vector at 0.6 GHz and 1.4 GHz

for each source. The integrated values have been determined by summing the

pixel intensities in the appropriate part of the maps and then normalizing for

the synthesized beam. This was done for the I,Q and U-maps. The values for the
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integrated percentage polarization and the polarization position angles have

been calculated using the integrated I,Q and U values.
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The uncertainties in the various quantities have been determined using

the RMS noise levels and the confusion levels as given in Tables 1 and 3. As

mentioned above the integrated percentage polarization can be small although

there is locally significant polarization. The uncertainty can therefore be

larger than the value itself. In these cases an upper limit is given which is

the sum of the value and its uncertainty. The corresponding position angle is

then in brackets.

The integrated values derived here at 0.6 GHz and \.A GHz agree well with

those interpolated from integrated values measured at other frequencies with

various instruments including single dish telescopes. This is an indication

that the flux density scales are correct and that any departures from zero in

the mean level of the cleaned and restored I-maps are negligible.

Notes on individual sources

The 5 GHz total intensity map of 3C33.1 by Van Breugel and JSgers (1982)

shows two unresolved hot spots in extended emission regions and a narrow

elongated bridge located half ay between the core and the southern hot spot.

The magnetic field is generally parallel to the jet direction.

The total intensity map at 0.6 GHz shows three peaks at the positions of

the two hot spots and the bridge. There is a large difference in spectral

index distribution between the northeast and the southwest components. In the

southwest component it remains roughly constant to the outer edge. There is
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also a difference in polarization structure between the northeast and the

southwest components of the radio source. Although the integrated polarization

intensities of the two components differ by not more than a factor of 2 at 1.1

GHz, at 0.6 GHz it is a factor of - 10. The rotation of the polarization

position angles is approximately the same in both components. The maxima in

the polarization distribution are at the edges of the peaks in the total

intensity. Moreover, the fractional polarization increases towards te edge of

the radio aource. This is a "common" property of radio sources (Van Breugel

and JSgers 1982).

3C35

Van Breugel and JSgers (1982) presented a 5 GHz total intensity map of

3C35 showing two completely resolved.lobes. The "hot spot" in the southern

lobe appeared to be double. In the northern hot spot the magnetic field is

parallel to the northeastern boundary, in the southern it is parallel to the

brightest rim of the banana-shaped hot spot (Van Breugel 1980).

The 0.6 GHz total intensity map shows a symmetrical structure including a

central radio component. Except for a few points at the southern edge, the

spectral index increases continuously towards the centre, where a dip appears

at the central component. The polarization distribution shows small scale

structure, at 0.6 GHz there are two separate peaks in the northern component,

in the southern one there is a large low intensity region. As in 3C33.1 there

is a large difference in the (integrated) depolarization between the two

components. The integrated fractional polarization of the northern component

at 0.6 GHz is about twice as large as at 1.-M GHz.

The distribution of depolarization and the rotation of the polarization

position angles are clumpy. Note that the plotted vectors are independent.

3C111

Högbom (1979) showed that the radio source 3C111 has a triple structure

at 5 GHz with an unresolved central radio component. The projected magnetic

field in the northeast lobe, in contrast to that in the associated tail of

emission, is directed nearly at right angles to the main axis of the source.

The field in the southwest lobe appears to follow the western edge of the low

level extension towards the north.
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At 0.6 GHz there is a central radio component visible at the position of

the galaxy and a large region of low brightness emission to the northwest. The

course of the spectral index is different from that in 3C33.1 and 3C35. In the

West the spectral index increases towards the outer edge. To the East it first

increases and then decreases again. The central component is distinguisted by

a relatively small spectral index.

The polarization structure has two peaks just at the edges of the outer

peaks in the total intensity. The low brightness region appears to be not

significantly polarized. The (integrated) fractional polarization of the

eastern hot spot at 0.6 GHz is about 1 times that at 1 .1 GHz, while that of

the western hot spot remains about constant. The distribution in the rotation

of the polarization angle can be divided into two regions with more or less

uniform rotation angles.

60811+316

Radio maps at 5 GHz of BO811 + 316 by Van Breugel and Miley (1977) show

that a jet is visible in the northern lobe going from the unresolved core to

the hot spot. No jet is visible in the southern part of the radio source. It

has been suggested that the magnetic field directions are roughly

circumferential in both the northern and southern lobes.

The 0.6 GHz and 1.1 GHz radio maps show a double source with low

intensity regions along its eastern side. In both components the spectral

index seems to increase towards the north. At the position of the known flat-

spectrum nucleus again a small dip appears.

The polarization is very asymmetric, in structure as well as in

integrated fractional polarization. The difference in the latter is more than

a factor of 30. The depolarization distribution in the southern lobe is

remarkable: there are two regions with DP > 1 , seperated by a region with

DP < 1 .

3C223

Högbom (1979) showed that at 5 GHz a triple strucure exists in 3C223,

containing a central unresolved radio component. There is evidence that the

magnetic field is aligned with the boundaries of the lobes.

At 0.6 GHz the radio structure is very regular and symmetric. The central
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radio component is not visible in the radio maps but the spectral index show a

dip at that position. Again the spectral index increases towards, the centre

in both components.

3C223 is extremely highly polarized at 0.6 GHz compared with the other

sources. The three polarization peaks at 1.4 GHz are less visible at 0.6 GHz.

The two strongest peaks remain at the edges of the hot spots. The fractional

polarization is about the same in both hot spots. At 0.6 GHz the fractional

polarization is higher than at 1.4 GHz in the northern component. The rotation

of the polarization possition angle is about constant over the source except

for a small region South of the North hot spot. This region coincides with the

third (weaker) peak at 1.4 GHz.

4C26.35A

Previous published maps of 4C26.35A at 1.4 GHz (Riley 1975) and at 2.7

GHz (Owen at al. 1977) show a quadrupole structure as in 3C452.

The radio maps at 0.6 GHz show a "simple" double structure. There appears

to be an appreciable amount of polarization at 0.6 GHz, especially in the

northwestern half of the source, where the fractional polarization increases

towards the outer edges. The difference in integrated polarization between

either side of the nucleus is only about 2 which is much less than in the

other sources. The polarization position angles suggest that in the

northwestern component there is a circumferential magnetic field. In the

southeastern component there are two regions with different angles. 4C26.35A

has a close companion 4C26.35B (Riley, 1975) to the northeast. Both sources

are shown in the figures.

4C74.17.1

Van Breugel and Willis (1981) showed that at 5 GHz a jet is visible in

the northern bridge emanating from the unresolved nuclear radio component of

the source. In the south only an extended region is visible, but there is no

counter jet. They found that the magnetic field is directed along the jet over

its entire length. At 0.6 GHz we see a triple radio source, the middle

component of which coincides with the jet. The spectral index increases

continuously towards the north in contrast with the high resolution spectral

index of the jet between 1.4 GHz and 5.0 GHz. In the two outer lobes the
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spectral index increases towards the middle component.

Only at the edges of the components there is significant polarization at

0.6 GHz. In all three components there is appreciable depolarization. The

(integrated) depolarization is about the same in the outer lobes.

3C39O-3

Hargrave amd Me Ellin (1975) showed that at 5 GHz the northern component

of the triple radio source 3C39O.3 has a plateau of emission of low surface

brightness surmounted by two principal features. The southern component has a

partially resolved head and tail. The central component is unresolved. Harris

(1971) showed that the dominant part of the magetic field is ordered in a

direction parallel to the axis of the respective components of the source. The

distribution of the spectral index is different from that in the other

sources. In the northern lobe it is roughly straight, with perhaps a small

increase towards the outer edge. In the southern lobe it increases towards the

centre of the lobe from both sides.

The polarization structure reveals five features (see also JSgers and Ma

1983). At i.i) GHz the integrated fractional polarization is equal, within a

factor of 2, in the southern and northern components. However, at 0.6 GHz the

difference is enormous. The depolarization in the southern component is

smaller than 0.1. The rotation of the polarization position angle differs

between the various components.

3CH52

The structure of 3CU52 at 5 GHz resembles that of 3C223 (Högbom 1979), it

being a triple radio source with an unresolved central component coincident

with the parent galaxy. The magnetic field direction is clearly related to

edges and elongated features in the radio maps. The slight tendency to

distortion with rotational symmetry in the extended emission region of this

source is also seen in the projected magnetic field configuration.

At 0.6 GHz a quadrupole structure is visible. The distribution of the

spectral index along the radio source is roughly similar to that in 3C223.

The polarization structure in the eastern and western parts of the source

is about the same, just as the (integrated) fractional polarization. At 1.̂ )

GHz the differences are large. Therefore, the depolarization distribution is
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also asymmetric. The rotation of the polarization position angle is clumpy.
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Figure T . Tfie a i a t r i o u t i o n o f percentage polvlxaiion of 3C33.1 a t 1 .* GHz.
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. rtie dlatrioution of tne spectral index of 3C33-1 between 0.6 CHz
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0.6 CHz are 2D anü 320 mjy/beam.

Figure 'n . The 3!atrlDutlon or the depolarliatlon of 3C33-1 between 3.6 <3iz
3fid ï. W GHz. Tfie two levels ITI the Lot^l Intensity coritour ni3p ^t
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total Intensity along the radio source at 0.6 CHz. {thick line} anil

spectral index along the radio source.
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Figure 2b. The linearly polarized Intensity distribution of 3C35 at 0.6 GHt.
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Figure 2h. The distribution of utft depolarlutlon of 3C35 between 0.6 CHt «nd
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GHz ar« 5 and «0 *Jy/toaa.
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contour levesl ar« 1.25, 2.5, 5. '0 , 20, 3d. B0 and 160 oJy/beao.

Jl*G6-»V- , r
\.J

\ - • • '

Flgur* Hb. The lina&rly pol«rlz«d intensity distribution or BOatN+316 at 0.6
O)i. Tht contour levals are i , E, 3. u, 5, 6 and T *]y/be*a. Figure «e. The linearly poiarlxnd Intensity distribution of BO6«<e3t6 at L i

W E . The contouf ler«la «re 1,25, 2.5, 5 and 10 »Jy/t>eaa.
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i In ene total Intensity contour* sap are 10 a GHz. The tuo l&veLa In the total Intensity contour nap are 5 and «0

. The distribution of the spectral index or B08«»-3i6 bfltusen 0.6 O
ana I.* £2Ji. The tuo lenela In the total Intensity contour nap
C.e GHt are !Q and SO aJy/beaa,

in. Toe distribution of tne depolArizatlon fo B061**3l6 between 0.6 Qiz
and i.U GHz. The two levels In the total Intensity contour sap are
10 ana 80 fcJy'bea».

36



Figure «I. The distribution of the rotation of the polarlxatlo position angle
of BOOH^lÈ between 0.6 GHz and 1.4 Oix measured frtn tho Horth
toward» the East. The two levels In the total intensity contour nap
at 0.6 CHi ara 10 and 60 aJy/baaa.

I I i t f

S « — RRCHIN —*• N

figure JjJ. The spectra] index variations along the majcr axis of B0B<I4*316
between 0.6 GHz and 1.4 GHz. The Lower panel shows the (Integrated)
total Intensity along the radio source at 0.6 GHz {thick line) ana
at 1.4 GHz (thin l ine) . The upper panel shows the variations of the

am
w • '-•<•/f i<*

if.:-- ••• n

•9»i6-&B« B9-3S'

Figure S». The total intensity distribution of 3C223 at 0.6 GHz. The contoi
levels are -10, 10, 20, 40, 80, 160, 320, 610 and 1280 mJy/bem.

Figure 5c. The total Intensity distribution of 3C223 at 1.4 GHz. The conto,
levels are -10, 10, 20, 10, 80, 160, 320 and 610 «Jy/beaa.
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The linearly polarised Intensity aistrlöutIon of 3C223 at o.b GHZ.
The contour level» are 15, 30, 60 and 120 aOy/beam.

Figure 5e. The linearly polarised Intensity distribution of 3C223 at 1.H GHz.
The contour levels are 2-5, 5. 10. 20, "10, 80 and 120 »Jy/t>ea«.

Figure 5f.The distribution of th« percmtM» polarlifction of 3C223 «t 1,*
CHz. The two levels In the total lnt«naltjr contour u p «fe 20 and
160 njybeu.
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igure 6a.The total Intensity distribution of 1C26.35* at 0,6 GHz.

ojy/boaii.

Figure 6b. The linearly polarized Int«nalt.y dtstrlöutlon of «CM.35* at 0.6
GHz. The contour levels are I , 2, k, 8 and 16 nJy/bean.



figure 7a.ine ïotal Intensity diatr i but! on of UC71.17.1 at 0,6 GHi. Tne
contour levels are -2.5, 2.5, 5, 10, 20, ÏO, WO. 60, 80 and 120

ö O
+ o

h
A

CRAY VALUES: 2,5 20 HUES: 0.5

GHz. The contour l e v e l s are 1 .5 , 2 , 2.5 and 3 a j v / b e a a . Q lz . The contour l e v e l s are 0 , 5 , I . 2, 1 ana B aJy/Beas
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. ?"i, ''O. :QQ, i'OO, i*O0, 800, '200 ana 2000 3
, THe total Intensity distribution of 3CW52 3t i .ij GHz. The contour

levela are -20, 20. «0, 60, TÓC, 320, *i80, 6UO. 800, 96D. 1120 anÖ
12B0 mJy/beani.
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e spectral Inda* of 3M52 Between 0.6 GHz ant
s In the total intensity contour map at O.i

Figure 9n. Tne distribution of the depolarliation of 3C«$2 between 0.6 CHz and
1.1 GHz. The two levels In the total Intensity contour aap at 0.6
GHz are 100 and 1600 nJy/beam.

i of tne rotation or the polarization position angle
en 0.6 (Six an« 1.1 Oil neaaured Troa the North

wards the Eaat. The two levels In the total intensity contour «ap
; 0.6 GHz are TOO and 1600 aJy/beaa.

Figure 9J. The spectral Index variations along the wjor « l a of 3C152 between
0.6 Wz and 1.4 CHi. The lower panel anowa the (integrated) total
Intensity along the radio source at 0.6 GHz (thick line) and at i,fc

spectral Index along the radio source.



CHAPTER III

0.6 GHz Mapping of extended radio galaxies II: Edge-darkened double

sources.

Summary

Radio observations made with the Westerbork telescope at 0.6 GHz are

presented for 8 edge-darkened double sources: NGC315, NGC326, 3C31, 3C13O,

B0915+320, HB13, NGC6251 and 3C449. Previously observed Westerbork data at

1.4 GHz are convolved for comparison with the 0.6 GHz observational data.

Besides maps of the total intensity and linear polarization structure, the

distributions of the spectral index, the depolarization and the rotation of

the polarization position angle between 0.6 GHz and 1.4 GHz have been

derived. Integrated values for the total intensity and the polarization

are also given.

Introduction

This is the second of a series of papers describing 0.6 GHz

observations with the 3 km Westerbork Synthesis Radio Telescope (WSRT) of a

sample of 30 extended extragalactic radio sources. Additional convolved 1.4

GHz observations obtained previously with the 1.5 km WSRT are also

included, to enable a dual frequency comparison.

The entire sample is representative of the various morphological types

found among radio galaxies (e.g. Miley 19S0). It is limited to radio

sources larger than 200 arcsec with declinations above 25°.

The first paper describes the observations of 9 edge-brightened double

sources (Chapter II). The present one deals with 8 narrow edge-darkened

double sources: 0055+300 (NGC315), 0055+266 (NGC326), 0104+321 (3C31),

0448+520 (3C130), 0915+320 (B2), 1029+570 (HB13), 1637+826 (NGC6251) and

2229+391 (3C449).



Observations and Data reduction

The 8 radio sources were observed with the 3 km WSRT at a frequency of

608.5 MHz. The calibration and reduction of the observational data have

been described in Chapter II. The parameters of these 0.6 GHz observations

are listed in Table 1 .

Column 1

Column 2

Column 3,4

Column 5,6

Column 7

Column 8

Columns 9,10,11

Column 12

Column 13,1*1

the source name.

an alternative source name.

the centre of the observed field in equatorial

coordinates (1950.0). The diameter of the primary beam

(FWHM) at 0.6 GHz is 1 . '4 degrees.

the centre of the observed field in galactic

coordinates.

the date of observation. Every line represents an

observation of 1 x 12h.

the receivers used. The sensitivity of the receivers

was improved at the end of 1981 . The "old" receivers

had a system noise temperature of about 350 K compared

with a system noise temperature of about 100 K for the

"new" receivers. The frequency of the observations is

608.5 MHz with a bandwidth of 2.5 MHz. NGC315 was

observed on 82 055 in the "Line mode" with 8 channels

with a frequency separation of 0.3125 MHz. The central

frequency was 608.5 MHz.

the interferometer configuration including: shortest

baseline - increment - longest baseline for the 1 or 2

x 12h observation.

the halfpower width of the synthesized beam

the RMS noise and the confusion level in the total

intensity map.
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One of the reasons for observing the radio sources at 0.6 GHz was to

make a comparison with 1. i| GHz data. For 7 of the 8 sources 1. >i GHz

observations made with the 1.5 km WSRT were available. No 1.4 GHz WSRT

observations were available for NGC6251 . The remaining 7 sources were

observed at least 12 hours except for NGC326 and B0915+320 for which only

"short cut" observations are available (5x15 minutes and 4x12 minutes

respectively). Because of its large size NGC315 had been observed in two

separate fields, the East and the West lobes respectively. Both fields were

combined after the data reduction. Relevant parameters of the 1.4 GHz

observations are listed in Table 2.

Column 1

Column 2

Column 3,1)

Column 5

Column 6,7

Column 8

the source name.

an alternative source name.

the exact frequency and bandwidth of the 1.1 GHz

observation.

the year of observation.

the RMS noise and the confusion level in the total

intensity maps, determined from the convolved maps.

notes on the references corresponding to the 1.1 GHz

full resolution maps. See the notes on Table 2. 3C419

was reobserved in 1976. Older observations were

published by Högbom and Carlsson in 1974.
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To make a satisfactory comparison between the intensity maps at the

two different frequencies as described in Chapter II the 1.4 GHz

observations were reduced again to obtain an effective resolution equal to

that of the 0.6 GHz observations. The UV coverages (in wavelengths) at both

frequencies were equalized as well as possible. The maps were restored,

after cleaning, with a similar Gaussian beam.

The resultant maps were used to compare the intensity distributions at

both frequencies.

Results

Figures 1 to 8 show the results.

In each case the panel "a" shows a contour plot of the total intensity

distribution of the radio source at 0.6 GHz. The dashed contours represent

"negative" brightnesses. Superimposed on each map are the position angles

of the electric vectors of the linearly polarized intensity with arbitrary

lengths. An ellipse represents the half power intensity of the synthesized

beam, and a cross mi rks the positions of the optical galaxy identified with

the ridio source.

Panel "b" shows a contour plot of the linearly polarized intensity

distribution at 0.6 GHz superimposed on a two-level gray scale plot of the
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total intensity distribution. Panel "c" shows a gray scale plot of the

distribution of percentage polarization at 0.6 GHz superimposed on a two-

contour plot of the total intensity distribution. Note that for the

percentages polarization the first gray values represent upper limits i .e .

they indicate regions where the percentage polarization is smaller than the

indicated value. Higher levels represent absolute values.

Panels "d", "e" and "f" show the same quantities as figures "a", "b"

and "o" at 1.4 GHz, i .e . the total intensity distributions, the intensity

of the linear polarization and the percentage polarization.

The panels "g", "h" and "i" show the distributions of the spectral

index, the depolarization and the rotation of the electric vector

superimposed on two-level plots of the total intensity distribution at 0.6

GHz.

Panel " j " shows plots of the spectral index variation along the radio

source. The lower panel shows the integrated (parallel to the minor axis)

total intensity along the major axis of the radio source at 0.6 GHz (thick

line) and 1.4 GHz (thin l ine) . The two lines have been normalized to the

maximum of the 0.6 GHz curve. The upper panel shows spectral index

variations. Values with uncertainties larger than 1.0 are omitted. 0 marks

the position of the optical galaxy. The points in the curves are not

independant as they reflect the values with a separation of one grid-point.

In general each independant beam comprises 2.8 points in both dimensions.

Table 3 l i s t s the integrated values for the total intensity, the

percentage of linear polarization and the position angle of the electric

vector at 0.6 GHz and 1 .4 GHz for each source. The integrated values have

been determined by summing the pixel intensities in the appropriate part of

the maps and dividing by the volume in the synthesized beam. This was done

for the I,Q and U-maps. The values for the integrated percentage

polarization and the polarization position angles have been calculated

using the integrated I,Q and U values.

The uncertainties in the various quantities have been determined using

the RMS noise levels and the confusion levels as given in Tables 1 and 2.

As mentioned previously the integrated percentage polarization can be small

even thoujti there is locally significant polarization, leading to an

uncertainty larger than the value itself. In these cases an upper limit has

been given which is the sum of the value and i t s uncertainty. The

corresponding position angles are then enclosed in brackets.
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Notes on individual sources

MGC315

VLA observations at 4885 MHz and 1465 MHz and 1.5 km WSRT observations

'^t 610 MHz of NGC315 were presented by Bridle et al. (1979). A curved,

highly polarized radio jet links the unresolved source in the galactic core

to the peak of a resolved lobe northwest of the galaxy. A weaker counter

jet points from the core towards the peak of a more diffuse lobe. The

northwestern lobe curves back near the galaxy and appears to merge with an

amorphous large scale emission feature extending southward from NGC315

approximately perpendicular to the jet/counter jet system. The total extent

of NGC315 is more than 1.5° (-1.7 Mpc, HQ = 75 km s~
1 Mpc"1) and it is one

of the largest extragalactic radio sources knowi.

Willis et al. (1981) present multifrequency observations with the 1.5

km WSRT. The 3 km WSRT observations at 0.6 GHz show that NGC315 is

extremely highly polarized at this low frequency, the extended lobes as

well as the jets. The percentage polarization increases to more than 50)5 in

the middle of the elongated structure and even larger at the lateral edges.

There is considerable small-scale strueture in the polarization

distribution, and its position angle changes along the radio structure.

The distribution of spectral index , a, in the western part of NGC315

is very irregular. Peaks in the total intensity distribution coincide with

dips in the spectral index. In the eastern part of NGC315 a continuous

steepening in the spectrum is visible to the end of the large peak,

whereafter a is varying at a high value, going from south to north.

54



The 3 km WSRT observations at 0.6 GHz had relatively low dynamic range

and the map of NGC326 was distorted by a residual grating ring from a

strong radio source to the South-West which could not be completely

removed. NGC326 was not found to be significantly polarized at 0.6 GHz.

Ekers et al. (1978) made 1.5 km WSRT observations of NGC326 at 5 GHz

and interpreted the morphology as due to the effect of a precessing central

machine on the projected trajectories of two radio jets.

3C31

3C31 is the prototype narrow edge-darkened double ,radio source.

Fomalont et al. (1980) presented VLA observations at 1480 MHz and 4885 MHz

showing two radio jets "emanating" from a nuclear radio component.

Blandford and Icke (1978) demonstrated that the projected shape of these

jets may be produced by a dynamical interaction between NGC383, the parent

galaxy of 3C31 and its neighbour NGC382. Strom et al. (1983) presented a

detailed multifrequency comparison of 3C31 including the 3 km WSRT

observations at 0.6 GHz and the 1.5 km WSRT observations at 1.4 GHz.

The total extent of 3C31 at 0.6 GHz is - 40 arcmin. The two unresolved

components at both edges of the radio source are probably background

sources.

The polarization structure is very asymmetric at both frequencies. In

particular, the northern half of the radio source shows significant

polarization. A lot of small scale structure is visible at 0.6 GHz towards

the lateral edges.

The source is seen to extent futher at 0.6 GHz than at 1.4 GHz. This

is consistent with the observed general tendency for the spectral

index a to increase towards the outer edges of the radio source.

3C13O

JSgers and De Grijp (1985) have presented 1465 MHz VLA observations of

3C13O showing two oppositely directed jets and a nuclear radio component.

The morphology of 3C130 can be well reproduced, assuming the parent galaxy

of 3C130 and a nearby companion galaxy orbit around each other coupled with



the effect of buoyancy due to the intracluster medium.

Van Breugel and JSgers (1982) show 1.5 km WSRT observations of 3C13O

at 4.9 GHz and 0.6 GHz.

The new 3 km WSRT observations of 3C130 at 0.6 GHz reveal a remarkable

polarization structure. At both sides of the two main peaks in total

intensity there are peaks in the polarization intensity distribution. The

centres of the peaks in total intensity are hardly polarized. The

polarization structure is symmetrical with respect to the optical galaxy.

The position angles of the polarization are constant along each of the four

polarization components. At 1.4 GHz the polarization distribution is very

asymmetric showing much more polarization in the northeastern part of the

radio source than in the southwestern part. The polarization vector rotates

along the northeastern part.

The distribution of spectral index between 0.6 GHz and 1.4 GHz is

tilted in the northwest direction due to phase errors in the 1.4 GHz

observation which are clearly visible in the plot of total intensity. As

the shift apparently is in the northeast direction the distribution of the

spectral index along the source may be trustworthy. It shows a clear

increase in spectral index along the radio source going from the core

towards the outer edges.

B2 0915+320

VLA observations at 4.9 GHz by Fomalont and Bridle (1978) of the radio

source 0915+320 show that the extended radio structure has an almost-

collinear, bifurcated distribution with the highest-brightness regions on

the inner part of the radio lobes. The 0.6 GHz WSRT observations show a

total extent for 0915+320 of - 8 arcmin more or less symmetrical about the

associated parent galaxy. The polarized intensity shows several peaks which

are situated close to the edges of the peaks in total intensity. The

polarization distribution shows a clear increase in percentage towards the

edges of the radio source.

HB13

A 5 km Cambrige map of HB13 at 2695 MHz (Masson 1979) shows a weak jet

extending to the south. No visible counter jet is present. The radio source
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remains very narrow along its entire length. Masson suggests that the

southern part of the radio source is strongly polarized and that the

position angle of the polarization changes at the sharp bend.

The morphology of HB13 is very difficult to explain simply as a

consequence of motion of the parent galaxy together with the effects of

buoyancy. At 1.1 GHz both the northern and southern parts of HB13 are

highly polarized. Locally the percentage polarization is more than 5056. In

the northern part there appears to be a lot of depolarization between 0.6

GHz and 1.4 GHz. Except for a few small spots the northern part is not

significantly polarized at 0.6 GHz. The southern part on the other hand is

still highly polarized at 0.6 GHz with peaks of 20-30%. As Masson already

pointed out the position angle of the polarization sharply change at the

southern bend. Probably as a result of this, there is a dip in the

polarization distribution at the bend in the radio source. The rotation of

the polarization position angles between 0.6 GHz and 1.1 GHz on both sides

of the southern bend is about the same. Towards the lateral edges of HB13

the percentage polarization increases. The centre including the southern

jet is weakly polarized.

The spectral index, a, along HB13 follows a fickle distribution.

Towards the centre the spectral index decreases from both sides. In the

southern part a is - 1.0 except for a small dip at the first peak in total

intensity. In the northern part a fluctuates but the signal to noise ratio

decreases considerably. At peaks in the total intensity a seems to increase

towards the values found for a in the southern part of HB13.

NGC6251

The giant radio source NGC6251 has been studied by many investigators

(e.g. Bridle and Perley 1983, Saunders et al. 1981, Waggett et al. 1977).

They show it to have a large double structure and a long radio jet. There

is evidence (Bridle and Perley 1983) for a weak counter jet. At a

resolution of - 1 arcmin the two extended lobes are well resolved. The jet

is highly polarized.

The new 3 km WSRT observations of NGC6251 at 0.6 GHz show a well

resolved extended component at the northwest. There is weak evidence for

the existence of the counter jet. The southeast component is hardly visible

due to the high resolution, the primary beam attenuation and the confusion
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from non-removable grating rings produced by the northwestern part of the

radio source. A few background radio sources have been removed from the

map.

Not only the radio jet in NGC6251 is highly polarized, but also the

extended emission with values up to 40-50?.

3C449

High resolution observations of 3C449 with the VLA at 1165 MHz and

1885 MHz by Perley et al. (1979) show the presence of two highly collimated

symmetrical jets on each side of an unresolved core. The jets show

considerable fine scale structure and polarization. Bystedt and Högbom

(1979) presented 1.5 km WSRT observations at 1415 MHz and 4995 MHz of the

radio source and used roughly the same dynamical model as Ja'gers and De

Grijp (1985) to explain the wobbly structure of 3C449.

The 3 km WSRT observations of 3C449 at 0.6 GHz show a total extent for

the radio source of more than 20 arcmin with a rather sharp outer edge at

the south. Peaks in the polarization distribution at 0.6 GHz occur at the

edges of the radio source and along the edges of the ridge of emission

coinciding with the radio jets. To the north a polarization feature is

visible similar to those seen in 3C13O at 0.6 GHz: two peaks at both edges

of the narrow radio source with little polarization in between.

At 1.4 GHz 3C449 is polarized almost everywhere with locally several

peaks. The percentage polarization (large scale structure) seems to

increase towards the outer edges from the centre.

The depolarization along the source is rather large. The run of the

spectral index, o, shows an increase in a towards the outer edges from the

centre, except for the peaks in the integrated emission where a decreases

significantly.

Acknowledgements

I acknowledge the staff of the Westerbork Radio Telescope and the

Reduction Group for their work on these observations. The Westerbork Radio

Observatory is operated by the Netherlands Foundation for Radio Astronomy

with the financial support of the Netherlands Organization for the

Advancement of pure Research (ZWO). I acknowledge W. Brokaar and J. Ober

for preparation of the figures.

58



References

Blandford, R.D., Icke, V.: 1978, Monthly Notices Roy. Astron. Soc. J_85_, 527

Bridle, A.H., Davis, M.M., "omalont, E.B., Willis, A.G.: 1979, Astrophys.

J. £28., L9

Bridle, A.H., Perley, R.A.: 1983, Astrophysical Jets p. 57

Bystedt, J., Högbom, J.A.: 1979, unpublished report

Ekers, R.D., Fanti, R., Lari, C , Parma, P.: 1978, Mature 276, 588

Fomalont, E.B. , Bridle, A.H.: 1978, Astrophys. J. 223, L9

Fomalont, E.B., Bridle, A.H., Willis, A.G., Perley, R.A.: 1980, Astrophys.

J. £37., 418

Högbom, J.A., Carlsson, J.: 1974, Astron. Astrophys. _3£, 341

Jagers, W.J., De Grijp, M.H.K.: 1985, Astron. Astrophys.

Masson, C.R.: 1979, Monthly Notices Roy. Astron. Soc. 178, 253

Miley, G.K.: 1980, Ann. Rev. Astron. Astrophys. JJ3, 165

Perley, R.A., Willis, A.G., Scott, J.S.: 1979, Nature 28J_, 437

Saunders, R., Baldwin, J.E., Pooley, G.G., Warner, P.J.: 1981, Monthly

Notices Roy. Astron. Soc. 197, 287

Strom, R.G. Fanti, R., Parma, P., Ekers, R.D.: 1983, Astron. Astrophys.

122, 305

Van Breugel, W., Jagers, W. : 1982, Astron. Astrophys. Suppl. .49., 529

Waggett, P.C., Warner, P.J., Baldwin, J.E.: 1977, Monthly Notices Roy.

Astron. Soc. 181, 465

Willis, A.G, Strom, R.G., Bridle, A.H., Fomalont, E.B.: 1982, Astron.

Astrophys. 95, 250.

59



"58ffl00O 0gh&7m30^ 00^67 m f l0* 0l?h 66^30* 00"^6>"00« 0i3hri,5m30* 00h55m00 s 0 0 h t d m 3 0 * 00^fed™00» 00^S

29»B6'0a'.—

'-é6»3»" «0^6»»a> «0xS5"30« eB«S5"a0« 0«<-Sd"30* ««i'MnKS' a2»53



30-05'»»•_

•"•;•.• ; • . • • ' £ • - ' - o , • ? " . . .

57"3B» 8O»67»BoJ 2a>'B6'I'3«> 0S»B6™0«» 9B"56™30» ' BO»Bi™Oa» 3B"

Ftrturi? 1 v. T̂ ie linear!/ polarized Intensity distribution
GH*. The contour levela are I, 2, H, 6 and '6

30"16'0filn —

30*05'00"—

39*55'00-—

O"

00*50

GRAY VALUES:

o,?"1

0*>B7*if>a* 80*66*30* 00^B6ni009

GHj. The contour levels are 0.7% 1.5, Ï. 6 ana ' ? n

6!



GRAY VALUES: <5.0 b. 00 r;p 10. 00MI 20 . 00B 40 . 0

of NGCjT1' at 0. ' ,

2»-55-»0--„

GRAV VALUES: <5.00 6 .00^ K 10.00n 20.00BI 40.00•§ 80- 00

'•Jii. THe two levels In the total Intensity contour nap are I ;

62



30"15'00"—

30°05'00"—

29*55'00"—

0hLl>0 i 0 - 1 - 3 * 0 4 » 0«' « I . L « 3 * » ' 00KÉ6-00.1 00^ 5 n.30» ' 00»SS™00

GRAY VALUES: 0.0 0.250 0.500::T 0.7S0l:r̂ l 1.000i^ 1.250H 1.50:

! I I I I I I I I

0. '.

67">»*« «»«56»3«# ff*G6»M« ••XSS"'3<« H^SB"»* f«>'k<»3»" MKB4"M« »»"G3

jure U.Tne dlatrtbutlon of the rotation of tne polarization position
angle of NQc3lS between 0.6 GHï ana i.n GHz measured frca North
towards tti« East. Tne two levels In the zolal Intensity contour
aap at 0.6 GHs are 1.25 and ID «Jy/beara.

63



3 0 < > 1 5 1 0 0 " — . , C

GRAV VALUES: 0.0 0.5000 0.7S00SÜ 1.00001 1 . B 0 0 0 H 2 . 0

Q- f i t

J

0 5 10 1^ JC 75 30 35 10 iS SO

E ̂ — RRCMIN —E> Vlfl W TO E

bei ween 0.6 GHz and ï .ü GHz. Tfte lower pjnel shaws the

[thick l ine) and at 1." Oli ( tnin l i n e ) . The upper panel anova
the va r i a t i ons of the apecCral Index «long trie rad io source .



Lgure 2a.Tne total intensity atstrlbutloo of NGC326 at 0.6 GHs. The
contour levels are -20, 20, U0, 80, 130. 160. 210, 320, «80 and
6U0 nüy/bean.
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Figure 2e. The linearly polarized intensity distribution of NGC326 at
GHz. the contour levels are 2.5, 5, T.5 and 10 mJy/üeam.
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Figure 2c. The distribution or the percentage polarization or NCC326 at 0.6
CHz. The tuo levels in the total Intensity contour nap are "0
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Figure 2f. The distribution or the percentage polarisation or NGC326 at i
GUI. The two levels In the total Intensity contuur map are
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figure dn. THe distribution oï me depolarization of JCttü'} between 0.6 GHz
and 1.11 GHz. The two levels In the total Intensity contour map
jt 0,6 CHi are 10 and SO ajy/beaa.
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CHAPTER IV

0.6 GHz Happing or extended radio galaxle3 III: 3C66B, NGC1265, 3C129,

DA240, 3C236, UC18.29, IC7O8 & IC711, 4CT51.29.1, 3C310, Abell2256, 3CI02

and 3C465.

Summary

Radio observations made with the Westerbork Telescope at 0.6 GHz are

presented for 12 extended radio sources: 3C66B, NGC1265, 3C129, DA240,

3C236, 4C48.29, IC708 & IC711, 4CT51.29.1, 3C31O, Abell2256, 3Ct 02 and

3CI465. Previously observed Westerbork data at 1 .4 GHz are convolved for

comparison with the 0.6 GHz data. In addition maps of the total intensity

and linear polarization structure, the distributions of the spectral index,

the depolarization and the rotation of the polarization position angle

between 0.6 GHz and 1.4 GHz have been derived. Integrated values for the

total intensity and the polarization are also given.

Introduction

This is the third of a series of papers describing the 0.6 GHz

observations made with the 3 km Westerbork Synthesis Radio Telescope (WSRT)

of a sample of 30 extended extragalactic radio sources. In addition

convolved 1.4 GHz observations made in previous studies with the 1.5 km

WSRT are included for comparison of the resultant maps at both frequencies.

Taken as a whole the sample is representative of the various

morphological types found among radio galaxies (e.g. Miley 1980). It is

limited to radio sources larger than 200 arcsec and those with declinations

above 25°. The two preceding papers describe the observations of 9 edge-

brightened double sources (Chapter II) and of 8 edge-darkened double

sources (Chapter III) respectively. The radio source 0915+734 (4C73.O8)

will be discussed separately because, in addition to the observations at

0.6 GHz and 1.1 GHz, observations at 327 MHz, also made with the WSRT, will

be available. This makes a three frequency comparison with a reasonable

resolution possible. The observations of the remaining 12 radio sources are

described in this paper: 0219+127 (3C66B), 0314+416 (NGCI265), 0445+449
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(3C129), 0711+559 (DA210), 1003+351 (3C236), 1017+197 (1C18.29), 1131+192

(IC708 & IC711), 1200+519 (4CT51.29.1 ), 1502+262 (3C310), 1706+787

(Abell2256), 1940+501 (3C1O2) and 2335+267 (3C165).

Observations and Data reduction

The 12 radio sources were observed with the 3 km WSRT at a frequency

of 608.5 MHz. The calibration and reduction of the observational data were

described in detail in Chapter II.

The parameters of the present 0.6 GHz observations are listed in

Table 1 .

Column 1 : the source name.

Column 2 : an alternative source name.

Column 3,1 : the centre of the observed field in equatorial

coordinates (1950.0). The diameter of the primary beam

at 0.6 GHz is 1.1 degrees.

Column 5,6 : the centre of the observed field in galactic

coordinates.

Column 7 : the date of observation. Every line represents an

observation of 1 x 12 h.

Column 8 : the receivers used. The frequency of the observations

is 608.5 MHz with a bandwidth of 2.5 MHz. The

sensitivity of the receivers was improved at the end of

1981 .

The "old" receivers had a system noise temeprature of

about 350 K compared with a system noise temperature of

about 100 K for the "new" receivers.

Column 9,10,11 : the interferometer configuration giving the:

shortest baseline - increment - longest baseline for

the 1 or 2 x 12 h observation.

Column 12 : the half power width of the synthesized beam.

Column I3f11 = the RMS noise and the confusion level in the total

intensity map.
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One of the reasons for observing the radio souroes at 0.6 GHz was to

make a comparison with 1.1 GHz data. For 9 of the 12 source satisfactory

1.1 GHz observations with the 1.5 km WSRT were available. NGC1265 was

reobserved in 1982 with the 3 km WSRT. The 1.4 GHz observational data of

DA240 and 3C236 were not suitable for comparison with the 0.6 GHz data.

Relevant parameters of the 1.4 GHz observations are listed in Table 2.

Column 1 : the source name.

Column 2 : an alternative source name.

Column 3,4 ; the exact frequency and bandwidth of the 1.4 GHz

observation.

Column 5 : the year of observation.

Column 6,7 : the RMS noise and the confusion level in the total

intensity maps, determined from the convolved maps.

Column 8 : notes giving the references for the 1.4 GHz full

resolution maps. See the notes to Table 2.

To make a satisfactory comparison between the intensity maps at the

two different frequencies as described in Chapter II, the 1.4 GHz

observations were reduced again to obtain an effective resolution equal to

that of the 0.6 GHz observations. The UV coverages (in wavelengths) at both

frequencies were made as much as possible the same. The maps were restored,

after cleaning, with similar Gaussian beam.
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The resulting maps were used to compare the intensity distributions at

both frequencies.

Results

Figures 1 to 12 present the results.

In each case panel "a" shows a contour plot of the total intensity

distribution of the radio source at 0.6 GHz. The dashed contours represent

"negative" brightness values. Superimposed on each map are the position

angles of the electric vector of the linearly polarized intensity with

arbitrary lengths. The ellipse represents the half power intensity of the

synthesized beam. A cross rrarks the position of the optical galaxy

identified with each radio source. Panel "b" shows a contour plot of the

linearly polarized intensity distribution at 0.6 GHz superimposed on a two-

level gray scale plot of the total intensity distribution. Figure "c" shows

a gray scale plot of the distribution of the percentage polarization at 0.6

GHz superimposed on a two-contours plot of the total intensity

distribution. Note that for the percentages polarization the first gray

values represent upper limits i.e. they indicate regions where the

percentage polarization is smaller than the indicated value. Higher levels

represent absolute values.

Panels "d", "e" and "f" show the some quantities as "a", "b" and "c"
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at 1.1 GHz, i.e. the total intensity distributions, the intensity of the

linear polarization, and the percentage polarization.

Panels "g", "h" and "i" show the distributions of the spectral index,

the depolarization and the rotation of the electric vector superimposed on

two-level plots of the total intensity distribution at 0.6 GHz.

Panel " j " is a plot of spectral index variations along the radio

source. The lower panel shows the integrated total intensity (parallel to

the minor axis) along the major axis of the radio source at 0.6 GHz (thick

line) and 1.1 GHz (thin line). The two lines have been normalized to the

maximum of the 0.6 GHz curve. The upper panel shows the spectral index

variations. Values with uncertainties larger than 1.0 are omitted. 0 marks

the position of the optical galaxy. The points in the curves are not

independant as they reflect values with a separation of one grid-point. In

general each independant beam comprises 2.8 points in both dimensions.

Table 3 lists integrated values for the total intensity, the

percentage linear polarization and the position angle of the electric

vector at 0.6 GHz and 1.4 GHz for each source. The integrated values have

been determined by summing the pixel intensities in appropriate parts of

the maps and dividing by the volume in the synthesized beam. This was done

for the I, Q and U-maps. The values for the integrated percentages of

polarization and the polarization position angles have been calculated

using the integrated I, Q and U values.

The uncertainties in the various quantities have been determined using

the RMS noise levels and confusion levels as given in Tables 1 and 3. As

mentioned previously the integrated percentage polarization can be small
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although there is locally significant polarization. The uncertainty can

therefore be larger than the value itself. In these cases an upper limit

has given which is the sum of the value and its uncertainty. The

corresponding position angles are then enclosed in between brackets.

Notes on individual sources

3C66B has one of the most peculiar forms in the 3C catalogue (Miley

and Van der Laan 1973)- However, its rather complicated morphology has

features in common with 3C31 (Van Breugel 1982).

Northover (1973) and Van Breugel and JSgers (1982) showed at 5.0 GHz

that the overall appearance of 3C66B resembles that of a trumpet fed by an

expanding jet which appears to open abruptly, at one end. The jet has an

optical counter jet (Butcher et al. 1980). 3C66B also has a weak radio

counter jet. At 1.4 GHz its overall appearance is that of a head-tail

source seen partly head- or tail-on. It has been suggested that 3C66B has

an appreciable velocity component eastwards (Van Breugel, 1982). The

morphology may haven been further complicated by orbital motion because

there are two nearby companion galaxies (Butcher et al. 1980).

Near the base of the jet the projected magnetic field flips from

parallel to perpendicular 'Van Breugel 1982). At its centre it remains

perpendicular all the way to the end of the widening jet but along the

sides it is parallel in some places. Also in the lobes the magnetic field

is parallel to the boundaries. A five-frequency comparison of 366B has been

made by Leahy et al. (1986).

The 3 km WSRT observations of 3C66B at 0.6 GHz show a polarization

structure that follows the ridge of stronger emission in the total

intensity distribution. This detailed structure coincides roughly with that

at 1.1 GHz, although the intensity (as well as the fractional polarization)

is smaller. The polarization position angle rotates along the ridge.

The rotation of the polarization position angle between 0.6 GHz and

1.1 GHz can be divided into several separate regions in the radio source.

At these regions where emission at 5.0 GHz is visible (Van Breugel and

JSgers 1982) the spectrum is relatively flat; in the surrounding regions

the spectrum is much steeper.



NGC1265

The head tail radio source NGC1265 has been the subject of many

investigations (e.g. Miley et al. 1975, Owen et al. 1978, Gisler and Miley

1979).

Miley et al. (1975) presented 1.5 km WSRT data at 5.0 GHz and compared

it with older 1.4 GHz WSRT data (Miley 1973). They showed that the magnetic

field vectors are well aligned along the tail and from the high percentage

polarization in several places concluded that the magnetic energy is

dominant. In addition there appears to be a rotation measure gradient

across the tail. The 5.0 GHz data show a nuclear radio component and two

parallel radio jets extending to the North. The results are in agreement

with the predictions of the magnetospheric trail model for head tail

sources (Jaffe and Perola 1973).

High resolution VLA maps at 1.9 GHz (Owen et al. 1978) show two narrow

wobbly continuous streams of emission leading away from the nucleus out

into the lower-surface brightness tail. Both jets, which have 3everal knots

of emission are not visibly connected to the nucleus.

Gisler and Miley (1979) showed the existence of a large low brightness

emission extension toward the northeast together with a small extension

toward the southwest. They suggested that the weak extension to the

northeast is a dense tail which traces the actual orbit of NGC1265 while

the main body of the tail has been bent away from the cluster center by

buoyancy forces.

The full resolution 0.6 GHz observation of NGC1265 made with the 3 km

WSRT shows no evidence for the existence of the weak extension to the

northeast. However the maps which have been convolved to a beam of 1 arcmin

confirm its existence. The spectral index continuously increases along the

tail but compared with the other head-tail sources discussed in this paper,

such as 3C129 and IC711 the spectrum remains relatively flat.

At 0.6 GHz there is only weak polarization in NGC1265, mainly at the

region of the head. This means that the depolarization between 0.6 GHz and

1.4 GHz is large.

3C129

3C129 is the prototype narrow tailed galaxy. This radio source has
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been studied by many authors (e.g. Miley 1973, Rudnick and Burns 1981). Van

Breugel and jagers (1982) presented 1.5 km WSRT observations of 3C129 at

0.6 GHz and 5.0 GHz. At 5.0 GHz, two parallel jets are visible with

equivalent wiggles departing from the radio core. Icke (1981) showed that

the radio trail of 3C129 can be reproduced by a model in which plasma beams

precess as the galaxy traverses the intergalactic medium. At 0.6 GHz a

head-tail structure is visible in which the tail is about 30 arcmin long.

Van Breugel (1982) deduced the magnetic field direction along the

radio source. At the beginning of the jets the field is predominantly

parallel to the major axis. As the jets expand, the field changes to a

direction perpendicular to the jets and follows a similar behaviour to that

observed in 3C31 anJ 3C66B. Further from the head and along the entire

tail, the field is parallel to the source axis with only locally slight

twists. The parent galaxy of 3C129 is a member of a poor cluster, which

also includes 3C129.1, east of 3C129, a smaller double radio source which

may also be tailed (Miley et al. 1972; Downes 1980).

The 3 km WSRT observations of 3C129 at 0.6 GHz show a previously

unknown feature on the northeastern side of the head of 3C129 (Jagers and

De Grijp 1983). It is proposed that this steep spectrum component is a

relic of enhanced activity in the nucleus of 3C129 some 10' yr ago.

There is high depolarization between 0.6 GHz and \.H GHz. Only a few

polarization peaks are visible in the 0.6 GHz map. In the tail a weak

double polarization structure is visible comparable with that in the edge-

darkened double resources 3C130 and 3CA19.

The spectral index between 0.6 GHz and 1.1 GHz increases

intermittently along the tail from the head, as had been previously

indicated by Van Breugel (1982).

3C129.1 is barely polarized at 0.6 GHz. The run of spectral index

along 3C129.1 is that of a narrow edge-darkened double radio source

(Chapter III).

3C236

3C236 is the largest known radio source, with a total linear size

of - 4 Mpc (z = 0.0988, HQ = 75 km s~1 Mpe"1). Not only the extended

structure has been studied in great detail (e.g. Strom and Willis 1980,

Strom et al. 1981) but also its strong radio core (e.g. Fomalont et al.
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1982, Barthel et al. 1984).

Low resolution observations show a large narrow double structure

including a steep spectrum core. The spectral index distribution between

0.6 GHz and 4.8 GHz (Strom et al. 1981) shows that in the western lobe the

spectrum steadily steepens from the leading edge towards the centre. There

is weak evidence that in the eastern lobe, the spectrum of the tail is

steeper than that of the head. 3C236 possesses a high degree of

polarization with only slight depolarization between 1.4 GHz and 0.6 GHz

while the rotation measure within each component is nearly constant. The

magnetic field is quite uniform, generally runs parallel to contours in the

total intensity distribution and has a high degree of order (Strom and

Willis 1980).

Striking similarities between the large and small scale structure are

found (Barthel et al. 1984). Assuming a physical origin for these

similarities it has been argued that long-lasting asymmetric behaviour of

the inefficient energy flow interacting with galactic material is

responsible for the overall morphology in 3C236. The flow of energy from

the galactic nucleus may be continuous on one side and "blobby" on the

other (Fomalont et al. 1982).

The 3 km WSRT observations of 3C236 at 0.6 GHz confirms the high

degree of polarization. Both lobes show an appreciable amount of detail in

the polarization distribution. The percentage polarization can rise up

to - 2055. In the western lobe this occurs mainly along the southern edge,

in the eastern lobe it is seen throughout the component.

In the western component the polarization position angle is mainly

perpendicular to the major axis except for the part closest to the radio

core where it is roughly parallel. In the eastern component it is almost

everywhere parallel to the source axis except for the outer edge where it

is perpendicular.

DA240

Strom et al. (1981) presented radio maps of DA240 made with the 1.5 km

WSRT at 0.6 GHz and with the Effelsberg Telescope at 4.8 GHz. They showed

that the relative width of both lobes appears to decrease with increasing

frequency, the (four) bright peaks also becoming more prominent. The peaks

appear as flatter spectrum emission surrounded by regions where the
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spectral index decreases radially with increasing distance. Along the

southern edge of the two lobes and the outer rim of the eastern one, there

is evidence for spectral flattening of the limb. Also, fairly narrow

bridges of emission with relatively flat spectra appear to link the central

component and outer peaks.

The 3 km WSRT observations of DA24O show the two lobes and the radio

core as completely distinct. Also, the distiction between the extended

emission of the North-East lobe and its hot spot is clear. The hot spot is

highly polarized, although the polarization structure is heavily distorted.

In the remaining parts of the radio source there are a few small local

peaks of polarization.

4C48.29

Van Breugel and Jagers (1982) presented maps of 4C48.29 made with the

WSRT at 4.9 GHz and 0.6 GKz. From the 4.9 GHz raap it appears that the

brightest components of the hot spots are well aligned with the radio core.

Of the two components of the southern hot spot, the weakest is furthest

away from the core. Bailey and Pooley (1968) noted that the parent galaxy

of 4048.29 is probably one of a pair of interacting galaxies.

The 3 km WSRT radio maps at 0.6 GHz show a clear difference in

polarization structure between the northern and southern parts of 4C48.29.

The northern part shows a lot of detailed structure whereas the southern

part follows the large scale total intensity structure. The integrated

degree of polarization of the southern part is more than three times

greater than that of the northern part. There is hardly any depolarization

(integrated) between 1.4 GHz and 0.6 GHz. The rotation of the polarization

position angle between 1.4 GHz and 0.6 GHz is roughly constant over the

radio source for the two outer edges of the southern part of the source.

The spectral index distribution in 4C48.29 exhibits in the north an

increase in spectral index towards the west, in the south an increase

towards the east and south.

IC7O8 and IC711

Vallée and Wilson (1976) showed the existence of two head-tail radio

sources in the galaxy cluster Abell1314, IC708 and IC711 respectively, from
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observations of Abell1311 with the 1.5 km WSRT at 0.6 GHz and 5.0 GHz. At

5.0 GHz IC708 is resolved into a nuclear radio component and two radio jets

extending to the West. The radio component - 1 arcmin south of the nucleus

is probably not physically related to ICT08. IC711, by way of contrast,

shows a radio head with a single tail extending to the northwest. There is

weak evidence for the existence of double radio structure close to the

nucleus. At 0.6 GHz the tail has a length of - 15 arcmin.

Wilson and Vallée (1977) and Owen and Rudnick (1976) presented radio

maps at 1.1 GHz and 2.7 GHz respectively. Vallée et al. (1979) showed "new"

5.0 GHz observations of IC708. They indicated that in the northern lobe of

IC708 the magnetic field runs parallel to the uesta"n edge of the source

while in the southern component it seems to curve in an arc, broadly

following the contours of the total intensity brightness. The 3 km WSRT

observations at 0.6 GHz show a few polarization peaks in IC708, the radio

core and mainly the northern component. At 1.4 GHz the northern part is

also stronger polarized than the southern part. The depolarization is large

between 0.6 GHz and 1.1 GHz.

In IC711 only the head has a significant polarization peak, which also

indicates large depolarization. As shown earlier by Wilson and Vallée

(1977) the spectral index between 0.6 GHz and 1.1 GHz in IC711 shows a

general increase along the tail from the head, with small areas where the

spectral index remains constant. Beyond - 7 arcmin from the head the 1.1

GHz radio map of IC711 shows a strong decrease in intensity which explains

the disorderly run of spectral index as well as the large uncertainties.

4CT51.29

Rudnick and Owen (1976, 1977) and Miley and Harris (1977) have

observed 4CT51.29 at 2.7 GHz and 8.1 GHz and at 1.1 GHz respectively. Miley

and Harris (1977) indicated that the unique curved structure in 1CT51.29

implies that the trajectory of the associated galaxy changed sharply on a

scale of 100 kpc and/or that the galaxy is imbedded in a confining

intergalactic wind which changes direction over this distance.

The 3 km WSRT observations at 0.6 GHz confirm the curve at the

southeast of 4CT51.29 found by Miley and Harris (1977). The spectral index

distribution between 0.6 GHz and 1.1 GHz shows that the spectrum at the

northern tip of the western component is relatively flat compared with the
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southern part of the eastern component. This indicates that the former is

relatively young, favouring the first explanation of the structure of

4CT51.29.

The polarization distribution at 0.6 GHz shows one strong peak south

of the eastern component and a few weaker peaks along the edges of the

maxima in the total intensity distribution. At 1.4 GHz the polarization

peaks and the peaks in the total intensity distribution mostly coincide.

3C31O

3C31O has previously been mapped at 5.0 GHz, 1.4 GHz and 0.6 GHz with

the 1.5 km WSRT (Miley and Van der Laan 1973, Van Breugel 1980a, Van

Breugel and Jagers 1982). The brightness distribution observed at 5.0 GHz

is very complex and consists of several regions of enhanced emission (Van

Breugel 1980a). Van Breugel (1980a) proposed a model in which these knots

are assumed to have been generated in the inner regions from which they

moved outwards as ram pressure-confined plasmons. The relativistic

particles in the low brightness regions must be replenished and/or

reaccelerated and it is proposed that this is done in the knots.

The average spectrum between 1.4 GHz and 5.0 GHz in the northern lobe

is flatter than that of the southern lobe.

The polarization intensity in 3C31O is highest at the boundaries of

the hot spots around the hole and along the flux tube. The magnetic field

is clearly circumferential.

The 3 km WSRT observations at 0.6 GHz show a polarization structure

concentrated in the northwestern part of the radio source. The fractional

polarization increases toward the edge. This polarization structure roughly

coincides with that at 1.4 GHz. At the highest peaks in the polarized

intensity the rotation of the polarization position angle between 0.6 GHz

and 1.4 GHz is about zero as previously indicated by Van Breugel and jagers

(1982).

The steep spectrum region at the east is probably disturbed by

instrumental effects.

Abell2256

The complex radio emission from the X-ray cluster Abell2256 has been
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mapped using the 1.5 km WSRT at 1.4 GHz (Bridle et al. 1979) and at 0.6 GHz

(Bridle and Fomalont 1976). This showed that the cluster contains at least

four and possibly eight head tail radio sources, an unusually steep

spectrum radio source with a unique morphology, emission extending over a 1

x 0.3 Mpc area with a remarkably uniform spectral index between 0.6 GHz and

1.1) GHz, about 20$ linear polarization at 1.1 GHz and a relatively uniform

magnetic field.

The 3 km WSRT observations at 0.6 GHz of Abell2256 do not give much

more information than already was known. The most interesting result of

this measurement is the total lack of linear polarization. Thus between 0.6

GHz and 1 . -M GHz Abell2256 is completely depolarized, indicating the

presence of substantial thermal material.

3C102

Macdonald et al. (1968) and Miley and Van der Laan (1973) presented

radio maps of 3C102 at 1.1 GHz. At this frequency 3C102 has two bright

components and a weaker third one connected by diffuse bridges of emission.

Both bright components coincide with a galaxy. The complex structure of

3C102 therefore seems to be the result of the superimposition of two radio

galaxies. Miley and Van der Laan (1973) indicated that it is impossible to

tell which of the two galaxies is identified with the individual radio

features, apart from the two unresolved bright components. The spectral

index distribution between 0.6 GHz (3 km WSRT) and 1.1 GHz (1.5 km WSRT)

shows a combination of the spectral index distributions of a narrow edge-

brightened double source (e.g. Chapter II) and of a head-tail radio source

(e.g. this Chapter) with overlap oeurring in the area around the southern

bright peak. This peak may be the third peak of the triple source and the

head of the head-tail source.

At 0.6 GHz, 3C102 is only locally polarized with most of the few peaks

in the southern part of the source, close to the edges.

3C165

3C165 is the prototype wide angle tailed radio source. It has been

frequently observed at various frequencies with different instruments (e.g.

Riley and Branson 1973, Van Breugel 1980b, Eilek et al. 1981).
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Van Breugel (1980b) showed that at 0.6 GHz at the end of both tails,

which are visible at frequencies of 1.4 GHz and below, the radio structure

bends sharply towards the line of symmetry (northeast to southwest) and

almost connects both tails. The projected magnetic field is directed along

the tails and is indicative of a helical symmetry.

High resolution VLA maps (Eilek et al. 1984) show an unresolved radio

core and a jet directed northwest connected with the core. Ho counter jet

is visible. On both sides, hot spots are present. They also present new X-

ray maps of the surrounding cluster gas. The radio structure of 3C465

cannot be explained by any of the conventional models. They present new

possibilities for the dynamics of this type of radio tailed source: the

effect of a current in jets, and the interaction with cooling clouds in the

cluster gas.

The 3 km HSRT observations of 3C465 at 0.6 GHz also show the sharp

bends at the ends of the tails. The spectral index rises above 2.0 beyond

these bends. From the core the spectral index continuously increases along

the tails.

The 0.6 GHz radio maps of 3C465 show an appreciable amount of

polarization with much detailed structure. In the eastwest tail the

polarization peaks are situated along the central line whereas in the

northsouth tail the peaks are closer to the eastern edge. There is only a

small rotation of the polarization position angle along the source. The

vectors shown in the figures are independent of one another.

The depolarization and the rotation of the polarization position angle

between 0.6 GHz and 1.4 GHz can be grouped into a few separate regions in

the radio source.
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Figure Tg. The distribution of the aptotral Inoex of ICTOB t IC7U between D.6
CHÏ and 1.1 CHz. Tha tuo levaia in the total Intensity contour tup
al 0.6 GHz *r# 2 and 16 MJy/b«aa.

P R C M I N

71. ThB ap«tr«l Indai w la t lons alonf th« «ajor axla of IC70B i 1C711
between 0.6 <2fz end r.« CHz. The louar panel aho*a the (Integrated)
total intensity along the radio aouree at 0,6 Qlz (tnlck line) ana
at 1.0 GHz (thin l ine). The upper panel anowa the variations of trie

figure 8a. Tn* total lntvnsltv distribution of 1CT51.Z9.I at 0.6 CHz. The
contour 1«»1* v* -Z.5. 2.5, 5, 10, 20, «0, 60, 80, 120, 160 and

Figure Sd.The total lntenatty dlsti-lButlon of *CT5i.».l at 1.0 CHz. The
contour levels are -2 , 2, fl, 6, 16, 32, «8, 6U. 96 and 126
ajy/beaau
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Figure 6c. The Ulstlbution of tne percentage polxrlut ton of *CT5<.?9.! at 0.6 Flguri Bf. The dlatrlbutlon of the percentage pal«rlz«tlon of HCT51.29.1 at
CHi. The two levels In the total Intensity contour asp are 5 «nd 60 l.« Wz. The two levels in th« total Intensity contour u p are «
•Jy/beaa. and 33 •Jy/baa*.
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Figure 8h. The distribution of the depolarization of «CT51,29.1 between 0.6
CHt and 1.4 GHz. The two levels In th* total intensity contour tap
«t 0.6 CRz Mfe 5 'Rd 60 •Jj-/bea#-

Flgure St. The dlatrlbutlon or the rotation of th* poLarliatlon posittan angle
or «CT51.29.1 b«tva«n 0.6 GHz «nd 1,4 OJz •«asured frcn the Hortn
towards the Eu t . The tuo levels In the total Intensity contour nap
at 0.6 SJE MT» 5 anil 60 kJy/beav.

CRAV VALUES:

Figure fig. The distribution or thm spectral index or «CT51.29.1 between 0.6
GHz and 1.4 GHz. The two l*v«ls in the total intensity contour sap
at 0.6 GHz ar» 5 and 60 «Jy/baoa.
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Figure Sj. Th» aj>»ctral inOax variations alone the «ajor asla of «CT5KS9.1
bttwem 0.6 Cfiz and 1.1 GHt. The lowtr panel a how» the Untetratcd}
total l t«nalt j alonj th* radio source at 0.6 CHe (thick Una) and
at 1.4 CHE (thin 1 1 M ) . The upptr panel ahovs the variations or tne
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Figure 9a The total lntennity distribution of 3C31O et 0.6 GHz. The contour
lflvela art -10, W, 20, HO, 80, 160, 3Zv-, 610, 960, 1380 and 1920
nüy/bau.

figure 9d. The total intensity distribution at 3C310 at LU GHz. Th» contour
levels w« -7.5. 7.5. 15. 30, 60, 1Z0, t80. Z»Q, 36a, «SO ana 72Q
j / b

/ 'V
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Figure 9b. TtM lln»»rlr polarised fntvntlty diatrlbutJon ot JC310 at 0.6 GHz.
Th« contour Uvcla ara 5, 10, 20, «0 ana »J<r/beu.

Figure 9e. The l inearly polkrlzed Intensity distribution of 3C31O at I .I GHz.
The contour lerela are 7 .5 . 15, 22.5 , 30, 37,5 and 15 •Jy/beaai.
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0.5810 0 7SÜO 1.OP00H I.?SM«J

Figure 9h. Tfie di^erioutlon of tne öepolariitatlon or 3C]1O beiween 0.6 GHa

Caiz are 20 and 960 oJy.'Deam.
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"te'ac' 17-0W06* :7-c I7-O7"O0* -.7-06-OC-1

Figure 10». TM total Intensity distribution of * bel 12356 *t 0.6 CHz. The
contour levels are -2.5, 3.5, 5. 10, 20, <0, 80 «nd 160 k l y / M u .

Plfur* lOd.Ttw total lnt^Mlt» dlUrtbut:jn of Kb«H2256 «t I.* CWt. ?TM
contow l«w»la «r* -0.75, 0.75. 1.5, 3. 6, 12, 2», «8 «na 96
•Jy /Mu.
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OUV ¥«IUES: 2.5 80 !

Figure 10b. The linearly polarized intensity distribution of Atrell2256 «t 0.6
OJz. The contour level Is 2 «Jy/&«•».

l/^aT^f* 17KJf"M* ! ? » » • » • 17»M>M* 17*ij«

VALUES: OJ5 96 1

FLfur« 10*. Th* l l n w l j t polarlxad Intanalty <l l«trlbutlon of Kb«112256 »t I . t
O(x. Tf» contour- l*r*l» «r» 0.T5 and 1.5 «J//b«Mt.
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Figure 10c. The distribution or the percentage poitrUatlon of AüellZZ'jS at
0.6 tail. TM two 1«V«LB in the total Intensity contour u p v « 2.5
and 80 mjy/otam.
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Flgur* (Of. TM distribution or pcrcantase polarization or At>•112256 »t 1.1
GHz. Th« cm l**«la in the total Intensity contour sap ar» 0.75
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Figure lOg. The distribution or trie spectral Index of JtbeU2256 between 0.6
GH2 and i.1) GHx. Th« two levels in the total Intensity contour sap
at 0.6 GHz are 2.5 and 60 Ur/Detf,

,0 re

r>\
«LUES: <B.f» 0.»

lOh. TM dlatrlbutlan or th* a«polwlxatlMi of lb« 112256 between 0.6
Oil and i.« GHz. The two l«v«la In th« totsi tnttfisltf oontotr map
at 0.6 GHE are 2.5 and 80 mly/b»m.
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HUES: 6 96

Figure n t . The linearly polarized Intensity distribution or 3d02 at 0.6 GHz.
The contour levels are j , 4 and 5 •Jy/bsa».

Figure He. The linearly poUrlzed intensity distribution of 3C402 at t.4 GHE.
The contour level? are 3.5, 5, 10 and IS aJy/Mu.

c m * vj>i.ucs- <s.« w.t a.••!• : . • * • !•••

c

. Tne aistrioutlon of ttw percent«|« pol*rH»tloa of 3C<02 at 0.6
<2U. The two levels in the total intensity contour u p tra B ma

9̂? fely/beaa

Pipir» n f . Th» dlBtribution or ttift perctntage polarization or 3C*£>2 at I.*
CHz. Th« two lerela In the total int«n»lty contour u p are 6 and
96 b l ; / M u .
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A,

4 >*«

Figure 1th. The
d

istribution of the depolarization of 3CHQ2 between 0.6 CHi
.4 Oiz. The two levels in the total intensity contour aap at

0.6 GHz are 0 and 192 •Jy/tteas.

Figure 111 .The distribution oT the rotation of th# polarization position
angle of 3CH02 between 0.6 GHx and 1.1 GHi aeuured fro. the Korth
towards the East, the two levels in the total Intensity contour
map at 0.6 GHz are 8 and >92 •Jy/beaa.

t.se»»m 2.a

I I f . The distribution of the flpcctral lnd«x of JC402 bitvHo 0.6 GHz
and I.» Oii, The two l«*els In the total Lntsnalty contour *ap at
0.6 CHi are B anH 193 ajy/beaa.

Figure 11J .The spectral Index variations «long the «ajor txLs at 3«02
bctuccfi 0.6 Qii and 1-* Ofz. The lower panel shows the
(Lnteft-ated) total Intensity alonf th« radio source at 0.6 GHE
[thick line) and at I . * GHz (thin line>. The uppar panel shows the
varlatlota oT the spectral inOez along the radio source.
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3 are -1*5, !•>, 30, 60, 120, 2*0, 180 and 960 aJy /bea* . levels are -10, 5, ' 0 , 20, 10, 80, 160, 320 and 6«0 «Jy/bea
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CRAV V*LUt5: 30 240

Figure I2t>. Ttie Unearlf (Kj2*rii« intensity distribution of 3M65 »t 0.6 CHi. Figure 12e. The linearly polarized Intensity dlatrlbutio.i of 3C«65 at 1.* GHz.
The contour levels ar« 1.5. 3. * .5 , 6 and T.5 • Jy /be» . The contour l«r«la are *, 8, t2, 16, 20, 2» and 28 •Jy/b«m.
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GHz. The two leve
and 240 mJy/beam.

. The distribution or We percentage polarization Of 3Ct6& at l.<t
Güi. The two levels In the total intensity contour aap are 10 and
9

Figure J2ft. The distribution or tHe depoUrHation or 3M65 between 0.6 QHz Figure Ul.The distribution or the rotation of the oolariMtlon ooaitlon
and l.« GHz. The Wo U»als in the total Intensity contour u p i t angle of 3C«65 Between 0.6 GHz and i.D fflz aeasured Trc. the Korth
0.6 GHz ar« 30 and 2(0 •Jy/bea*. touarfla the East. The two levels In the total intensity contour

u p at 0.6 fflz *r« 30 and 210 mJj/beam.
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CHAPTER V

A multi-frequency polarization study of 3C66B
J.P. Leahy' *, W.J. Jagers2, and G.G. Pooley'
1 Mullard Radio Astronomy Observatory, Cavendish Laboratory, Madingley Rd, Cambridge CB3 OHE, England
2 Sterrewacht Leiden, P.O. Box 9513, NL-2300 RA Leiden, The Netherlands

Received January 30. accepted August 1, 1985

Summary. The nearby twin-jet radio source 3C66B hus been
studied in total intensity and polarization at 5 frequencies and at
resolutions ranging from 30" toO"35. We derive the distribution of
spectral index, projected magnetic field and Faraday rotation
across the source. For the first time a correlation is detected
between depolarization and rotation measure, implying that some
of [he rotation must be occurring within the radio-emitting
components. There is also good evidence for rotation in a
foreground screen localised near the centre of the host galaxy. The
minimum densities derived for the extended components are
similar to those in the X-ray halo surrounding the radio source,
strongly suggesting that matter enters the radio lobes via
entrainmenl from the confining medium. The brighter jet gives
text-book examples of the characteristic features known in such
low-luminosity sources. Large-scale magnetic-field rings occur
where the jets flare into brighter lobes, reinforcing the idea of an
abrupt change in the jet flow.

Key words: radio galaxies jets of galaxies polarization data
analvsjs

1. Introduction

The radio galaxy 3C 66B is one of the nearest bright radio sources
in the northern sky (Laing et al.. 1983). It is identified with a
( '= 12.63 ED2 galaxy with a redshift of 0.0215 (Matthews et al..
1964). The galaxy is a dominant member of a small group lying at a
projected distance of l.3/iK,'0Mpc |/V0= 100/i I u okms" lMpc"1)
from Ihe core of Abell 347. which has a redshift of 0.0193 (Hintzen
el al.. 1978). Both systems may be part of the Perseus supercluster
|e.g. Gregory el al.. 1981).

The jet in 3C66B was the first to be discovered by its radio
emission (Northover. 1973). and the object is best considered as a
member of the "'twin-jet" class, whose prototype is 3C31 (e.g.
Simon. 197S). In 3C66B the jets are embedded in a low-surface-
brightness halo, which extends into a wide tail to the east of the
core. The structure is both more distorted and more asymmetric
than most other twin-jet sources (Ekers et al.. 1981).

* Present address: Nuffield Radio Astronomy Laboralories.
Jodrell Bank. Macclesfield. Cheshire SK11 9DL, England

Butcher et al. (1980) have detected an optical jet coincident with
the base of the bright eastern radio jet. X-ray observations by
Maccagni and Tarenghi (1981. hereafter MT) show emission
extended in the same position angle, suggesting a possible origin in
the jet. The source is also surrounded by an extended X-ray halo,
for which MT quote a volume of 2.5 10""/i„i:>omJ. and a total mass
of 4.9 10"'/;,,,-,,' A/o. Recent detailed radio observations have
been made by van Breugel and Jiigers( 1982) al various frequencies
with the Westerbork telescope.

Because the high-surface-brightness structure is of large
angular size, multi-frequency polarimetry of 3C66B is particularly
likely to yield useful data on the mechanism and structure of the
source. We have obtained maps with the same resolution (4" x 5'/9)
at four wavelengths (6. 11. 18. and 21cm) using the 3-km
Westerbork Telescope '. the Cambridge 5-km Telescope, and the
N.R.A.O.- VLA. We have also obtained 3-wavelength (6. 18. and
21 em I coverage of the jet at a resolution of 1 '.'25 with the VLA.
Unlike most previous multi-frequency studies (e.g. Burch.
1979a. b: van Breugel. 1982) much of the intensity, polarization,
and rotation structure is resolved at our comparison resolution,
and our wavelength coverage is sufficient to eliminate ambiguities
in the rotation determination.

A major goal of the project was to search for unambiguous
evidence for or against the common assumption that variations in
the rotation measure across radio sources are due to a Faraday
medium inside the radio-emitting components. Such a medium
would imply densities in these regions comparable to that of the
hoi gas in galaxy clusters, and this would put strong constraints on
dynamical models of the sources.

We have also obtained observations of the inner 5 kpc of the jet
at OV35 resolution with the object of fully resolving the base of the
jet and its magnetic field configuration.

New 3-km baseline observations at 49cm have allowed useful
mapping of the spectral index and polarization of the large-scale
structure al 30" resolulion.

The project has also provided a practical opportunity to lest the
mechanisms for data exchange between observatories.

1 The Westerbork Radio Observatory is operated by the Nether-
lands Foundation for Radio Astronomy with the financial support
of the Netherlands Organization for the Advancement of pure
Research (ZWO)
2 The National Radio Astronomy Observatory is operated by
Associated Universities, Inc.. under contract from the National
Science Foundation
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Table I. Observational parameters

Telescope Frequency Band- Date
width

MHz

Shortest longest Observing Restoring
baseline time beam

MHz

RMS

mjy/beam

Calibrator

WSRT 60S.5
1415

5-km

VI.A "li"

VI.A "A"

2695

1646
1411
4XX5

1646
1411
4X85

2.5
4

10

10

12.5
12.5
50

12.5
12.5
50

1982 April
1975 June-July
1981 May

1980 May-July

1982 Sept

1982 May

72
36
36

72

200

800

2736
1440
2736

4574

11.100

35.000

2
-

12
x12
x l 2

4x12

0.5
0.5
0.5

1.3
1.3
5.5

30x30cosec<5

4.0x4.0cosec<S

1.25x1.25

0.35x0.35

0.7
0.2
0.44

1.05

1.85
1.8
0.9

0.7
1.0
0.07

0:2

3C48
3C 147
3C286

0.74 3C48

0.56
0.6
0.24

0.23
0.22
0.03

0300 + 471

3C48

3C138

2. Observations and data reduction

J.I. Wenerbnrk

Observations of 3C66B with the Westerbork Synthesis Radio
Tck'seope (WSRT) have been made at 0.6. 1.4. and 5.0GHz. The
WSRT and its data reduction system have been described in detail
b\ Hiiais ;ind Hooghoudt (19741. Högbom and Brouw (1974). and
win Someren-ürève 11974). The observational details are listed in
Table 1.

The observations were calibrated in ihestandard way iStrom et
,il.. 19X01. As Ihe 5-CïH/ observations suffered severely from
tropospheric disturbance the data were "self-calibrated"* (Wal-
terhos. 19S2) to remo\e these effects. This method uses a strong
point source in the observed field (here Ihe compact core of
3C66A) to determine additional corrections to the standard
calibration. Aller this correction the standard data reduction
system has been applied to the 5 GHz observations as well as to the
0.6 and 1.4 (i Hz observations. The data were Fourier transformed
to make maps of the intensities of the four Stokes parameters /, Q,
('. and 1 . The I -map was made to investigate the system noise and
the instrumental polarization, assuming that there is no circular
polarization in this source. The dirty maps of /. Q. and V were
cleaned using the technique developed by Högbom (1974) to
remove the effects of grating rings and near-in sidelobes and to
correct lor the absence of short spacings in the otherwise uniform
/«-plane baseline coverage. The cleaned maps have been corrected
for the effects of the primary beam attenuation.

For the comparison of the intensity maps at 0.6GHz (3-
kmYVSRT) and 1.4GHz (1.5-km WSRT) the gaussian taper
applied to the data before Fourier transforming was matched in
terms of wavelengths and the clean components were restored with
identical Gaussian beams. At 0 .6GHz the 25",, level was at the
longest baseline (2736m).

J.J. Cambridge: :.? GH:

The observing procedure at the 5-km telescope is described by
Hargrave and Ryle (1974). Details of the current observations are
given in Table 1.

An attempt was made to calibrate the data using the auto-
calibration technique currently under development at Cambridge
(Brown and Gull, in preparation). The method involves com-
parison of the observed visibilities with a set ol' model visibility
data computed from an initial map derived by the maximum
entropy method (MEM) (Gull and Skilling. 1984). Corrections are
made for collimation. the geometry of aerials, and also for residual
phase gradients due to the troposphere. It was not possible to make
an Mf-M map sufficiently large to cover both 3C 66 Band 3C66A
with adequate oversampling at full resolution, but the 32 shortest
spacings were successfully calibrated from a half-resolution map.
The resulting improvement is particularly apparent on the low-
resolution 2.7GHz map (Fig.2a). since the shorter spacing»
contribute most of the information here.

It was also impossible to clean a sufficiently large area to
remove 3C 66A and 3 C 66 B at once. However, since a grating ring
from 3C66A passed through the fainter part of 3C66B. it was
important to remove all responses due to the former source. A
small area around 3C66A was cleaned, and then the components
were subtracted from the visibility data. The weak source at
02h19T8 42 4915 was also removed in this way. In practice this
procedure was performed both on a full-resolution map (tapered lo
30 ' „ at the longest baseline) and a low-resolution map (tapered to
30 "„ at the middle baseline). The resulting maps were then cleaned
using the Högbom algorithm.

2.3. Very large array

3C 66 was observed with the VLA (Thompson et al.. 1980) in the A
and B configurations (maximum baselines approximately 35 and
12km) at three frequencies: 1.4. 1.6. and 5GHz. In the A
configuration 5.5 h were used for the 5-GHz observations and
80 min for each of the other frequencies. The data from the B
configuration, nominally one hour for each frequency, were
somewhat restricted by a severe thunderstorm which put most of
the instrument out of action for part of the time; in practice, about
30 min of data were obtained in each band, resulting in a relatively
poor aperture coverage compared with that planned.

The data were analysed using standard algorithms, including
the self-calibration techniques described by Schwab (1980). The
parameters of the final maps are given in Table 1.
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2.4. Muiii-jrcqucncv eompurisu:i

For useful comparison of images. i( is helpful for [he beamshape to
be the same for all images, so that we are comparing "like with
like" (see Gull and Skilling. 1984 lor a different philosophy). This
requirement is often stated in the form that the aperture coverage
in terms of wavelengths should be identical at each frequency:
however the use of'CLEAN removes the equivalence between final
beam and aperture coverage, and we have not attempted to make
our apertures equivalent beyond ensuring that they were sampled
out to similar radii with a sufficient density to recover the source
structure of interest. In fact, only the WSRT data at 1.4 and
O.dGHz contain enough short baselines to reconstruct the whole
source. However the structure missing in the other maps is
generally expected to have surface-brightness at or near the noise
level, and the additional errors caused by omitting this emission
have been taken into account during the analysis. It is worth noting
that missing short baselines have significantly less effect on the
polarization structure than on total intensity, because the Q and V
distributions arc more complex and also because they can be
negative as well as positive and so tend to cancel out on the large
scale.

We have thus relied on the CLEAN procedure to eliminate
differences in aperture coverage between the various telescopes.
Where necessary, the CLEAN maps were convolved to produce
identical gaussian beams at the standard resolutions listed in Table
1. Various conventions for map-plane co-ordinate systems are used
al the different observatories involved, and the final maps were re-
interpolated onto a standard grid. The random component of the
errors on each map were estimated from statistical analysis of the
lluctuations away from the source. A further source of error is
uncertainty in the absolute co-ordinate system, which cannot be
eliminated by self-calibration techniques. We estimate that the 4"
maps can be superposed to within 0'.'5. i.e. <0.1 beam. Mismatch
errors are only important in the jet. where the structure is
unresolved. Alignment of the high-resolution VLA maps was
better, to within O'.'l; again. 0.1 beamwidth.

In the following analysis, errors were computed .t each point
using small-error statistics and assuming the basic Q. I'. and /
maps were subject to uniform random gaussian errors. The
assumption of gaussian noise on the / maps is inaccurate, since the
lluctuations are dominated by residual calibration and tropos-
pheric artefacts, but this is not critical. Points where errors are
sufficiently large that small-error statistics fail have been masked
out in the results presented.

Table 2. The core source

3. Results

3.1. The core source

The best position for the core source from a weighted average of
the high-resolution maps is given in Table 2. The observed fluxes

Position (1950.0) 02"20m01?723±0r008 42"45'54'.'74±0:04

Date 1972 July" 1982 May 1982 September

S5/mJy 230 + 40 1S2± 6 256+9
S,„/mJy 167±10
S.VmJy 188± 9

a Northover (1973)

are also given, together with Northover's (1973) value. We
measured the flux by integrating a small region around the core
(the peak height can be misleading due to beam smearing ca used by
self-calibration). The main sources of error are uncertainty in the
flux calibration (about 3",,). and differences in the amount of
surrounding diffuse emission included due to differences in the
aperture coverage. We have estimated the effect of the latter from
the B-array data. To check that there were no gross calibration
problems, we compared the integrated 5 GHz flux of a region
containing the base knot of the jet. The -t and B configuration
fluxes agree to within the random errors (5 "„). The 5-GHz llux of
the compact core increased by about 35 "„ between our A and B
configuration VLA observations, a period of about 4 months. The
timescale is shorter than that of the cores ol FR II sources t ^ years.
HineandScheuer. 19S0: likersetal.. 1983) but similar 10 those seen
in some other nearby cores e.g. }C 120 (AUer and Aller. 1982) and
Mkn.MS (Neff and de Bruyn. 1984).

,*.2. Spatial distributions

We present the results of these observations both as a series of
maps at resolutions between 30" and O"35. and as profiles along the
jet axes (or as quantities integrated across the jet. as appropriate).

3.2.1. Total intensity

Maps of the brightness distribution in 3C66B are presented in
Figs. 1a-5a at each of our standard resolutions: 30"x44". 10".
4"x5'.'9, 1.'25. and O'.'35. Component names (following van
Breugel. 1982) are given in Fig. 2a. Note that component C" is the
central region including the jets, not just the compact core. Figure
6a plots the half-power full-width of the jet along the axis: the
average opening angle is about 13 . There are well-defined
variations in the collimation. with an overall trend to re-collimate
until the jet flares into component £. 75" from the nucleus.

3.2.2. Spectral index

Figure 1 b gives the spectral index between 1415 and 608.5 MHz at
30" resolution derived from the WSRT maps. At higher resolution,
much of the large-scale structure of the source is not represented in

Fijjs. 1-5. We present maps of total intensity and various derived parameters at each of our standard resolutions. In each figure, the linear scale and beam M/e are
given by a scale bar and shaded ellipse in the ƒ map. The contour interval is given after the legend "CJ". and the contour levels are given explicitly in the captions, with
an ellipsis (...) representing repetition of the same interval. In maps where magnetic field direction and degree of polarization are represented by the orientation and
length ofline-elements in a "vector" map. a scale bar gives the length corresponding to 100 "„polarization. Grey-scale and vector maps are generally superposed on
the lowest contour of the associated / map

Fig. 1 a and b. Maps al 3D" * 44' resolution (WSRTl. a / map at 60K MHz. Contours at - 30. - 15. 15. JO. ... 150. 200. ... 750. I mill. ... 275» mjy. Crosses mark Ihe
position of the host galaxy and its nearest neighbour, b Grey-scale map of spectral index between 1.4 and 0.6GHz. superposed on contours of 1 a! 1415 M H A
Contours at 10. 20. 40. 80, 160. 320. 640 mjy
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3C 66 WSRT 608MHz I

100 kpc Cl 15 50, 250

3C 66 WSRT U15MHz I
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Flg.2l-4. Maps al 10" resolutiun (WSRT. 5-km and VLAI. a 5-km / map al 2615 Mil/. C'onumr":» 4.4. K....6(1.8(1... .160 mj>. Crosses mark (ht-position ul'lhchoslgalaxy, ils salcllilïs.and ils ncighhour.b Vector
map ofmagnelie-lidd angles. All points wilh errors < 0.2 radians are included, c Rol.uion measure <ire\seak- runs from - 20 to 140 (black Jnidni : . Bolh""blank" and those (ver> tewjabove - 20 rad m"2 are shown
as white, d Spectral index between 5 and 2.7GH/. Grcyscale runs from 0.0 (wink) In 2 0 (blackI t'oinls witli errors <0.25 are included. The 2.7-(JH/ XmJy contour is superposed



'Cable 3. Demed parameters lor components

Component Knol .Iets B E D

S, 4 J> 0.13 I.D6 0.63 0.94
,-,, - c , uresec 2.7 * 0.75 66x35 74x29
i/, • </: "kpc MS <0.22 20 x M 23*9
/', 4 1D-" (J.051 0.42 0.25 0.37

IVI1/ 'sr '
Vol 10"" nr' 0.00)4 S3 67
«min pJm •* 50 0.23 0.3 0.06
/ mir[ i o l \ l 0.07 f> 19 22
B. n'I S.O (1.5 0.6 0.3

be less than 0.25.
I'igiifL* 6b presents ihe .spectrum of the inner 50" ol' the jets,

derived trom leas!-squares fits to the fluxes at our tour frequencies,
integrated in strips across the jet.

snorter naseiiiiesf. i ins .suggests a spectral nreaK neiwcen .̂  ami
I ( i l l / , consistent with the integrated spectrum IFaing and
Peacock, 19X0]. Note that the integrated spectrum is itself
unceruun because of possible resolution effects and also because
3C66A is so close.

3.2.3. Minimum energv

Figure 6c plots the minimum energy density. umn. as a function of
distance along the ridge-line. We have used the data in Fig. 6a and
the profile ol l.4< il Iz II ux integrated across the jet from the VI. A
map. We performed the calculation using both the spectral index
profile ol" Fig. 6h. and constant spectral indices of 0.55 and 0.6.
both consistent with the data. Differences are minor and are
included in the errors assigned. We assume cylindrical geometry
with an inclination factor of <cosee<:>> = n 2. no relalivistie
protons, and a filling factor of unity, using the formula given bv
Rile\ and Branson (1^731. We have also calculated the average
minimum energy density and total energy in other components of
(he source (Table 3). assuming a spectral index of 0.6. consistent
u ith ihe low-frequency spectral index (Fig. 1 b) and the spectrum of
ilie base of the jel (presumably the injection spectrum). We used the
VLA 1.4CiM/ data for components B. C. and E because this
frequency is closer to the spectral break, and also because the
surrounding diffuse components are filtered out. We estimate «m)n

in the halo (component D) from the surface-brightness oï' the
WSRT map (Fig. la}.

The energy density in the jet falls off with distance roughly as a
power km with an index of 1.56±O.O3. steepening considerably
alter about 40" from the nucleus. The variation of «min with width is
also interesting since simple models make direct predictions of this
function. Following Perley et al. (1984} we plot the equivalent

relation between the observables width and surface brightness
(Fig. 7). Despite the surface brightness peak at the base knol. //mm

declines monotonically with increasing width. After the peak,
/oc r J 1 . steepening to about r lmf> after the width reaches 5". This
behaviour is similar to that seen in NGC62M (Perley et al.. 19K4).
The steepening of the relation coincides with a section of the jet
where the width of the jet is roughly constant. Note that the energy
density increases after about 70": the brightening of component E
is caused by an increase in emissivity us well as an increase in the
line of sight depth.

3.2.4. Projected magnetic field, degree of polarization, and
rotation measure

The projected magnetic field angle (#-field I and the rotation
measure (RM) were calculated at each point in our maps using an
algorithm based on least-squares fitting (described in Appendix
A.I}. Although in principle at least three wavelengths are required
to determine the rotation measure at a point, after correcting lor a
uniform component ' of - SOradm : we find that even at 21 cm
rotations through more than 90 are rare. We have therefore
included in most of the maps points at which the position angle iv
well determined at only 2 wavelengths C"supplemeniar\ points") as
well as those at which good signal-to noise is a\ailable at 3 or 4
wavelengths ("primary points" I. Inclusion oi' the former allows a
more complete picture of the R\I and tf-field distributions.

To gi \ean o\er-view of the structure. Fig. 2 b and cshou ihe B-
field and R\f distributions at a resolution of ]()". Supplementair
points are included in both maps.

Figure 3b ami c give the corresponding maps at 4 ' resolution.
In Fig. 3b tile length oï the line-elements is proportional to the
degree of polarization at 6 cm. nti(i). This has noi been "corrected"
for its asymmetric error distribution. Values are only plotted w here
the total intensity exceeds 2o. Figure 3c dtspla\s onl> priman
points where the error is less than 5 rad m ~: the^e are the value
used in the statistical analysis in Sect. ?•.} helou.

Although the R.U distribution is usual)} lairh .smooth, there
are places in the weH-resoived components where the RM changes
ver\ nipidK Fig. N i.s a contour map o\' the best example, in
component E. This is also xi^ibleon the greysealoplot i t ig . 3 c). but
the points closest to the "wrinkle" have been masked out as either
•"supplementary" or "large error'".

Figures 4b and 4c cover the jet at 1'25 resolution. Sup-
plementary points are included in both maps. The line-element
length is proportional m(2\ I. since the 6cm data is of poorqualii}-

Figure 5b shows a /?-field map at (K'35, with \eeior**
proportional to m(h). We have assumed a constant rotation
measure of -93 .4 rad m \ the mean lor the corresponding area o\
Fig. 3c. Figure 6d and e are ridge-line profiles respective!} o\'
percentage polarization at 5 ( i H / . and rotation measure.

3.2.5. Depolarization

The depolarization measure. PP. is discussed in Appendix A.2.
The most obvious features in these maps are due to beam
depolarization, so we consider only the highest resolution data
available for each component. At 4". there is no significant
depolarization between 6 and 11 cm. and the depolarization

3 The integrated R.U for 3C66B is - 6 7 r a d m - (Simard-
Normandin et al.. 19XI). This value was used initially in step 2 of
our fitting algorithm. Since the mean of the primary points was
closer to - K 0 r a d m 2. the bi ter value was used to derive the final
map
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Fig. 4a and b. Maps of ihe jet al 1"25
resolution (VI.A). a /i-con figuration / map ai
14(1 MH/. Contours at -2. 2.4. ,. 20. 2?.
60mJy. The cross marks the position ut' the
.V/> companion (zahix> b Magnetic Held angle:
and decree ol'pofan/atum al 2f cm Same
selection us J-'ig. .̂ b

between IS and 21 cm is only marginally significant except in ihc
jels. We therefore display the depokirbalion between 6 and 21 cm

Values are only plotted where m(6) exceeds 4a. There are very few
points where significant polarization is observed at 2] cm and is
noi at 6cm. Typical errors are about 30 "„ of the value plotted, or
0.15. whichever is larger.

Although this pair of wavelengths shows the most significant
depolarization, the values may be systematically underestimated.
The effects mentioned in Sect. 2.4 means that in regions with
missing large-scale struct ure, m will be overestimated because total

intensity is lost fastest due to its larger scale size. Since the VLA
maps are more subject to this effect than those from the WSRT. the
strength of the depolarization between 6 and 21 cm is likely to be
systematically underestimated, by up to 20 "„ in components Bund
£ in the worst case.

At 1 '.'25 resolution, the base of the jet is highly depolarized
(Table 4), slightly more so than expected from the steep RM
gradient is the region, but this could easily be attributed to
unresolved RM structure. Elsewhere, a slight excess over predicted
beam DP can be explained by the inverse oï the systematic effect
discussed above: the depolarization is biased to low values by the
worse sampling at 18 and 6 cm than at 21 cm. We therefore do not
show a map.



Rotation Measure

Fig.4c. Rotation measure. Greyscale and
selection as in Fig. 2c. Points for which y /
plots are given in Fig. 12 are indicated

3.3. Statistical aiutlysis of the polarization data

3.3.1. Rotation measure

We have divided the maps into regions corresponding to the
indicated components £. B and the jet. For each region. Table 4a
lists the mean rotation, standard deviation of observed values,
number of independent points, and average error on each point.
Note that our map grid substantially oversamples the source; in
deriving the number of independent points, we simply divide the
number of map points selected by the beam area (in pixels). Only

primary points with errors less than 5 radm - were used. Since the
typical error is much smaller than the observed spread., we have
given all such points equal weight in the analysis.

Following Leahy (1984). we investigate the scale on which the
fluctuations in the RM occur using A(i), the rms difference
function. A(ï) is defined as the rms difference in some quantity
(here RM) between map points separated by an angle c. Thus

where 6 is a position in the map and tt* is a unit displacement vector:
the average is taken overall 9 and all orientations of ij>. Note that

Table 4. Polarization properties

Region

1) Resolution

Base
of jet

1 '.'25

Rotation measure distributions
2) <KAz>/radm~2

3) <j-KM/radm~2

4) # beams
5) <JS M>/radm~2

-90.2
27

7
2.6

_

Rest
of jet

1 '.'25

-89.8
17
31

3.4
8.25

Sp\obe(B)

4V0

-71.7
23
13
4.0

19

Jets (C)

4'.'0

-85 .4
26
16
2.5

23

Nf lobe (£)

4'.'0

-84.1
16
52
3.0

16

B-field distribution
7) ©j/arcsec — 3

Rotation curvature and depolarization

12 < 5 41

8)

9)
10)
10
12)
13)
14)
15)

\d{RM) f X2

j dX2 { ndf
/.,. /.;/an
Median DP
DP>\ xl

ndf
DP<iy2

ndf

11

8
18,6
0.55

_
—
-
—

42

36
21,18
0.79
6.1
5.8

35
16

42

26
21,6
0.73
3.3
9.1

101
30

71

29
21,6
0.87

10.4
5.7

182
8.1

90

99
21.6
0.76
0.5
2.1
9.4
6.6
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angle" tpoluri/uiion position angle rtUiitt'd by
20 +9(1 ) and degree of polarization at 6 cm.
Onl> poinia uiih / > 2a arc plotted

•)(.;) is the square root of the structure function (e.g. Simonetli el second, three-wuvelenglh lus arc much more likely to give a
;ii.. I'ASJl. Figure 9 plots A{z) for each region. completely wrong value for ihe RM. since the ambiguities in the

We use these plots to derive characteristic angular scales for the position angles are less constrained. All this is amplified by the
RM structure (0R>U, definedasc forsignificant peaks in.4(c)). The significant departures from ihe A2~\aw in lhis region, discussed
structure is well-resolved in the jets at I'."25 and in component below.

The RSf distribution in lobe B is apparently more complex.
However, examination of the data shows that ihis is largely an
artefact: because the surface brightness is lower, at many points
only three wavelengths are included in the RM fit. This has two
consequences: first, where the signal al one wavelength drops
below ihe cutoff value used in the RM algorithm, the value of the
RM is likely to change abruptly by an amount -̂  the largest error;

3.3.2. Structure in the projected magnetic field

The cell size of the projected magnetic field will be an important
consideration when discussing beam depolarization below. In-
spection of the maps reveals ordered structure in components B
and Eon the scale of about 30". while the jet contains structure on a
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Ffg. 6. Profiles along the jets, a Half-power-full-width. Data from alt maps have been combined. Error bars indicated the variation between values derived
from different maps, b Spectral index from a least-squares fit to the data between 5 and 1.4 GHz. The solid line is derived from the maps at 4" resolution,
while the individual points are from the VLA data at I "25 resolution, c Minimum energy density. Derived from the VLA 1.4GHz map at 4" resolution, and the
widths in a. d Degree of polarization at 6 cm. Solid line: WSRT map at 4" resolution. Dashed line: VLA maps at 0.35 (first 6'.'5) and 1 '.'25 resolution, e Rotation
measure. Solid line: T'25 resolution. Dashed line: 4" resolution
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U) /aresec

h'ig. 7. Lug-Ion plot ot' half-power width against surface brightness. Filled
ordes are itemed from Fig. 5a. crosses from Fig.4a. circles from a Tul]
resolution (V65) VI.A map a( 1.6 GHz. and plus signs from Fig. 3a. All data
ha\e heen cnmeried lo 5Cill/ assuming a spectral index of 0.6

.l RM curvature and depolarization

Variations in Faraday depth (jn,,B- dl) to different emitting
regions superposed along a Vineol'sight or wilhin lhc beam show up
.i.s ;i de\ ialion from the '/} law for rotation, and as depolarization.
Measurements of these effects are summarized in Table 4c. The
parameters used are discussed in detail in the appendix. For each
region we list in rows K and 9 / ' and number of degrees of freedom
\/uit') lor stmight-line fits to the position-angle '/} relation at each
point. Row 10 gives the wavelength pair between which the de-
polarization analysis has been performed, which was chosen to
maximize the significance of the results. Row 11 gives the median
depolarization, and rows 12 - IS/1 and mij for departures from
DP ~ I. separately for re-polarized and depolarized points.

Curvature in the /.: relation is clearly detected in component B
and in the jets, In the latter the random errors are small and the
intrinsic field angles vary rapidly, so slight misalignments between
maps (as discussed in Sect. 2.4) can cause apparent curvature.
Significant curvature is not found at higher resolution where
relative positional accuracy is better, suggesting that the high value
of/" in the jets at 4" is indeed an artefact. In contrast, component B
is well resolved and the curvature here is reliable. Detailed
examination shows that the curvature is particularly strong in the
region of anomalously low RM near the entry-point of the counter-
jet into the lobe. The example point shown in Fig. 12c was the
closest io lineai of well-determined points in this region.

The median DP i* less than one in all components, although the
depolarization in component Eis not formally significant. There
are no regions of significant re-polarization.

Whereas differential rotation across the beam can be due to
irregularities in the rotating medium anywhere between the source
and the telescope, depolarization along a single line-of-sight must
be due to rotating material mixed into the emitting region itself. It
is therefore important to distinguish between the two effects, which
we shall refer to as "beam" and "internal" depolarization
respectively. We try two approaches. In the first we search for
definite evidence for beam depolarization by correlating DP with
the local gradient of the RM distribution. Having isolated such
points, in the second method we search for internal depolarizalion
in the remainder by looking for a correlation between DP and the
deviation of the RM from the mean (foreground?) value.

Since the maps (Figs 3c and d) show substantial variations in
RM and DP across each component, we have to perform a point-
by-point analysis. We used points separated by 3"6. the slight
oversampling compensating for the loss of many points due to lack
of signal. Figure 1 la plots expected beam DP derived from the
local RM gradient4 against observed DP. The "expected" value
will be too strong if the B-üe\é varies significantly across the beam,
while if there is much RM structure it will be too weak. Figures 9
and 10 suggest that both are mostly well resolved, except in the jet.
The "wrinkles" (e.g. Fig. 8) do have significant RM structure on
scales < beam, so the predicted depolarization here is inaccurate
(although usually large). Inspection of the maps shows that the
most depolarized points (DP < 0.5) are all associated with wrinkles
in the RM map.

Because of the above effects, the most interesting pan of
Fig. 11 u is ihe cluster of points with predicted DP near 1 because
they arc on smooth part of the RM distribution. Here, a
significantly stronger observed than predicted depolarization
would imply additional internal depolarization.

Fig. 8. Contour map of rotation measure in the eastern end of component E.
The cross marks an 18 mag galaxy

4 Assuming a uniform intrinsic polarization across a gaussian
beam of HPBW bx,b}. arcsec. and a linear RM variation with a
gradient of {ax.ay)radm~2 arcsec"1.

DP\ = exp ; - 2 ( [ ( a A ) 2 + layby)
2] 4\n 2) [/* - ti)\

146



R0TM1CN MFASURF
ROTATION MEASURE

C/d

'I ,'' 1
I

1

t
1

A

\
s

1

J 'c

/ \ »

/

1

F

-

-

Fig. 9. The rms difference function A w) of the rotation measure distribution, a The jet al I ".'25 resolution, b The <V/ lobe (£). ihe jets ( O and the Sp Jobe (flj
al 4" resolution

B-FIELD ANGLE B-FIELD ANGLE

0 5 10 15 10 25 D 10 20 30

a §- /aresec b J"/aresec
Kii>. 10a and b. .-!UI of the projected niagnelic lïeid angte distribution. IX-lail.s as for Fiy. y

In fact, there are equal numbers ol' points on each side
ol'the line, and the scatter is consistent with the random errors on
each point. Thus the most we can say from this test is that the
iniernal depolarization is weaker than 1 — ITS), — t(DP) \'N.
where rr(VI represents the systematic bias we estimated in Sect. 3.2.5
.tnd .V( = 58) is the number of points with predicted DP> 0.7.
This gives DPmKlml > 0.75.

Internal depolarization predicts a relation between K\t and DP
rather than grad RM and DP. This observed scatter diagram is
given in Fig. 11 b. For pure internal rotation we expect more
depolarization as the RM deviates from the foreground value. For
reference, a Burn slab model5 has its first null at + 35 rad m - fora
wavelength of 21 cm. In most models, by the time the DP reaches
0.3 the /.2 law will break down. It is interesting to note that the
observed values of RM fall into a range of ± 40 radm"2 around the
mean value of — —80 tadm" ; . so it is possible that points with
larger internal rotations were too depolarized to allow RM
determinations. The relatively complete coverage of the RM map

where there is good signal at short wavelengths suggests that such
points must be rare, however.

Although not strikingly obvious from Fig. 11 b. there is u
definite tendency for DP to decrease with the difference of the RM
from its mean value < -X2.4radm ;).ToillustratethisTable51isls
the median depolarization (determined from a grid sampled every

Table 5. RM vs. DP relation

sinc(2ftM/.T)
5 DP\ = -.----,-iT,-T4r; sine f.v) - «in f o <

sine (2 RA//.;)

RM range

rad m ~ 2

-120 -
-110 -
-100 -
- 90 -
- 80 -
- 70 -
- 60 -
- 50 -

110
100
90
80
70
60
50
40

Median ƒ>/>;

All points

0.92 ( 15)
0.73 (150)
0.84 (205)
0.98 (141)
0.86 (103)
0.76 ( 54)
0.56 ( 62)
0.66 ( 33)

' (# pixels)

Beam DP > 0.7

0.87 ( 11)
0.74(131)
0.87(172)
1.01 ( 86)
0.88 ( 64)
0.83 ( 30)
0.64 ( 38)
0.66 ( 19)

Slab model

0.07
0.4-:
0.80
0.99
0.93
0.64
0.25
0.08
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Kig. 11. a Plot of depolarization between 6 and 21 cm against the beam
depolarization predicted from the gradient of the rotation measure at each point,
l-'illed circles: A'/ lobe. Open circles: Sp lohc. trror bars are given on every filth
point plotted, b Plot of rotation measure against DP*'. Details as for a

l'.'2)in RM bins of width 10 rad m "-. Note that the bins at each end
hiivL' very few pixels hardly Ihe equivalent of a single beam area.
The Spearman rank correlation coefficient for the individual data
points (correlating DP vs. \RM -<K/W>])is -0 .21 . With 763 grid
points the number of independent beams is about 41: the
significance level of the correlation is jusl over 10"„. However,
there is a potential selection effect: deviant RM values occur
relatively rarely (cf. the distribution of points in Fig. 11 b). and
hence are more likely to be adjacent to a significantly different
value, giving rise lo beam depolarization. To test this, we re-
calculated the medians using only points selected for predicted
beam DP > 0.7. As expected the medians in most bins rise, with the
lowest values rising slightly more suggesting an effect of the kind

described above. On the other hand, looking at the individual
points the correlation becomes considerably stronger: rs increases
lo — 0.34 with 551 points, or about 30 independent values. The
correlation is now significant at the 5",, level. It is clear that by
windowing out points near strong gradients in the RM. we have
removed a confusing effect rather than a bias. Although the
significance level of this result is not enormous, we are fairly
confident that the correlation is real: the correlation is followed by
the data from both lobes and by points both above and below the
mean RM values. This lest is more sensitive than the previous one
for depolarization in excess of that expected from beam effects,
because it is not affected by systematic overeslimalion of m(2l 1.
unless the latter is correlated with RM. which seems unlikely. We
can therefore conclude that there is reasonable evidence for an
internal Faraday medium in the source.

3.4. A foreground medium us well'!

The discussion in sect. 3.3.3 showed that there is a Faraday-active
medium mixed in with the radio-emitting plasma. We now look i^or
evidence that some of the RM structure must be due to a
foreground Faraday screen. The crucial point is that for any
geometry in which the rotating and emitting regions arc fully
mixed, the /.2-Iaw breaks down before the resultant polarization
has rotated through K 2. Burn (1966) investigates a number of
geometries: the best case is the simple slab model which is linear
except for n 2 discontinuities after each quarter-turn. Figure 12
plots position angle (afler correction for a constant foreground of
— 80 rad m ') against }} for selected points of high and low RM in
3C66B. The lowest RM observed is in the jet. where the residual
rotation measure is — 58.5 rad m ". corresponding to a rotation of
-2 .6 radians at 21 cm. and from here the steepest RM gradient in
the whole source increases the residual RM lo 26radm " at the
base of the jet. A very similar feature is apparent in the RM
distribution of the NGC 6251 jet (Perley el al.. 1 ̂ 84). In both cases
the /.'-law holds down to 21 cm at each end of the slope: although
our choice for the foreground RM may be wrong, at least one of
these regions must be differentially rotated by a small-scale
foreground screen. This rotation can easily be provided by the ISM
of the host galaxy.

Furthermore Table 5 shows that the observed correlation
between RM and DP is not nearly as strong as that predicted from
the slab model. Although various geometric effects can be in\ oked.
a simple explanation for the excess rotation over that predicted
from the internal DP is local foreground rotation.

In contrast, the highest values of the residual RM in the source
occur in component #near the entry-point of the counter-jet. This
rotation is likely to be internal: the 10-arcsec maps suggesi that the
low RAJ patch is relatively coherent, so beam depolarization is
unlikely lo be the culprit. Here the rotation does not persist down
to 21 cm: the polarization near 20cm exceeds the required 2.5<r
level only palchily. but Fig. 12 shows that there seems to he
significant curvature.

4. Discussion

4.1. The Fartutav-aefive medium

The rotation measures observed in Ihe internal and local
foreground media can be converted into limits on the electron
densities and magnetic field in these regions, if we assume the
equipartition field in the radio lobes, and use Ihe rather uncertain
X-ray data to give a density in the external medium.
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The minimum possible value for the internal density can be
derived using a slab model to explain the largest systematic DP seen
in the RM/DP relation, i.e. about 0.65 iTable 5). This value is
affected by both our systematic error and by residual beam
depolarization, but since DP= 1.01 at RM = RMa, these effects
appear to cancel. DP21 =0.65 implies an internal front-to-back
RM of 35 rad m"2 . To get a minimum density we assume that the
line of sight passes through the middle of the lobe, and the field is
parallel to this. Thus RMM = k Jn ,B • dl=kn,B,q(<t>)wlabe

cosec il>, where </) is the angle between the lobe axis and the line-of-
sight. Hence n,.;£68O(/iu,osin0)s '7m-3.

The field structure is likely to be more complicated, however.
The RM autocorrelation length is about 5/tfo0kpc in the lobes.
Typically, the line of sight will be (]/3/2) ivtote cosec if. with
Br = Bt,J ]/3. The median internal DP ~ 0.81, and combining these,
« ,= 1000/i5'0

7
0(sin<M314m~3, if a reasonable component of the

magnetic field energy is ordered on the scale of the RM fluctuations
(and if equipartition holds).

The foreground rotation fluctuations are easily explained if
some or all of the radio halo is in front of the lobes, since this would
provide a Faraday screen to smear out the expected RM/DP
relation. For instance, if the density were 10 3m~\ the path length
- 30 kpc = 6 cells, then RM ~ 15 rad m"2 , a slightly more impor-
tant component of the RM structure than that due to internal
effects.

The X-ray halo outside the radio source has a density
~1.2 10 3m~\ from the results of MrfSect. 1). It too could have a
significant Faraday depth if it contained a field —0.1 /i7*organised
on the appropriate scale. Such a field would have an energy density
3 orders of magnitude less than that of the thermal matter.

4.2. The jets

The brighter jet in 3C66B is very similar to those found in 3C 31
and 3C449 (e.g. Burch, 1979b: Perley et al.. 1979). The jet is first
detected about 1" (— 300/ij"0'opc) from the nucleus, and rapidly
increases in brightness until the intense knot at 3". Thereafter it
declines in surface-brightness relatively smoothly 6 until it flares
into component £ a t 70". As usual, the overall fall-off of derived
energy density with distance from the base knot is much slower
than predicted by simple adiabatic models. This implies either thai
the jet is slowing down (thus reducing the expansion; see Laycock.
in preparation) or that equipartition does nol bold between the
various contributions to the internal energy from relativistic and
thermal gas, magnetic field, and turbulence. Although the errors
are large, the lack of an observable spectral differences at the base
knot suggests that this is not a privileged site for particle
acceleration.

The strong overall curvature and the relatively large opening
angle (about four times that of the NGC 6251 jet) make ii difficult
to follow small scale wiggles in the jet, but these do exist, most
obviously near the base of the jet where the knot is at a slight angle
to the mean jet direction.

Examination of the B-field structure makes much of the above
more clear. The field is parallel to the jet axis for the first 6"5. and in
this region follows the wiggles in the ridge line (Fig. 5 b). The
parallel field persists at the edge of the jel beyond 6!'5 (most
obvious in Fig. 4b), while the dominant field is perpendicular to
the jet, as usual for FRI sources. The parallel-field sheath

6 Note that the trough/peak structures at 6" and 8" in Fig. 5a are
caused by residual calibration artefacts
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represents a boundary layer between the jet and the sur-
roundung medium: in many models the width of the layer is
determined by the effective transport properties in the system, and
is therefore of some inleresl. The sheath is not clearly resolved in
any of our data: the apparent clear separation in Fig.4b is an
artefact caused by beam depolarization along the true edge of the
jet. with the parallel field dominating in beams centred just off the
edge of the jet. Since the sheath appears unresolved in Fig. 5b we
can pul an upper limit of about 20°,, of the jet radius at 7" (i.e.
< 90/;,,,'„ pc): although the layer is more strongly polarized than
the centre of the jet. it would not be possible to see it unless it was a
reasonable fraction of a beamwidth across, suggesting a minimum
thickness of about 50hlt}upc.

The simple transverse-field structure at the centre of the jet is
broken at 20" and 40". where, coincident with relatively steep
drops in the surface-brightness, the field wraps around the end of
the ridges.

Perley et al. (1984) suggest that some of the rotation in front of
the NGC6251 jet occurs in a relatively thin layer around the jet.
where the magnetic field may also help with confinement. This is
based on strong transverse RM gradients across the jet. which
correlate with regions of re-collimation. In our data, the jet is only
well resolved in the 1 "25 maps (Fig. 4c). No strong transverse RM
gradients are apparent, except possibly at 6". where the polariz-
ation opposite the peak ft.V/of - 140 rad m '2 is too low to allow a
good RU determination. The jet is actually widening rapidly at this
point.

-f.J. The lubes iannptmems B ami Ki

Kurly arcsec from the nucleus, the counter-jet Hares out and
brightens into component B. Although less obvious, a similar
Oaring occurs in the main jet at 70" at the transition to component
E. This behaviour is very similar to the ending of the inner jets in
3C449. The size, surface-brightness and magnetic Held structure of
the two lobes in 3C66B are very similar. The perpendicular field
regimes of the jets penetrate some way into the lobes, where they
end surrounded by highly polarized field loops (at 02h20ni00* and
()2h2O"l10>). Beyond these features, some hints of a second pair of
loops is apparent (at 02h19n'56" and 02h20ml.V). and the lobes
terminate in very highly polarized regions while the ridge lines bend
through a right angle to enter the diffuse components A and F.

We suggest two possible interpretations of the field structure.
In the first, the collimated flow of the jet is assumed to be abruptly
disrupted at about 70 kpc. Material from the jet inflates a cocoon,
the outside edge of which is compressed, giving the observed field
loops. This implies that the lobe is confined by external thermal
and or ram pressure. A second possibility is that the flow continues
relatively unimpeded through the lobes, but the outer layers of the
jet become unstable. The "loops" then represent large-scale waves
in the boundary layer, which can also explain the rapid widening
and re-acceleration into the lobes. Since the "perturbations" of the
boundary layer would be well into the non-linear regime, these two
explanations may not be as physically distinct as they seem at first.

The detection of matter in the lobes allows some interesting
constraints to be put on the dynamics. The thermal energy
density in the lobes is 4 lO-'2Tsh\S0Jm-3 (Tg = T[l0"K).
Unless 7*H < 0.07. this exceeds the wmjn for the synchrotron plasma.
The similarity of the derived lobe density to that in the X-ray halo
suggests that the matter entered the lobe by entrainment, in which
case the temperature cannot be much less than that of the X-ray
gas. There cannot then be equipartition between relativistic
electrons, magnetic fields, and thermal energy, unless there is a

conspiracy of low inclination angle, low filling factor and low
temperature. The situation is even more extreme for the halo
components O and F if these do physically surround the lobes and
jets, since the minimum energy density is about an order of
magnitude lower than in the lobe. This result is interesting since,
with the exception of sleep-spectrum radio haloes in clusters (e.g.
Hanisch. 1980) equiparlition pressures are usually 2 the derived
X-ray pressures (e. g. Miller eta]., 1985.- Leahy, 1984; Arnaudetal..
19S4).

4.4. The large-scale structure

At first sight, Ihe asymmetry in the large-scale structure of 3 C 66 B
(Fig. 1 a) suggests that the galaxy is moving towards the east, where
extra ram pressure shortens the jet and raises the energy density
and the emissivity. However, the faint steep-spectrum projection to
the east of the end of component E makes the simple version of this
model unconvincing.

11 is interesting to note that if the axis were fairly close to the line
of sight we could explain many of the peculiarities of this radio
source: the asymmetry, highly distorted ridge-line, sharp curvature
and large opening angle of the jets, internal-external pressure
mismatch and low overall axial ratio. In this case the "halo" might
not physically surround the inner source, but could be an extended
component similar to theobserved wesi tail, seen in projection. For
comparison, the outer components of 3C31 are at an angle of
about 105 to each other (Strom el al.. 1983). and in fact viewed
along one of these components the source would look very similar
to 3C66B.

No appeal to projection effects can entirely avoid the
distortions in the source. The most obvious candidate to explain
these wiggles is gravitational interaction with the satellites and
other nearby galaxies. The complexity of the structure suggests
that interactions on several scales are occurring, and there seems
little point in discussing detailed models.

Note that orbital models for the wiggles in twin jet sources do
not necessarily imply the extremely low velocities (subsonic and
possibly below escape velocity from a large galaxy) derived by
Blandford and Icke (1978) for 3C31. Their analysis assumed
purely ballistic propagation of the jet, but if as seems likely the
dominant bending mechanism is ram pressure, jet velocities about
an order of magnitude higher are implied, consistent with the
currently popular values of 103-104 kms ~' for low-luminosity jets.

5. Conclusions

We have conducted the most detailed study of the polarization
properties of a radio galaxy yet performed. The principal results
are as follows:

(i) There is substantial structure in the rotation measure
distribution across the source, on scales 2"-25".

(ii) There is also significant depolarization at a resolution of 4"
in all the bright regions of the source.

(iii) The strongest depolarizations observed are caused by
differential rotation across the beam.

(iv) A correlation, significant at the 5% level, between
depolarization and deviations from the average RM implies that
some of the rotation is occurring within the radio-emitting plasma.
The implied density is >10 3 m" 3 , very similar to that in the
external medium detected in X-rays.

(v) This correlation is weaker than would be expected if all the
rotation were internal, implying that rotation also occurs outside
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the regions of high radio emissivity. i.e. either in the faint radio
halo or in the larger X-ray halo.

(\ i( The structure in the rotation measure at the base of the jet is
definitely due to a localised foreground screen, where the inter-
stellar medium of the host galaxy provides a rotation measure of up
to 71) rad m : .

Because a) we ha\e not detected matter in the colltmated jet
itself, and b( most of the energy in the outer source is likely to be
thermal energy entrained with the matter, a very wide range of jet
parameters is admissible, and we have not discussed the
possibilities.

We have also mapped the magnetic Held distribution in the jet
and in the lobes at the breakdown of collimation. The jet is typical
of those found in low-luminosity sources (Bridle and Perley. 1984).
It will he interesting to see if the loop structures found in the lobes
are duplicated in other sources.
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Appendix:

Algorithms for rotation measure and depolarization delerminations

A.]. Rmaiion measure

Because polarization position angles (/) separated by n radians
rotation (a half-turn) are equivalent, the determination of the best
fit / /.- slope is complicated by the need to assign the correct
number ol'hall-turns het ween the measured / 's . Our data consist of
position angles and estimated errors at up to four wavelengths at
each grid point. The algorithm used at each grid point was as
follows:

1. Reject / s wilh errors greater than 0.2rad. If less than two
wavelengths remain. Hag the point as "blank". If two wavelengths
only remain. Hag point as "supplementary".

2. Correct the / s for an assumed foreground rotation,
determined from the integrated RM or from a previous cycle.

X If the point is supplementary, work out the RM correspond-
ing to the lowest possible residual rotation, together with the /. = 0
intercept and the random errors in these.

For a primary point, we now look for a residual RM with an
absolute value less than a specified maximum RMmiL •

4. Assign an arbitrary non-degenerate '"position angle".-
</>> = /-, + nn to the longest and shortest wavelengths available,
initially so that 0 ; — </'; is as large as possible consistent with
RM<RMm„. '""'

5. Fit a preliminary 2-point RM ':urve.
6. Assign </>'s to the remaining wavelengths as close as possible

(i.e. within K 2) to those predicted from the preliminary curve.
7. Perform a least-squares fit to the </;'s. recording the slope.

/. = 0 intercept, the errors in each of these (determined from the
errors assigned to each position angle, not from the goodness of fit).

and the y2 statistic £ ((/> - </>„)";'<*2- where <,'>„ is the predicted value

from the best-fit line, and a is the error in </>.
8. </>, is decremented by it, and. while |f/»mus — </>miJ ' s smaller

than the maximum possible rotation, steps 5 to 8 are repealed.
9. The fit with the lowest value of /; is chosen. Points where y!

m„
is higher than the 5",, confidence level that the (</>./.2) points do
actually lie on a straight line are flagged as "curved".

This algorithm is much faster but less secure than that outlined
by Simard-Normandin el al. (1981). It is appropriate for working
with a large number of data points wilh only a few wavelengths
available, and a fairly narrow range of plausible RM's.

A.2. Depolarization

Variations in the degree of polarization m with wavelength, unlike
variations in position angle, cannot be expected to follow a simple
functional form. In principle we should therefore present our data
as plots of w/(/.| against /. at each map point (as do Brouw' and
Spoelstra. 1976). Fortunately, with the moderate signal-to-noise
available here, this is nol worthwhile, and we follow the
conventional approach (e.g. Strom el al.. 1978: Laing. 1981) and
present a map of the depolarization ratio DP. The error
distribution of a ratio is much more tractable if the denominator
has the smaller fractional error, and in general this will depend on
the details of the observations. Confusion over whether high or low
values ot' DP correspond to depolarization in any particular case
can be avoided by distinguishing "depolarization" (the effect)
I'rom"/J/'" (the measure), and by using the adjectives "strong" and
"weak" rather lhan "high" and "low " to describe the magnitude of
the effect. (For Fig. 3d. the 6cm data are the best determined, so
strong depolarization corresponds to /mr values of DP;^ ).

We find that it is best to describe the significance of the
observed depolarization using the / ' lest for Ihe differvme between
the degrees of polarization, since this measure is symmetric
hetween /., and /. : . and the error distribution is a better
approximation lo a gaussian.

The full depolarization analysis is as follows:
1. Select only points with / > 3(7 al both wavelengths.
2. Work out m = | (Q- + 12) /. and the error in tu (no

correction for the asymmetric error distribution of in is made).
3. Select points with m>4a at least at one wavelength (i.e.

reject points with no signal at either wavelength).
4. Work out •/_- for m, = m 2 . r = V |m, - in,): (177 + 0-5).

separately for poinls with in, < m, and with m, > »/,.
5. Work out DP\ =. nt, m^ al each point, unless m> <4rr. in

which case work out a 4ff lower limit 10 DP, DPlim = m, 4n , . and
Hag as such.

This selection procedure does not discriminate against regions
with DP> 1. which would be missed if good signal-lo-noise was
required at both wavelengths.
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CHAPTER VI

Structure and Polarization or the Radio Galaxy 4C73.06 at 0.3, 0.6 and
1.4 GHz

Summary.

The giant radio source 4C73.08 has been observed with the 3 km

Westerbork Telescope at three frequencies, 1.4 GHz, 0.6 GHz and 0.3 GHz

respectively.

The radio source has a peculiar morphology which consists of two

separate components with cross-like structures. The total extent of the

radio source is -19 aremin (- 1.1 Mpc).

4C73.O8 is highly polarized at 1.1 GHz with polarization percentages

of more than 70?. This is one of the first sources to be mapped in

polarization at frequencies below 0.6 GHz. Even at 0.3 GHz large parts of

the source are still polarized, especially towards the outer edges. The

distribution of the spectral index shows similarities to that of the edge-

brightened double radio source 3C35 and there is a tendency for it to

increase towards the lateral edges.

Assuming a foreground rotation measure derived from nearby sources of

-8.6+0.2 rad m~2 and a depolarizing medium uniformly distributed throughout

the source the magnetic field direction and the thermal electron density

distributions have been deduced using the polarization measurements at the

three frequencies. The averaged density of the thermal electrons in both

components is -130 m~'.

HC73.08 displays radio properties of both classes of radio source

defined by Fanaroff and Riley (1971), and its total luminosity is close to

the transition value between the two classes.

The peculiar structure of 1C73.08 is explained as distortion of a

linear radio source produced by the orbit of the optical parent galaxy

7ZW292 together with precessional motion of the nucleus. We derive an age

1. Introduction.

The giant radio galaxy 'iCTS .08 has a very uncommon double-cross
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morphology (Mayer 1979). The radio source i s associated with the 15.9

magnitude galaxy 7ZW292 (Zwicky 1971) in a small group of galaxies (Zwicky

and Herzog 1968; Figure 1 and Table 1) . I t s redshif t i s 0.0581 (corrected

for ga lac t i c ro ta t ion) (Demoulin 1970).

> ' * •-7ZW292
•' 1.5, ' 3 . ' 9 ' , ' j 28 £ 1 . 7 C Ï W - N ? )

•) -•• ' - . I " "i 27 1 7 . s

are iBfi • ^!o

«C73-O8, T2K92 taken froa th« red (E) Palonar Sky Survay pi»to

The t o t a l extent of 1C73.O8 i s about 22 arcmin (- 1.3 Mpc,

Ho = 75 km s~' Mpc"1) and i t belongs to a sample of 30 large radio sources

which have been observed at 0.6 GHz and 1.4 GHz with the 3 km Westerbork

Synthesis Radio Telescope (WSRT) with the aim of studying po la r iza t ion and

spectra l d i s t r i bu t ion at low frequencies (Chapter I I ) . The 0.6 GHz maps of

4C73.08 revealed an extremely high degree of po la r iza t ion , prompting us to

observe 4C73.08 with the new 0.3 GHz Westerbork system a l s o . Even a t t h i s

low frequence an appreciable amount of polar iza t ion i s v i s i b l e .

2. Observations and Data Reduction.

4C73.08 was observed with the 3 km WSRT at three di f ferent

frequencies, 1412 MHz, 608.5 MHz and 327 MHz respec t ive ly . The WSRT and i t s

data reduction system have been described in de ta i l by Baars and Hooghoudt

(1974), Högbom and Brouw (1974) and Van Someren Gréve (1974). The

parameters of these observations are l i s t e d in Table 2 while Table 3 l i s t s

the radio sources used for the ca l ib ra t ion of the amplitude and the phase.

In addit ion t o the standard correct ions (WSRT Users manual 1980) the

608.5 MHz and the 327 MHz data have been corrected for the ionospheric

re f r ac t ion . The ionosphere i s a potent source of phase disturbances at low
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frequencies (Spoelstra 1983). Spoelstra showed that by correcting for a

combination of both horizontal and vertical gradients in the electron

density distribution in the ionosphere, low frequency WSRT data can be

improved considerably. The ionospheric corrections used here were based on

data obtained every hour and therefore cannot remove effects due to

variations of ionospheric refraction which take place on smaller time

scales.

Observation tJate Duration Hair Power Width Interferometer System

Year Dale degrees m m m k

8 ; ??O 3 x i?h 0.63 l*> 36 ?T36 - 90

a? <V7

B.- Ofl' t x 12ti t . j t f 7^ 7£ ?7j6 - 100

fin OMb 1 » i?n r.U') 36 18 ?7 î< - 160

8- 019

fft<!9*

.', (1?

b 38

13 28

,. M

3 Manu

Posl t ian

•«9 636

13.506

ni.feu

56.611

al 1980

DEC

0

3? *
u9 .

30 *

in lea

' Nbo.0 '

tn a

)« '•O.!i2

19 12.93

1-5 5 a . T O

F i t

: ii CHza

J y

15.67

21.fj7

I-K.30

7-ai

u Dei

• • GHi'

Jy

^e.o7

J7.7S

20.39

'3-02

The corrected observations were Fourier transformed to obtain maps of

the four Stokes parameters, I, Qf U and V. I is the total intensity of the

radio emission, Q and U determine the linear polarization and V the

circular polarization.

For comparing the intensity distributions at different frequencies,

maps with similar resolution must be produced. To achieve this, the

interferometer configurations must be as closely matched as possible in

wavelength (X). We applied a Gaussian taper to the visibility data so that

the appropriate longest baseline had a weight of 0.25, as listed in

Table 4. For comparing the 1t12 MHz and the 608.5 MHz observations we used
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complete (uniform) UV coverages up to the maximum baselines listed in

Table 4 . For comparing the 1412 MHz, the 608.5 MHz and the 327 MHz

observations we selected 17 comparable baselines which are listed in Table

5. From the resulting visibility data Fourier transforms were made to

obtain the I, Q, U and V maps.

KMS-n

Corf.

j,lt ,

KMS-n

''t

HMS~n

Crirrfu

<i 1 r.m

sper

s i on

ta:

, m ,

I n -Jy /L '

leve) 'ra

y "

ï ' b

] f i

• > :

"

9 -

!2

(.78

fj:.R

[i. lT

I IK7

1 ISh

I S , ,

IHhS

: : D -

i

•

!

) W

12

9 1

7 6

i s

!C

N»

m

' M

K 7 ?

m:ï
1 1 b9

11IS

!<.M

, „ . , •

;n>
j m

u>
7 q ;

S 5 i

IH9H

1 J u J

1 , P .

, 7 «

IH*!

:Z

7' i

8fi-

iy H

f , , ,

0 6 2

J H

37!.

The "dirty" maps of I, Q and U were cleaned using the well known

technique developed by Högbom 1197*45 to remove the effects of grating rings

and near-ir sidelobes and to correct for the nonuniformity in the UV-plane

coverage. After cleaning, the maps were restored with a "clean" Gaussian

beam, comparable maps being restored with the same beam. After restoration

the cleaned maps were corrected for the primary beam attenuation.

From the I, Q and U maps the distributions of linearly polarized

intensity, P = (Q2 + \)z)2, polarization position angle, <S> = \ arctan U/Q,

and percentage polarization, %? = 100 x P/I, were produced.

The rms noise level was determined from the V-maps. Assuming the

intrinsic circular polarization to be negligible, the V-map provides a

measure of the combined effect of receiver noise, instrumental

polarization, interference (e.g. by television transmitters) and

imperfections in the ionospheric corrections. The 1-a noise level in the

appropriate part of the V-map provides an estimate of the rms level and has

been taken as the uncertainty in the Q and U maps.

In most cases the effective noise level in the I-map is dominated by

dynamic range limitations caused by the differences between the real and

predicted synthesized antenne patterns. These differences are mainly caused
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by ionospheric and atmospheric disturbances and incomplete removal of

background radio sources both within and outside the synthesized field. The

latter effect is relatively severe at 608.5 MHz and 327 MHz because of the

large field of view of the primary beam and the large number of background

sources. The V-map at 327 MHz shows a number of sources outside the central

region (£ 1 degree) probably due to insufficient sampling of the

ionospheric correction. In the contour representations of the I-map the

first contour levels have been chosen on the basis of the lowest reliable

intensities takin into account the lowest negative map intensities.

Both the rms noise level and the confusion level are listed in

Table H.

3. Results

The main results are presented in Figures 2 to 7. In addition we have

tabulated the integrated flux densities at the three frequencies in Table 6

and data for the background sources in the various observed field in

Table 7. We also show the optical field in Figure 1 and tabulate the

positions of the surrounding galaxies in Table 1.

Polartïi

Po»It ion

3.73 : 0.03 6.? ; 0.U 121 1 2

7.28 ; 0.13 3.3 1 0." 29 t 1

1' .31 1 0.21 1.7 : 0.2 37 t 3

3.1. Intensity and Polarization Maps

Figures 2, 3 and f show the total intensity, the polarized intensity
and the fractional polarization of 4C7308 at 1112 MHz, 608.5 MHz and 327
MHz respectively with full resolution. The lowest positive contour levels
in the maps of the total intensity and polarized intensity were taken as
the cut-off levels in calculating the percentage polarization, spectral
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index etc. However, in the maps of the percentage polarization the first

grey level represents an upper limit. This allows for regions in the source

with low percentage polarization due to a large I and small but

immeasurable P.

Figure 5 shows the spectral index distribution (F O v~a with a the

spectral index and Fy the radio flux density at frequency v) of 4C73.O8
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between 608.5 MHz and 1112 MHz at a resolution of 30 arcsec. The

uncertainties in a in the map vary between - 0.5, at the outer edges of the

radio source and - 0.01 at the intensity peaks.

To separate the small scale structures of 4C73.08 from its large scale

emission we have Fourier filtered (in fact, only the relevant baselines

were taken with appropriate weights) the 1.1 GHz and 0.6 GHz total

intensity maps at a resolution of 30 arcsec. The result is given in

Figure 6. The contour map represents the high spatial frequencies at 0.6

GHz, the gray scale map the spectral index distribution between 1.1 GHz and

0.6 GHz of the low spatial frequencies (the full resolution maps minus the

high spatial frequencies map). The cross marks the position of the optical

parent galaxy, the four stars these of the neighbouring galaxies.

Several interesting features are apparent for these maps. We shall
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consider them with reference to the labelling indicated on the 1112 MHz

total intensity map in Figure 2a.

i - The core C. This is associated with the optical galaxy 7ZW292, whose

position has been given by a cross in every map.

ii - Separated from the core C, a small jet like feature J, extends

towards the Nf component. The 608.5 MHz total intensity map

(Figure 3a) confirms this feature,

iii - The forward protrusions P and P'. These are collinear with respect to

the core to within - 6°. We shall term the line PP' as the source

axis. The small jet J lies along the source axis,

iv - In both components large lateral protrusions LiL^' and L?L?' and

small ones S and S' exist.

v - The western hot spot H which appears to be unresolved (< 11") is
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Figure 2c.The distribution or the parcwitage of polarisation superimposed on a contour sap of the total Intensity
distribution. The first gray scale represents values lower than 5J, with the polarized intensity lower than tne

almost disjointed from the lobe. The eastern knot K is less bright

and is situated more in the centre of the component.

From the intensity maps (Figures 2a, 3a, Ma and 6) and spectral index

maps (Figures 5 and 6) we draw the following conclusions.

i - The overall structure of the radio source is line symmetrical. The

widths of both components are comparable, also the sizes of the

protrusions. Both components are more extended towards the north.

ii - There are also conspicuous differences between the components. The

length to the western extremity is smaller than the lengths to the

eastern extremity. Also, the distance to the core C and the

brightness of the western hot spot H differ from these of the eastern

hot spot K.
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iii - There is a tendency for the spectrum to steepen close to the edges of

the source, but the uncertainties in the spectral index also

increase,

iv - From the central region (apart from the core C itself) towards the

outer extremities the spectrum flattens gradually,

v - The total integrated spectral index of 4C73.08 is 0.80 + 0.02, which

coincides with the value determined by Mayer (1979) within the

uncertainties.

From the polarization maps (Figures 2b, 2c, 3b, 3c, ^b and He) the

following are apparent,

i - The source is highly polarized. Even at 327 HHz polarizations > 10?

are observed over an appreciable fraction of the source.
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ii - The large polarizations are also reflected in the position angles

which change slowly across the source indicating a relatively uniform

magnetic field structure.

iii - A narrow highly polarized ridge connects the eastern lateral

protrusions L^ and L2' (Fig. 2c).

iv - There is a tendency for the fractional polarization to increase near

the edges, and in places reaches 70Ï at 1.4 GHz.

v - The core C and the hot spots H and K are not strongly polarized at

1 .11 GHz (£ 5%).

3.2. Magnetic field and thermal electron density maps

From observations of the total intensity and polarization at several
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different frequencies under certain assumptions, information can be

obtained about various physical parameters, in particular the magnetic

field strength and thermal electron density. We have used the radio maps of

4C73-08 at 1 ill 2 MHz, 608.5 MHz and 327 MHz with a resolution of 60 arcsec

together with the formulae given by Conway et a l . (1983) to derive maps of

the elctron density and of the strength and direction of the magnetic

field.

The determination of a large number of physical quantities is

dependent upon an estimate of the path length through the source along the

line of sight. The observed (projected) structures of most radio sources

are quite symmetric with respect to their major axes, so a cylindrical

geometry is appropriate. Since in the case of the protrusions of 4C73.O8,

the symmetry is absent in the projected distribution, an estimate of the
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path length is more subjective. We shall consider two possibilities.

i - The protrusions are "wings" whose line of sight depths are comparable

to the protrusion widths projected in the sky.

ii - The protrusions are cylindrical symmetric about the source axis. The

line of sight depths are then taken as equal to the source projected

widths.

For the calculations we have assumed cylindrical symmetry for the

protrusions. An error of 20-30Ï in estimating the path length is therefore

unavoidable. The ambiguity in estimating the path length and in the

geometry of the depolarizing medium are the major causes of uncertainty in

calculating physical quantities.

We selected 27 areas, each with a size of H beams, covering 1C73-08

completely and have done the calculations for each area separately. The
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minimum energy density and the corresponding magnetic f i e ld s t rength have

been calculated assuming that there i s equal energy in heavy p a r t i c l e s and

e lec t rons , a f i l l i n g factor of uni ty , and a power law radio spectrum

extending from 0.01 to 100 GHz.

The ro ta t ion measure RM = k ƒ Ne (s) B ( s ) . ds , with s(kpc) the path

length through the magneto-ionic medium, Ne (3) (cro~3) the density of

thermal e lec t rons , and B(s) (G) the magnetic f i e l d , K = 8.1 x 10" and RM in

rad ra~2. Simard-Normandin and Kronberg (1977) specif ied the average

ro ta t ion measure (RM) for radio sources in the v ic in i ty of 4C73.08 as very

small but negative (|RM|< 30 rad m~2). The integrated polar iza t ion posi t ion

angles (Table 6) give a good f i t to a wavelength-squared dependance for a

RM • - 8.6 ± 0.2 rad m"2. This value has been adopted as the foreground
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rotation measure. After correcting for this foreground rotation the

polarization position angles at the three frequencies have been fitted to

wavelength squared for every area.

However, due to the ambiguity of NIT radians in the polarization

position angle the resulting RMs are also ambiguous. The depolarization

data enables us to minimize this ambiguity. If the depolarization is mainly

caused by "front-back" Faraday rotation, the electron density of non-

relativistic matter, ng can be calculated as follows (Conway et al. 1983).

Because the magnetic field in tangled, the systematic component B u z

along the line-of-sight is less than B by a factor which may be calculated

from the observed degree of polarization m compared to the theoretical

value mj.h for a uniform magnetic field:
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(3 + 3a)/(5 + 3a)

Bu

A magneto-ionic plasma of thickness I wil l r o t a t e the plane of

polar izat ion by an angle 0. If t h i s angle reaches 2.2 radians , the

rad ia t ion from the column wil l be depolarized by a factor 2:

(j> = k n e Bu z 1 X2 (emit ted) , with X the wavelength.

Hence n e = 2.2 (1 + z)Vk BU2 1 A2y, with \y the wavelength at which

the degree of polar iza t ion f a l l s to half i t s maximum value. Conway et a l .
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(1974) showed that this value is close to the mean value of ne even if the

thermal and realtivistic matter are not mixed precisely uniformly. However

condensed or opaque matter is not included in the estimate of ne.

We determined Ay for each area by investigating the percentage

polarization at the three wavelengths as a function of wavelength. This

method, using only three wavelengths, gives a rough estimate of the RM, but

enables us to choose the appropriate value of N.

For every area the thermal electron density and the intrinsic magnetic

field direction have been calculated, and the results are given in

Figure 7. In this Figure the intrinsic magnetic field directions are

indicated by small lines, the dotted lines having larger uncertainties than

the continuous lines, due to a lower degree of polarization of these

points. The uncertainties in magnetic field direction have been estimated
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on 10° and 20°, respectively. The lengths of the lines are proportional to

the minimum energy magnetic field strength.

We can draw the following conclusions from Figure 7. The Nf component

can be divided into several regions. In the protrusion L^1 a magnetic loop

appears to border the region. To the south the magnetic field appears to be

parallel to the edges of the component. Near the small peak K the field is

parallel to the ridge of emission and the strength of the field is slightly

higher than in the rest of the component.

In the Sp component the magnetic field directions in the outer parts

are also roughly parallel to the edges of the component. In the broad ridge

of emission the field is clearly perpendicular to the major axis of the

ridge. The strength of the magnetic field is higher in the ridge than in

the rest of the component with a maximum near the centre.
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Also indicated in Figure 7 is the thermal electron density. It should

be stressed that this density is highly dependent on the estimate of the

path length through the source.

The average thermal electron density in the Nf component is -130 m~3

with a standard deviation of 30 m"3. There is a small minimum in the

density at the centre of the component just "above" the small peak K.

In the Sp component the regions around the ridge have about the same

density as in the Nf component, but values in the core C and the hot spot H

are significantly higher. In the ridge the density is lower on the other

hand. The average thermal electron density in the Sp component is

- 130 m*"3 with a standard deviation of 70 m~3 Table 8 lists the various

quantities for the Nf component and the Sp components.

Vin. f.rwr«y I J > ' . >
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i). Discussion

tC73.08 has a luminosity which is close to that which characterises

the border between two morphological classes for radio sources defined by

Fanaroff and Riley (1974) and has morphological properties of both classes.

A comparison with the edge-brightened double radio source (Class II)

3C35 (Jagers 1985) shows several similarities. In both extended components

a bright spot exists although it is more conspicuous in the southwest lobe

than in the northeast lobe. Although weaker in the case of 3C35, there is a

constriction in the emission structure between the two components. Apart

from the lateral edges, the large scale distribution of spectral index

between 1.1 GHz and 0.6 GHz of 4C73.O8 resembles that of 3C35. The spectral
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index is small at the outer edges and increases towards the centre of both
i^adio sources, and their central radio cores have flat spectra. The
polarization distribution shows peaks along the edge of the radio
components. The radio core is barely polarized and the depolarization rate
seems to decrease from the core towards the outer edges.

Class I radio sources often appear distorted indicating interaction
with the surrounding region (e.g. Jagers and De Grijp 1985). Similar
distortions seem to be present in 1IC73.O8 as well.

The most important features peculiar to 1C73.08 that need to be
accounted for are:
- the lateral protrusions

- the various symmetries and asymmetries between the lobes.

The most obvious ways in which these features can be explained are in

(i) motion of the parent nucleus during the source lifetime and

(ii) interaction of an outward moving pair of jets with the circumgalactic

environment (e.g. Begelman, Blandford and Rees 1984).

Precession of the source collimation axis and translational motion of

the nucleus may both play an important role in forming the morphological

properties of 4C73.08.

The ridges and protrusions have a rotational symmetry similar to that

seen in several radio sources (e.g. Miley 1980) and which are often well

explained by a model comprising of a processing nucleus. Such a model was

applied to NGC326 (Ekers et al. 1978). In this view, the presumed "present"

direction of the source production axis is given by PCP'. If the

orientation of this axis in the past has varied by about + 30° the

cylindrically symmetric protrusions L and L' could be remnants of this

change in orientation.

However to explain the observed structure precession would need to be

accompanied by transverse motion of the parent galaxy. The optical galaxy

7ZW292 is a member of a group of elliptical galaxies with comparable

magnitudes. The mutual distances are small compared with the total extent

of HC73.O8, projected in the order of 100 kpc. A velocity of - 100 kpc in

109 - 109 yr corresponds to - 103 - 101* km s ' which is normal for the

velocity dispersion in clusters of galaxies (Bijleveld 1981). Therefore, a

complex orbit is quite probable.

Orbital motion of the optical galaxy towards the south-west might be

the cause of the asymmetric position of the galaxy between the two lobes.

172



In this picture the hot spots H and K are more recent relics of

enhanced nuclear activity in the galaxy, disturbing the more diffuse older

structure. There are no indications that the conditions in the two lobes

differ strongly, so if projection effects (as relativistic beaming; e.g.

Begelman, Blandford and Rees 1981)) are negligible the difference in

brightness between H and K is intrinsic.

Adopting Mayers1 (1979) values for the minimum energy and the size of

H, the pressure in the hot spot is - 5 x 10~13 N m"2. If H is confined by

ram pressure when it moves through the diffuse extended component, its

velocity must be £ 1600 km s"1. The radio source is probably roughly

perpendicular to the line of sight as the projected size is ~ 1 Mpc. The

distance between the core C and H is then - 330 kpc. This leads to an age

for the hot spot of £ 2 x 10s yr. This value is taken as an upper limit for

the source age.

We calculate a generalized sound speed (Conway et al. 1983) in the Sp

component of - 200 km s"1. If this is the transvers expansion velocity of

the component (Longair et al. 1973), thus without the wiggling of the

source axis, the age of the source is - 2 x 109 yr.

We have taken this value as an upper limit of the source age. The age

of 4C73.08 of 10"•" * °'5 is in good agreement with the orbital precission

period in NGC326 of - 6 x 10° yr.

An alternative explanation of the protrusions seen in 4C73-0B is that

they are due to interactions of the radio source with the circumgalactic

medium. The jet is assumed to impringe on enhanced regions of density close

to the protrusions (e.g. at K) as it advances outwards along the source

axis. The jet collimation is partially destroyed at these points and the

jet flares out to form the protrusion wings.

A major problem with this explanation is that there are no density

enhancements visible in Figure 7, but they may be wiped out by the low

effective resolution. Also, the expected motion of the galaxy would destroy

the symmetry in and between the lobes. If the mass per free electron is

1.90 x 10~2' kg (Conway et al. 1983) the total mass in 4C73..O8 is

- 1.6 x 1 0 " Mo. With an age of 108*8 yr this would mean - 130 Mo. yr"
1

for the mass flow from the nucleus to each component. This mass loss by the

parent galaxy is enormous. Therefore a more reasonable explanation is that

intergalactic matter enters the radio components, as in other giant radio

sources (e.g. Leahy et al. 1985). Hence, this second explanation for the
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overall structure of 4C73.O8 in terms of pure interaction of the source

with the medium is unlikely.

For these reasons we regard the evidence as favouring precessional

coupled with transversal motion of the nucleus during the lifetime of the

source as the most likely explanation for the peculiar protrusions in

4C73.O8.
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Summary. Multifrequency measurements of the giant radio source
associated with the quasar 4C 34.47 are presented. The source,
which is — 7' in total extent with a prominent central core, has been
mapped at 4995,1415, and 610 MHz with the WSRT, and is shown
to be edge-brightened. Significant linear polarization has been
detected from the outer hot spots with directions which indicate
I hut the magnetic field bends around the hot spots. The central core
of the source is variable. VLB! observations on European baselines
of ihe core show it to be extended along the large scale axis of Ihe
source.

Key words: quasar - radio structure - polarization - variability

I. Introduction

4C' 34.47 is one of the largest radio sources known to be associated
with a quasar. Conway et al. (1977) showed that the source was
440" in overall extent, and had a prominent unrevolved core. Using
a Hubble constant of 75 km s" ' Mpc~', a deceleration parameter
of 1 and a redshift of 0.2055 (Wills and Wills. 1976) the luminosity
distance o f4C 34.47 is 820 Mpc and its linear size is 1.2 Mpc.
Because of its large angular size this quasar is an ideal candidate for
mullifrequeney mapping. We have therefore observed it with the
Westerbork Synthesis Radio Telescope (WSRT) at 5.0,1.4, and 0.6
GHz. To derive information about the structure of the core we
made Curt her observations with 3 telescopes of the European VLB1
network at 5 GHz.

II. Observations and Data Reduction

The observations with the WSRT were made at frequencies of
4995, 1415, and 609.5 MHz. The WSRT and its data reduction
system have been described in detail by Baars and Hooghoudt
(1974). Högbom and Brouw (1974), and van Someren-Gréve
(1974).3C I47(ElsmoreandRyle. 1976)wasusedasacalibration
source at Ihe van >us frequencies and was assumed unpolarized
with flux densities of 8.18 Jy at 5.0 GHz. 21.57 Jy at 1.4 GHz. and
37.78 Jy at 0.6 GHz. The data were Fourier transformed and

cleaned using the "clean" technique (Högbom. 1974) to remove
the effects of grilling rings and near-in sidelobes and to correct for

'the missing short spacings.
To make a satisfactory comparison between the intensity maps

at two different frequencies, the resolution at the two frequencies
must be the same. At both frequencies, the maps must have as
closely as possible the same grading function and baseline cov-
erage, measured in wavelengths. This was achieved by making
specially tapered maps at the various frequencies and restoring
with a similar Gaussian beam.

The core of 4C 34.47 was also observed for twelve hours at
5008 MHz with a VLB1 network of three telescopes, one at
Knockin, near Slough (UK), oneat Effelsberg(Germany), and the
WSRT in tied-array mode. In this case 2134 + 004 (Shimmins et al..
1968) was used as a calibration source with a measured flux density
or 9.8 Jy and position (1950.0) or RA = 21"34mO.5'2l and DEC
= 0 28'25'.'3. After vector averaging the fringe amplitudes over
five-minute periods some structure was seen on the longest baseline
(K nockin-Effelsberg).

Relevant parameters pertaining to the various observations are
listed in Table I.

III. Results

tt) Total Intensity Distribution

Contour maps of the total intensity distribution obtained with the
WSRT are shown in Fig. I. All the maps have been corrected for
the primary beam attenuation. These corrections are important
because the source size is comparable with the half power half-
width of the primary beam at 5.0 and 1.4 GHz and at 0.6 GHz ihe
telescope was inadvertently mispointed by 1 . Superimposed on
the contour maps are the position angles of the linearly polarized
intensity.

From the 5.0 GHz map il is clear that 4C 34.47 has a strong
central core and two hot spots, a structure typical for high-
luminosity sources associated with quasars. The hot spots arc
situated symmetrically with respect lo the central core. The
southern hot spot is stronger than the northern hot spot. At 1.4
GHz a bridge can be seen to extend from the core to the hot spots.
Table 2 gives the positions of the radio maxima and the integrated
values of total and polarized intensity, pertaining to the three
components at the various wavelengths. In Table 3 some par-
ameters describing the morphology of 4C 34.47 are listed.
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Fig. Ia-c. The total intensity distribution of 4C j>4.47 al 5. 1.4.
and 0.6 GHz. The contour levels are for 5 GHz: - 5 . 5. 10. 20. 40.
80. 160. 240, 320, and 400mJy/beam, for l.4GHz: -7 .5 . 7.5. 15.
30, 60. 120, 240, 360, and 480 mJy/beam, and for 0.6 GHz: -10 .
10. 20, 40. 80, 160, 240, 320.400, 480, 560, 640. 720. 800. 880. and
960 mJy'beam. The short dashed contours represent "negative"
brightnesses while the long dashed lines show the first positive
contours. The maps have been corrected for the primary beam
attenuation. Superimposed on these maps are the posilion angle of
the electric vectors of the linearly polarized intensity with arbitrary
lengths. The ellipse represents the half power intensity of the
synthesized beam. The crosses mark the positions of the 5 GHz
intensity maxima. The maximum at the source centre corresponds
to the optical source. The asterisk marks the position of another
OSO in Ihe field (see text). The emission to the west of the core at
5.0 GHz as well as theextended emission located to the west of the
southern hot spot at 1.4 and 0.6 GHz may well be instrumental in
origin

From the spectral comparisons it was found (Table 2) that the
spectral index (5 x i') of both of the hoi spots is 0.75 between
0.6 and 5.0 GHz. The core has a spectral index of -0.25 between
5.0 and 1.4 GHz. Between 1.4 and 0.6 GHz its spectrum is even
flatter.

In Table 2 we list Ihe minimum energy densities for the three
components calculated on lhe basis of the usual assumptions (e.g.
Miley. 1980): cylindrical symmetry, equal energy in heavy par-

ticles and electrons, a filling factor of unity and a power law radio
spectrum extending from 10' to 10" Hz.

The core has been identified with the optical QSO 1721 +343
which has a redshift of 0.205S. There is another QSO (Hewitt and
Burbidge, 1980) visible in the field of 4C 34.47, whose position is
marked by the astei isk in Fig. 1. This has a redshift of 1.80 and no
detectable radio emission. There is no evidence thai the two QSO"s
are connected.
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Table I. Observational parameters

WSRT

VLB I

Observing

and Bjndw

MHz

-1995

141 5

609.5

iUOB

, Frequt

ideh

MHz

10

;ncy Observ
Dates
Year

J979

1976

1976

1980

ration

Dace

105

334

287

Half Power Width
Primary Beam
(arcmin)

1.3

18.7

44.1

Baselines
Telescopes

(2b7 km)

Effelsberg-Knockin
(728 km)

Halt Power Width
Synthesized Beam
RA x DEC (accsec)

6 x 10

24 x 36

56 x 79

Min.Lobe Spacing
(arcsec)

0.046

0.017

RMS
Noise
mjy/beam

0.3

0.2

0.5

RMS
Noise
mJy

10

17

Table 2. Integrated parameters pertaining to the three componenls at the three wavelengths

Total North Component Core South Component

Position: Right Ascension h m s 17 21 29.26tO.05 17 21 3l.97±O.0S 17 21 34.67*0.05
Declination o ' " 34 22 28.2*0.5 34 20 4!.2±0.5 34 18 5I.O±O.5

3.0 GHz: Total intensity* mJy 600*40 I5O±2O 440±30 200^30
linearly polarized intensity S 4*1 7±1 1*1 15*2
Angle of electric vector o -50±5 -42+2 -51*3 -54+3

1.4 GHz: Total intensity mJy 1620+80 418+20 610*30 562+30
Linearly polarized intensity I 3+1 7+] 0.5*0.5 12*2
Angle of electric vector o 50*5 f>9l3 -78i3 4lt2

0.6 GHz: Toljl intensity rajy 2521 + 120 788*50 •' 500 1202 + 70

Spectral Index becween 5.0 and 1.4 CHz -0.75*0.1 -0.25*0.1 -O.75i0.1

Spectral Index between 1.4 and 0.6 GKz -0.75+0.3 • -0.1 -0.75+0.1

Minimum Energy Density erg.cm"3 6.2 x to'*1 3.9 x 10"9 1.2 x lo"11

* • i -

Table 3 . Some parameters of 4 C 34.47 core is slightly ( ~ I "„) polarized. It is clear that in the northern hot
spot the percentage polarization on the western and south-western

« » 75 km s~' Mpc"1- i- 2 • o "055 side is higher than in the rest of the hot spot, while in the southern
0 ° hot spot the percentage polarization is highest on the eastern and

luminosity distance 820 «pc north-eastern sides. The linearly polarized intensity distribution is

diameter distance 565 Mpc thus rotationally symmetric with respect to the QSO.

, „ In contrast , on the lower resolution 1.4 G H z maps , the
distance between the hot spots and the core (5 CHzl 0.33+0.03 .*fpc . . . . ,. r .

percentage polarization appears to increase form the centre ot Ihe
position angle of the extended source i62°+5 j , o t s p o ( edges. No polarization was detected from the core at 1.4
position angle of the core 157°+5C> GHz. Enhanced polarization near the edges of extended radio

components seem to be a general property of radio sources (van
length of the major axis (0.0 GHz) 1.2.0.1 Mpc Sieuge\ a n d Jagers, 1982).
length of the minor axis (o.b GHZ) o.7+o.i Mpc At 1.4 GHz, the electric vectors bend around the edges of the
i arcsec is equivalent to a linear extent of n 7 kpc n o t sP o t suggesting the presence of a circumferential field.

Comparison between the polarization map at 5.0 and 1.4 GHz
indicates that although the rotation of the electric vector is ~ 110
there is no significant depolarization in the hot spots. As the
electric vector position angle at 5.0 GHz is distributed uniformly
and there is no depolarization in the hot spots, the internal rotation

h i Linear Polarization Distribution m e a s u r e m a y ^ s m a i ,

Maps of the polarization distributions at 5.0 and 1.4 GHz are ,, . . . . , , _
shown in Figs. 2 and 3. At 5.0 GHz the maximum linear e' Varu,b,hly oj ,he Core
polarization percentage detected in the southern component is Conway et al. (1977) observed 4 C 34.47 with the WSRT in
52 "„, while the maximum in the northern component is 38 %. The 1973/74, and found the following values of the intensity of the
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Table 4. Models ot' the core

core: 5.(1 (iH/. 5<« + 2» mJy at epoch I974..V 1.4 GHz. 5X11 i 2(1
mjv at epoch 1473.9. Comparison with Table - shows thai little if
.inv change occurred between 1973.>» and 1476 9. bin lhat the 5.0
( i l l / flux detKits dropped by 75",, between W74.3 and IV").}.

The quasar is also highly variable al optical frequencies
I Mctiimsev and Miller. 1978). The most rapid variation found was
a <)md rise in H over 2N d. selling an upper limit lo the si/e o\ I lie
opucal emission in the line of sight of 2.4 10 -' pc.

il Sinn luri' uf the ("IMC

I he core was unresolved, both tor the observations made uiih the
WSR I and Ihose made al the shorter I'l.BI baseline. However,
significant variation o\ the fringe visibility with hour angle was
observed on the longest (Knockin-I.ffelsherg) baseline 1 he
results of altenipts lo 111 various models to the data are shovtn in
Table 4. Since the source was only shghlh resolved there was little

difference between the "goodness of lit" given b\ the various
models. The data clearh indicate that the source is extended by 5
+ I milh arc s in a position angle of 157 + 5 . The si/e of the radio

core ( - 1.4 10 - pel is therefore within the upper limit to the si/e of
the optical OSO obtained b\ McCiimsey and Miller and the
position angle is not signillcanlly different from the position angle
ot' the overall axis of the source.

IV. Discussion

4C 34.47 has a narrow edge-brightened double structure I Miley.
1980) which is typical of high luminosity radio sources. The core is
resolved along the same position angle as the extended radio
emission. The morphology of 4 C' 34.47 is very similar to that of the
radio galaxy 3C' 390.3. which has been mapped at 5 GHz by Harris
(1972) showing a central core and two bright small hot spots. The
core of 3C 390.3 is also resolved along the same axis as the
extended radio emission (Walker et al.. 1976; Preuss el al., 1980).
The morphological resemblance between the radio source in the
quasar 4 C 34.47 and the radio galaxy 3 C 390.3 is consistent with
the picture that quasars with extended radio sources are active
phases of high luminosity radio galaxies.

The large linear size of 4C 34.47 coupled with the relatively
large strength of its core are of interest on two counts. First it
argues against the Scheuer-Readhead model (1979) as being
applicable to the cores of extended radio sources. In the Scheuer-
Readhead picture the strength of radio cores is thought to be
governed mainly by relativistic enhancement associated with their
orientation rather than by the intrinsic nuclear activity. The

relative weakness of the cores in extended radio sources is
altributed to the line of sight component of their ejection velocities
being small to their orientation But because 4C' 34 47 ha.s one of
the largest linear sizes of any known quasar it is presumably
approximately oriented in the plane of the sky. Its relative strong
core is therefore almost certainly produced by intrinsic effects

Second, the large si/e and strongcore of 4 C 34.47 is relevant lo
the correlation beiween Hit line-width and extended radio struc-
ture noticed by Miley and Miller (1979) Ouasars associated with
extended radio sources were found to have wider H/f lines than the
compact (core dominated) sources. It is not clear uhclher this
correlation is primarily related to Ihe presence of extended radio
emission or to the relative strength of the core Since 4 I 34 47 has
ihe narrowest line of all the extended sources measured, its strong
core is evidence that the broad H/f line is associated with the
presence ot' weak cores rather then with the existence ot' extended
emission

.•fi'A»«ii'iWg['»i<7ii.v. We thank the staff of the Westerbork Radio
Telescope and the Reduction Group for thctr work on these
observations, and W. Brokaar for preparation of the figures.

Ihe Westerbork Radio Observatory is operated bv the
Netherlands Foundation for Radio Astronomy with Ihe financial
support of Ihe Netherlands Organization for the Advancement of
pure Research <ZWO|.
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CHAPTER VIII

The cluster around 3C 130

V\. .1 .lagers

Slerrewacht Leiden. P.O. Box 9513. NL-23OO RA Leiden. The Netherlands

Received March 2. accepted April 11. 1983

Summary. Radio observations of the narrow edge-darkened
double source 3 C 130. with the 3 km Wcsterbork Telescope at 0.6
( i l l / are presented. Two additional narrow edge-darkened radio
sources are visible in the same radio map. We suggest that the three
sources are members of the same large cluster with a diameter of at
IcaM h Mpc.

Key words: narrow edge-darkened radio sources - cluster

1. Introduction

The radio gala.w 3C' 130 lies in an obscured region near (he galactic
plane (/,, = 155.4. hn - 5.11 and has been identified with a 16.5 m
reddened galax; at a redshift of _- = O.IO9O (Smith et al.. 1976). It
was mapped at 4.9 GH/. 1.4 GH/. and 0.6 GHz by van Breugel and
Jagers (I982I with the 1.5 m Weslcrhork Telescope and found to
have a narrow edge-darkened double structure. The length of the
Wesierbork Telescope has since been extended from 1.5 km to 3 km
and the system noise temperature at 0.6 GH/ has been reduced
from 350 K to 119 K. These improvements have prompted us to
reobserve 3( ' I'll at 0.6 GH/.

fhe new radio map shows, besides 3CI3O. two additional
interesting extended sources, which are the subject of this note.

II. Ohsfnalicms and data reduction

Ihe observations were made with the Wesierbork Synthesis Radio
Telescope (WSRT) at 0.6 GH/. The WSRT and its data reduction
system have been described in detail by Baars and Hooghoudt
(19741. Höghom and Brouw (1974). and van Someren-Grtve
(19741. The observations were done in January 1982.

.KI4X and 3CI47 (Elsmore and Ryle. 1976) were used as
calibration sources and were assumed unpolarized with flux
densities at 0.6 CiH/ of2N.<)7 Jy and 37.78 Jy respectively. The data
were Fourier transformed and cleaned using the '"clean" technique
developed b> Hó'gbom (1974) lo remove ihe effects of grating rings

and near-in sidelobes and to correct for the missing short spacings.
Relevant parameters pertaining to the observations are listed in
Table I.

I I I . Results

The figure shows the total intensity distribution in a declination
strip including 3 C 130. In order to have a uniform noise level across
the field, the map displayed in this figure has not been corrected for
the effects of the primary beam attentuation. Besides 3 C 130. two
remarkably similar narrow edge darkened double sources, are also
present in the field. The figure shows enlargements of the three
sources. Parameters pertaining to the three sources are listed in
Table 2. For simplicity, we call the northernmost 3C13OA. the
southern one 3C 130B.

Although Ihe remarkable similarity of the 3 sources may be
coincidental a more plausible interpretation is that they are
members of the same cluster. There is a tendency for radio galaxies
with similar morphologies to occur in the same cluster. For
example the three narrow-iailed sources in the Perseus Cluster
(Gislerand Miley. 1979) and Ihe five others in Abell 2256 (Bridle
and Fomalonl, 1976; Bridle et al.. 1979). Therefore, it seems
natural to attribute ihe similarity of the radio sources to member-
ship of the same cluster.

However, a difficulty in detecting the presence of a cluster with
certainty is that the sources lie in an obscured region of our galaxy;
for 3C 130. /,, = 155.4 and A,, = 5.1. From the red Palomar Sky
Survey plate we identified them all with elliptical galaxies. The
optical positions are marked in the figure with crosses. A pan from
these three, several other galaxies are visible, wilhin the same
magnitude interval.

Further evidence for the presence of a cluster comes from X-ray
observations of 3C 130 (Miley et al., in press) which indicate a
luminosity of ~104 5 erg s"1 and an extend o*" ^-5'. both values
characteristic ofX-ray emission from clusters. The position of ihe
galaxy, identified with 3 C 130 is close to the centroid of ihe X-ray
source which suggests that it is near the centre of the cluster.

Fig. I. The left figure shows a view of the surroundings of 3 C 130. The three figures on the right show Ihe lolal intensity distributions of
3C 130A <A). 3C 130 (B). and 3C I30B (C) in detail. The contour levels are: -2 .5 , 2.5, 5, 10, 20, 40. 80, 120, 160. 320, 640, and 800
mjy beam. The dashed contours represent "negative" brightnesses. The crosses mark the optical positions of the galaxies, identified with
(he individual radio sources. The ellipse represents the half power intensity of the synthesized beam
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Table 1. Observational parameters

Observing frequency
and bandwidth

Observing date Half power width
primary beam

Half width
synthesized beam

RMS noise

MHz

608.5 2.5

Year

82

Date

021

arc mm

44.1

RAx DEC (arcs)

30 x 37

mJy beam

0.7

Table 2. Parameters pertaining to the three sources

3C130A 3C13O 3 C 130B

Optical position (1950.0)
right ascension (hm*)
declination (°'")

Magnitude (Red Palomar Sky
Survey plate)

Position angle of the galaxy (deg)
0.6 GHz integrated intensity (mJy)
Radio size (')b

Position angle (deg)c

44849.51 ±0.05
521745.7 ±0.5

18.0+ 0.5
130 ±20
580 ± 20

7.7± 0.3
41 ± 5

44857.31 ±0.05*
515950.5 ±0.5

16.5± 0.5
110 ±20

5870 ±40
11.5± 0.4
48 ± 5

4 48 29.24 ±0.06
5127 26.2 ±0.5

19.5+ 0.5
Not measurable
330 ±20

6.5 ± 0.3
44 ± 5

The position differs from that of Wyndham (1966)
The distance between the outer edges north-east and south-west of the sources
The position angle of the line through the maxima in intensity in the sources

The radio map shows that the orientation of the three sources
are parallel to within the errors (Table 2). How might this
parallelism be explained? One possibility involves the suggestion
(for example by Strom and Strom, 1978) that the long axes of
elliptical galaxies are aligned with the long axis of the parent
cluster. The optical position axes of 3C130 and 3C13OA are
nearly perpendicular (Table 2) to the overall radio axes. Assuming
that the optical position angle of 3C 130B is perpendicular to the
overall radio structure as well (Palimaka et al., 1979). the
parallelism of the three sources might be explained.

IV. Conclusion

We have provided evidence that 3 C 130 lies in the centre of a large
cluster including two other extended radio sources whose exten-
sions are in the same direction as that of 3C 130. To include all
3 radio sources the cluster must have a diameter of at least 55'
(~6 Mpc. : = 0.1090. « 0 = 75 km s "' Mpc~'. q0 = 0.5) and would
be one of the largest known clusters.

Acknowledgements. I thank the staff of the Westerbork Radio
Telescope and the Reduction Group for their work on these
observations, and W. Brokaar for preparation of the figures. 1
acknowledge useful discussions with G. Miley. H. van der Laan.
and W. van Breugel.

The Westerbork Radio Observatory is operated by the Nether-
lands Foundation for Radio Astronomy with the financial support
of ihe Netherlands Organization for the Advancement of pure
Research (ZWO).
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CHAPTER IX

The radio structure of 3 C130 interpreted with a dynamical model
W.J. Jagers and M.H.K. de Grijp

Sterrewacht Leiden. P.O. Box 9513, NL-2300 RA Leiden. The Netherlands

Received December 29, 1983; accepted August 30, 1984

Summary. The radio structure of the giant radio source 3CI3O is
interpreted in terms of the dynamical model of Blandford and Icke.
The overall edge-darkened double structure of this 1.2 Mpc source
is disfigured bj several symmetric wiggles. Assuming that the
wiggles are produced by orbital interaction between the parent
galaxy and a nearby companion the radio structure of 3C13O is
well reproduced. The effects of buoyancy on the structure are also
taken into account. Together with the observed wiggling, the
model also predicts the widening of the source as a function of
distance from the parent galaxy.

The best fit orbital parameters require a jet velocity of
~120kms~', an orbital period of ~1.3 KVyr and an age of
~2 lO^yr for the radio source. They provide an additional
indication for the existence of slow jets.

Key words: radio structure galaxy - orbi' jet buoyancy

I. Introduction

Narrow edge-darkened double radio sources as 3C31 and 3C449
have brightness distributions that gradually die away at their
extremities. Wiggles in the radio structure are often present in these
sources. Blandford and Icke (1978) and Bystedt and Högbom
(1979) have tried to explain the morphologies of 3C31 and 3C449
respectively by assuming that two parallel oppositely directed jets
emanate from the nucleus of the associated parent galaxy while this
galaxy is interacting gravitationally with a companion galaxy or
galaxies. This model provides a natural explanation for the
(symmetrical) wiggles in the structure of the sources. Application
of such a model to 3C31 and 3C449 was complicated by the fact
that both of these parent galaxies had more than one other galaxy
in its direct surroundings. It was therefore impossible to determine
an unambiguous orbit for the parent galaxy. Also, the model
calculations disagreed with the observed morphologies at the outer
edges of these sources. Here we apply the orbi tal model to .?C 130. a
source with similar characteristics to 3C31 and 3C449.

The giant radio galaxy 3C130 has an edge-darkened double
structure (Van Breugel and Jagers, 1982). At both sides of the flat-
spectrum core a wobbly structure is visible which has faint
extensions up to about 6'. The parent galaxy of 3C13O has been
identified with a 1675 reddened galaxy at a redshift of r = 0.1090
(Smith et al.. 1976) which lies in an obscured region near the
galactic plane (/= 155 . * = 5 ). Taking //<, = 75kms~'Mpc~'.
the total radio size is about 1.2 Mpc and 1" is equivalent to 1.7 kpc

linear extent. It has been shown (Jagers. 1983: Miley et al.. ]983)
thai 3C130 is a prominent member of a cluster. Close to the parent
galaxy, there is another galaxy visible on the red Palomar Sky
Survey plate at a (projected) distance of about 1.4 to the south
west, considerably closer than the rest of the cluster galaxies. We
shall show that a model in which the 3C130 parent galaxy is
orbitally interacting with the companion can indeed describe the
morphology in a satisfactory way. not only for the inner regions,
smaller than a few tenths of an arcrnin. but also for the outer
regions up to a distance of about 6 from the centre. The large
length of 3C13O makes it possible to folio» about one and a half
orbital periods of the parent galaxy on both sides of the core. The
inner structure is almost completely determined by the orbital
parameters while the outer structure depends appreciably on the
buovancs.

2. Description of the model

J.I. The parent galaxy of 3C 1M> ami its companions

Although the lack of surrounding stars at this low latitude shows
that the extinction at the position of3CI30isvery high, the galaxy
associated with 3C13O is apparently the brightest in the
neighbourhood. The radio emission of 3C13O lies almost
completely in the region from which X-ray emission has been
detected (Miley et al.. 1983). The position of the parent galaxy is
close to the centroid of the X-ra> source which suggests that it is
near the centre of the cluster. The extinction combined with the
observed X-ray luminosity suggests that the parent galaxy of
3C130 is a cD galaxy with a l> picul diameter about as large as the
projected distance to the closest neighbouring galaxy (Bahcall.
1977). For simplicity we denote the parent and companion galaxies
by cD and CG respecti\ely. Figure 1 shows the relevant region
from the red Palomar Sky Survey plate. Other galaxies are also
visible.

The galaxy that is the second closest to cD is about two times as
far (projected) as CG with which the model is fitted. The orbital
perturbations due to this "second" galaxy will then be 2' : smaller
and stretched 2J ' further out in length than those due to CG
assuming that the masses are the same. We therefore ignore the
influence of this "second" galaxy.

2.2. The dynamics of the model

The central which generates the jets is assumed to be at the centre of
cD. the visible galaxy. We consider a jet to be a continuous stream
of material. To describe it. we consider similar blobs of material
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Fig. I. The region surrounding the parent galaxy oO Cl 30 from the red Palomar
Sk> Suney plate Besides cD and CG. oiher galaxies are visible in Ihe field

moving in the jet with the velocity of the How. Two jets are ejected
in opposite directions with equal velocities. i\ The orientation of
these jets will be constant. cD and C'G move around a joint centre
of mass in an elliptical orbit. The position ol' cD in rectangular
coordinates at the instant I this:

cos(3t|cos(/)sin[<«

The r-axis is along the line of sight, the origin being the centre of
mass. y. is the longitude of the ascending mode, u> the argument at
perigalacticon. / the inclination of the orbit and >•</) the true
anomaly.

r(r| = u(l — e2) [i - e cos(i-(f)]J, being the distance between
the galaxy and ihe centre of mass a is the semimajor axis, e the
eccentricity of the orbit. The position of a blob, which had been
ejected at the instant t'. at the moment of observing, t. will then be:

o + (r -

- r ' ) j ^

The free parameters used in the model calculations are i. /. c. v(t|
and iv rcos(i'). iv is the average velocity of cD.

This How of the blobs will also be inlluenced by the buoyancy
(Cowie and Mckee. 1975: Achterberg. 19X2). To a first order the
buoyancy provides a more or less constant acceleration until the
ram-pressure and Ihe buoyancy are in equilibrium. The movement
of the blobs inlluenced by these forces will then be: an acceleration
which is first uniform and then decreases gradually resulting
eventually in a uniform (final) velocity.

ft seems reasonable in the ease of 31'130 to assume that the
centre of mass of the cluster is close to that of the cD galaxy. The
blobs first rise through (the gravitational field of) the cD and then
emerge gradually into the intracluster medium, as the distinction
between the outer edges of a cD galaxy and the intracluster
medium is rather vague (Dressier. 1979). Then the resultant
buoyancy acts approximately in the direction of the velocity of the
blobs and will hardly influence this direction. A simplified
description of the influence of the buoyancy (De Grijp and Jagers,
in preparation) on the velocity of Ihe blobs is:

- e x p [ - ( / - / s l o p]J .

r, is the terminal buoyant velocity and 7Mop the typical coupling
time between the blob and the intracluster medium. So the jet
velocity in the line ofsight direction is not unimportant considering
the morphology of the radio source.

Thus, buoyancy introduces three additional free parameters in
the model, r , . 7M,,r and the inclination of the jet.

Fig. 2. A composite of tri'c three used radio maps
cif'-K'13Owith resoJüifonsof.10". 7".and4"
respectively, together with the locus of
measured positions along the source. The
corresponding contour levels arc: 4. H. Ï6. }2.
64mJy beam (.10". 6OS.5 MHzl. 2. 4.
8mJy beam (7". 1465 MHz) and 2. 4. K.
I6mjybeam (4". I465MH7). The crosses mark
the positron of the relevant I wo galaxies cDand
C'G. Important points are indicated with AL etc
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Table 1. Results of the model fit

The orbil of ihe cD galaxy

Semimajor axis
Eccentricity
Present true anomaly
Longitude of the ascending node
Inclination
Longitude of the perigulacticon
Period

The cO galaxy and galaxy CG

Mass of the cD galaxy
Mass of galaxy CG
Difference in redshift
Present distance between cD and CG
Averagedistance betweencDand CG

The jet

rj(.,-start
t' -final
Acceleration
Inclination

11.5± lkpc
0.15 + 0.10
330 "
2 2 + 2
93 ± 3
219 "
1.3 10" yr

5.0 Hi"Mr,"
2.7 10' -MQ
0.004
190±20kpc
22()±20kpc

120+IOkms '
470±40kms '
1.1 ±0.1 10 "kms 'yr '
10 + 10

•' As the eccentricity is small and the orbit inclination is close to
90 , ihe uncertainties of these values, v(r) and the longitude of the
perigalaction, can be large. We estimated it to be 40
h Extra assumption

gradualness of the deviation and the large distance to the central
machine. This explanation cannot be ruled out. The influence of a
third galaxy on the orbil of cD is probably very small because the
distance between cD and CG is small. Moreover the cluster is poor.
A third, but ad hoc explanation, is the possibility that the
distribution of the intracluster medium is not homogeneous.
Fourthly, the variability of the machine itself could be important.

In Table 1 we list the numerical results of the modelling, the
determined values of the fitting parameters and the quantities
derived from these values. The appropriate uncertainties are
probably slightly underestimated because they reflect the un-
certainty in one parameter independent of the other parameters.

a = 22 + 2 , which means that the distance between cD and
C'G in angular size is about at its maximum. The assumption the
C'G is the closest to cD is confirmed by the model. First these was
the difficult) with the unknown projection effects, iv rcos(/Jcl)
= 0.45 ± 0.05 which determines the orbit. The mass of cD appeared
to be 18 times larger than the mass of CO. Assuming that the mass
of cD is about 5 1O'3.W0, which is typical for cD galaxies (e.g.
Dressier. 1979). we can predict the involved velocities. The
difference in radial velocity between cD and C'G is about
10-* kms ' which is a difference in the redshift ofO.004. This result
can be verified directly with measurements of the two redshifts.
The start velocity of the jet is then 119kms '. the terminal
buoyant velocity is about 470kms '. The existence of bends in
radio sources as 3C31. 3C449. and 3C130 indicates that the
velocity of the parent galaxy is not negligible with respect to the jet
velocity. Finally we find that the orbital period is 1.3 lO^yr. The
inclination oï the orbit is 93 ± 3 .

2.3. The radio observations

Three radio maps of 3C'130 used to fit the model to are as follows.
(i)a map with a resolution of 30" at 609 MHz made with the 3 km
Westerbork Synthesis Radio Telescope (WSRT. Jagers, 1983), (ii)
a map with a resolution of 7" made at 1465 MHz with the (partially
completed) Very Large Array (VLA) and (iii) a map with a
resolution of 4" also made at 1465 MHz with the VLA (Van
Breugel, private communication). Figure 2 shows a composite of
the three radio maps together with the locus of measured positions
along the source. The crosses mark the position of the relevant two
galaxies. Important points are indicated with AL etc.

3. The results of the model fit

The result of the model fitting procedure is shown in Fig. 3. The
Figure shows the three separate radio maps together with the
model at the various resolutions. The model is represented by a
random dot plot with the widening of the radio source together
with the convolution to the appropriate resolution implicated. We
attribute the different widths of the source in Fig. 3 entirely to
differences in resolution. The model predictions are in excellent
agreement with the observed structure. The only non negligible
deviation is a small effect at the point CL where the model locus lies
slightly below the real emission. The shape inside the positions BR
and CL are mainly determined by the orbital parameters, while the
shape outside these two points is appreciably dependent on the
buoyancy. Several explanations can be given for the deviation at
the point CL. Extra gravitational forces due to CG have been
calculated but appeared to be unimportant. A second possibility is
that there may be an influence by a third galaxy, considering the

4. Discussion

The equivalent width along the jets has been measured from the 4 "
resolution radio map using graphical integration. In Fig. 4a we
plot this width versus the ages of the blobs as predicted by the
model. The line represents the rms linear (It to the data points.
1' rom this tit we find the transverse expansion velocity to be about
40kms '. The expecled opening angle of the jets is then about 18 .
Figure 4b shows the equivalent width versus the distance to the
central machine. The curve in this figure is equivalent to the line in
Fig. 4a. The conclusion is that the relation between the distance to
the central machine and the age of the blob, as predicted by the
model has been confirmed, as the determination of the opening
angle is independent of the cD mass. From the 30" and 7"
resolution radio maps (Figs. 2 and 3) it is clear that the transverse
expansion of the jets stops, near the point BL and roughly halfway
between the points AR and BR. This is consistent with the presence
of the intracluster medium.

The model predicts the ages of the blobs along the source. It is
clear that the outer blobs are rather old, a few times lO^yr, which
seems to be a "normal" age for this kind of sources (e.g. Blandford
and Icke, 1978). Figure 5 shows the ageing of the blobs as predicted
by the model (solid line). We used two additional radio maps of
3C130 to determine the spectral index along the radio source in
particular along the jets, (i) a map with a resolution of 30" at
1413 MHz and (ii) a map with a resolution of 7" at 4874 MHz, both
made with the WSRT (Van Breugel and Jagers. 1982). From this,
we calculated, using the minimum energy condition (e.g. Miley,
1980), the magnetic field strength, the minimum energy density and
the age at various points along the radio source. The calculations
have been done on the basis of the usual assumptions: equal energy
in heavy particles and electrons, a filling factor of unity and a
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Fig. 4. «The equivalent width along the jet is plotted versus the ages of the blobs as predicted by the model. The Tilled circles represent the data of the south west jet. the
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Fig. 5. The ageing of the blobs (i) as predicted by the model, the solid curve
corresponding to the left ordinates and (ii) as calculated using the minimum
energy condition at various parts along the radio source, the circles
corresponding to the right ordinates. The open circles represent the data from
the 30" maps, the filled circles the data from the 7" maps

Table 2. Equipartition values of magnetic field, total energy
density and age at selected points in the jets of 3C13O

Site along the jet
(")

5min

(uG)
/min g
(l<T12ergcm-3) (107yr)

Southern jet:
Southern jet:
Northern jet:
Northern jet:
Northern jet:

100
50
30
60
90

6.5
6.9
8.6
7.7
5.8

3.9
5.0
6.9
5.2
3.1

1.9
1.3
1.2
1.6
2.4

4 3 2 1 0 1 2 3 4
Angular distance from nucleus (arcmin)

Fig. 6. The mass density along the jet calculated with the model together with the
energy density and the jet velocity

keep in kind the large number of assumptions made. In addition, in
situ acceleration is expected in turbulent models of bright radio jets
(Pelletier and Zaninetti, 1984). The discrepancy frequently occurs
in radio sources (e.g. Miley, 1980).

Table 2 lists the equipartition values for the magnetic field
strength, the minimum energy density and the age at several points
along the jet. From the energy density together with the jet velocity,
we calculated the mass density along the jet which is shown in
Fig. 6. This leads to a mass flow of about 2 1027 gs~ ' correspond-
ing to 30 Mo yr " ' . Although this value is just an estimated order of
magnitude for the mass flow, it is significantly larger than the
values found in 3C31 (Blandford and Icke, 1978) and 3C449
(Perley et al., 1979). As 3C130 is intrinsically brighter than the
other two sources, we expect a larger mass flow to be necessary to
feed the radio source.

power law radio spectrum extending from 107 to 10" Hz. The
calculated ages are also plotted (circles) in Fig. 5 but with an other
age-scale. The calculated and the predicted ages are different along
the radio source. This indicates that in situ acceleration of the
emitting particles takes place in the radio jet, although one should

5. Conclusions

Although we must keep in mind that the physical description of
such a radio source is difficult the model gives a good fit to the
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morphology of the radio source 3C130, in which the right
orientation of the orbit of the parent galaxy as well as the buoyancy
are important.

Considering the enormous length of the radio source, it was
generally assumed that the source was in the plane of the sky. This
is confirmed. The mass of the cD galaxy appeared to be 18 times
larger than the other involved galaxy, which is among the
surrounding galaxies the closest 10 the cD galaxy. The mode]
predicts a difference in redshift between the two galaxies of about
0.004, which makes possible an independent test for the reliability
of the model. The width of the jets is reproduced by the model
(without its having been constrained to do so). This confirms the
model.

The predicted ages and the ages derived from minimum energy
calculations are different. Provided the assumptions in the
synchrotron age calculations and the dynamical model are valid,
this indicates that in situ acceleration of the emitting particles
occurs all along the radio source. This would not be too unexpected
since opiical synchrotron emission may be widespread in radio
sources (Butcher et al., 1980).

Values derived for the mass density, mass flow and energy How
in the jets are in reasonable agreement with values for the two radio
sources 3C31 and 3C449.
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CHAPTER X

One-sided ejection in the prototype tailed radio galaxy 3C 129?

W. J. Jagers and M. H. K. de Grijp

Sterrewacht Leiden, P.O. Box 9513, 2300 RA Leiden, The Netherlands
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Summary. The radio galaxy 3 C129, the prototype narrow-tailed
source has been observed at 0.6 GHz with the 3 km Wester-
bork telescope. The total intensity distribution map shows a
previously unknown feature at the north-eastern side of the head of
3CJ29. At the beginning of this extension, the spectral index is
about 2. It is proposed that this steep spectrum component is a relic
of enhanced activity in the nucleus of 3C129 about 4 10' yr
previously. On this basis, the existence of the new asymmetric
feature is taken as further evidence fo the occurrence of periods of
"one-sided" ejection in radio sources.

Key words: radio galaxy - cluster - spectral index

I. Introduction

3 C 129 is a prototype narrow tailed radio galaxy. The discovery of
its twin tailed morphology was one of the considerations which led
to the development of "trail" models in which tailed radio sources
are viewed as "normal" double radio galaxies, distorted by motion
through an ambient intra cluster medium (Miley et al., 1972).
According to this hypothesis, studies of tailed radio sources can
give unique information about the history of the nuclear activity
within these sources.

Models to explain the morphology and spectral index distribu-
tion of 3 C 129 have been proposed for example by Jaffe and Perola
(1973) and Pacholczyk and Scott (1976). More recent theories
explaining also the fine scale structure have been developed by
Byrd and Valtonen (1978), Valtonen and Byrd (1980), Icke (1981),
and Rudnick and Burns (1981). These models of tailed radio
sources have involved the effect of buoyancy as well as interaction
with the interstellar medium and gravitational perturbations of the
parent galaxies trajectory.

3 C129 has been identified with a 19.4 mag galaxy, member of a
rather poor cluster in a heavily obscured part of the galactic plane
(A,,=0?l), with a redshift of 0.021 (Spinrad, 1975). Another
member of that cluster is 3 C 129.1 east of 3 C 129, a smaller double
radio source, which may also be tailed (Miley et al., 1972; Downes,
1980). 3 C 129.1 is identified with an elliptical galaxy with a
magnitude of 19.9 (Spinrad, 1975). Van Breugel and Jagers (1982)
showed that at 0.6 GHz, 3 C129 was more than 20' in overall extent
with an unresolved head. In this letter new observations are

4 50

I I
0<iM46MD0s

I I I I

Fig. I. The total intensity distribution of 3C129 (right) and
3 C 129.1 (left) at 0.6 GHz. The contour levels are: -5,5,10,20,40,
80, 160, 320, 480, 640, 800, 960, 1120, and 1280 mJy/beam. The
dashed contours represent "negative" brightnesses. The ellipse
represents the half power intensity of the synthesized beam

presented of 3 C 129 and 3 C 129.1 at 0.6 GHz with twice the
previous resolution. These show a feature in the head that has not
seen before and must be considered by the various models of tailed

II. Observations and data reduction

The observations were made with the Westerbork Synthesis Radio
Telescope (WSRT) at 0.6 GHz. The WSRT and its data reduction
system have been described in detail by Baars and Hooghoudt
(1974), Högbom and Brouw (1974), and van Someren-Gréve
(1974). 3C147 (Elsemore and Ryle, 1976) was used as a calibration
source and was assumed unpolarized with a flux density of 37.78 Jy
at 0.6 GHz. The data were Fourier transformed and cleaned using
the "clean" technique developed by Högbom (1974) to remove the
effects of grating rings and near-in sidelobes and to correct for the
missing short spacings. The resultant maps have been corrected for
the primary beam attenuation.

Relevant parameters pertaining to the observations are listed in
the table. To make a spectral index distribution map (Socv~*)
between 1.4 GHz and 0.6 GHz, the 1.4 GHz observations with the
1.5 WSRT by Miley (1973) were used. A satisfactory comparison
between the intensity map at the two frequencies can only be made
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Table 1. Observational

Observing frequency
and bandwidth

MHz MHi

608.5 2.5

parameters

Observing

Year

80

date

Dale

322

Half power width
primary beam

44:1

Half power width
synthesized beam

RA x DEC (arc s)

30x42

RMS
noise

mjy.'beam

1.5

when the resolution is the same. The maps must have as closely as
possible the same grading function and baseline coverage, mea-
sured in wavelength. This was achieved by making specially
tapered maps and restoring with the same synthesized beam.

III. Results

The figure shows the total intensity distribution of 3CI29 and
3 C129.1. At the north-eastern side of the head of 3 C 129 a feature
"F" is visible with the size of about 2' ( - 50 kpc. Ho = 75 km s '
Mpc~'. 4o = 0.5). ' t s extension is almost perpendicular lo the
elongation of the head of 3 C 129. the presumed trajectory of the
galaxy through the cluster. Although probably coincidental, the
elongation of Feature F is parallel, within 5 . to the extension of
3C 129.1.

There isconvincing evidence that Feature FK not instrumental.
Note that the contours in the figure are not linear and the feature is
present at a level of40mjy per beam i.e. 3 "„of the peak value. Also
observations with the WSRT at 0.6 GHz (van Breugel and Jagers.
1982)and 1.4GHz(Miley, 1973)showthesamestruclurealthough
then not conspicuous enough to regard it as being real.

The spectral index is about 0.5 at the head of 3 C 129 and then
gradually steepens along the tail to about 2. Between the blobs
there are regions with slightly steeper spectra. Near the end of the
tail there are some protuberance-like features with indices greater
than 2. The spectrum at the beginning of Feature F is strikingly
steeper (a = 2.0+ 0.5) than that of the rest of the head.

IV. Discussion

How can the existence of this previously unknown steep spectrum
feature be interpreted within the context of current ideas of tailed
radio sources?

The first possibility is that the feature is not associated with
3 C 129 but with another galaxy in the cluster. This seems unlikely.
Except for the galaxy identified with 3 C129 no other galaxies are
visible on the Palomar Sky Survey plates close to Feature F.
However, because of theobscured nature of the field we cannot rule
out such an interpretation. A more plausible interpretation is that
Feature f i s the relic of a period of enhanced activity in the nucleus
of3C 129.

With the spectral index of 2. an estimation of the magnetic field,
correspondingwiththeminimum energy density of about 8 10 "G
was made on the basis of the usual assumptions (eg. Miley. 1980).
cylindrical symmetry, equal energy in heavy particles and elec-
trons, a filling factor of unity and a power law radio spectrum
extending from 107 to 10" Hz. This sets an upper limit on the
average age of the radiating electrons of about 2 10" yr (van der
Laan and Perola. 1969: De Young. 1976).

Icke (1981) showed that the radio trail of 3 C 129, as observed
with the VLA by Rudnick and Burns (1981)can be produced by
plasma beams which precess as the galaxy traverses the inter-
galactic medium. With the model of Icke an extrapolation can be
made of the trajectory of the galaxy back to the point where the plas-
ma thought to have formed Feature F was ejected, considering the
direction of the projected ejection. The position (1950.0) of this
point is 4h45m25' right ascension and 44 5710" declination. High
resolution maps (Rudnick and Burns. 1981; van Breugel and
Jagers. 1982) show a distinct discontinuity in the brightness
distribution of the northern jet-tail at this position suggesting that
such a picture is valid. Taking a speed of the galaxy with respect to
the intergalactic medium of 1000 km s '. the time passed since this
point corresponds to about 4 10" yr. The precession period derived
by Icke is 9.2 10" yr.

If Feature Fis indeed a relic of enhanced nuclear activity, then
its extension to the north-east without a corresponding component
to the south-west suggests that the ejection during ihe enhancement
was predominantly one-sided. Feature Fmay well be a reflection of
phenomena of one-sided jets, frequently seen in non-tailed sources
(Fomalont. 1982). The length of Feature Fwould then suggest that
the period of one-sided ejection continued for a few million years.
The fact that the average structure of the head of 3 C 129 is fairly
symmetric would imply that the nuclear ejection may become more
asymmetric with increasing luminosity. A dependence of one-
sidedness of jets on radio luminosity in normal double radio
sources has been noted previously (Fomalont. 1982).

V. Conclusions

A feature exists at the north-eastern side of the head of 3C 129
which is perpendicular to the elongation of the head. It extends by
— 50 kpc and has a spectral index in parts of about 2.

This extension can be explained in terms of one-sided ejection
of plasmoids or beams, which took place about 4 10" yr before the
presently observed situation.
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RADIO OBSERVATIONS OF THE RADIO GALAXY
3C390.3 AT 0.6 GHz

W. J. JAGERS

[Sterretcacltt te Leiden. The Netherlands)
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ABSTRACT

Observations of the radio galaxy 3C390.3 made with the 3 Km WSRT at 0.6 GHz are
presented. 3C390.3 is a edge-brightened double source with strong bridges connecting the hot
spots with the core. Complex linear polarization structure has been detected. The south
component is double, the north component triple. This 3 km observation at 0.6 GHz has
been compared with the 1.5 km WSRT Observation at 1.4 GHz and important physical pa-
rameters in the source have been derived.



CHAPTER XII

0.6 GHz mapping of extended radio galaxies IV: Systenatics of spectral index

distributions of radio sources at low frequencies.

1. Introduction

In Chapter II, III and IV for the first time we have presented maps at a

frequency below 1 GHz of both total intensity and polarization of a large

number (30) of sources. Here we investigate the systematics of the intensity

brightness distributions. In particular we consider whether the low frequency

spectral changes which we observe depend on the overall source morphologies.

We also compare average variations of the parameters within a source to the

observed source to source variations. To simplify our search for systematics

we shall mainly consider linear sources, namely the morphological classes

defined by Miley (1980) as edge-brightened double radio sources, edge-darkened

double radio sources and narrow tailed radio sources.

To search for systematics in the observed spectral index distributions,

the total intensity distributions of the radio sources at 0.6 GHz and at 1.4

GHz were integrated parallel to the "minor axis" of the source, along the

major axis. With these integrated values the distribution of the spectral

index along the major axis of the radio source was determined. The spectral

index used below has been defined as a with Fy a v~
a in which Fv is the radio

flux density at frequency v. When no frequencies are specified, a will refer

to the spectral index between 0.6 GHz and 1.4 GHz. Throughout we shall assume

a Hubble constant of H0-75 km s~
1 Mpc"1 and qQ«1.

2. The spectral index distribution as a function of morphology

2.1 Narrow edge-brightened double radio sources

Nine large narrow edge-brightened double radio sources (Chapter II) were

observed. As these "hot spot" sources are the largest known examples of radio

sources with similar morphology, their inclination angles are probably small.

For 8 of the 9 sources we determined the spectral index distributions (Panels

j of the Figures in Chapter II). We have plotted the spectral index
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distributions versus linear scale of the 8 sources in Figure 1a. Allowing for

the presence of a flat-spectrum nuclear core, of the 8 sources, 4 show a clear

flattening of the spectrum from the core towards the hot spots and none show a

significant steepening.

2.2 Narrow edge-darkened double radio sources

The fact that the intensity within the narrow edge-darkened double radio

sources decreases towards the outer edge, makes these outer parts sensitive to

noise and other disturbances, for instance unremovable grating rings. Beyond

the inner few arcmin the uncertainties in the spectral index are therefore

large. From the 8 narrow edge-darkened double sources observed at 0.6 GHz, we

were able to determine the spectral index distribution of 5 sources (Chapter

III). The uncertainties are specified in the figures and ranges from -0.05 at

the core to -0.5 at the "edges". Figure 1b shows the spectral index

distributions along the radio sources NGC315, 3C31, 3C13O, HB13, and 3C449 on

a linear scale. Due to its enormous size only the western part of NGC315 has

been plotted. A general trend is that the spectrum steepens outwards from the

core, with sometimes a small hesitation near the peak in total intensity

(Panels j of the Figures in Chapter III). The spectral index increases from

0.2 - 0.4 (± 0.05) at the core to more then 2 (± 0.5) at the outside. The dip

in the index at the position of the optical galaxy is broader than one beam

indicating that this dip is caused by the core and by the inner region of the

jet. The average minimum spectral index of the 5 radio sources is

0.3 (a = 0.1)

2.3 Head-tail radio sources

In the sample of 30 radio galaxies we have 3 large head-tail radio

sources, NGC1265, 3C129 and IC711 (Chapter IV). The spectral index

distributions along these sources have been studied extensively, in particular

that of 3C129 (Pacholczyk and Scott, 1976; Perley and Erickson, 1979), the

prototype head-tail radio source. The spectral index distribution of NGC1265

resembles that of 3C129, that of IC711 is different due to the strong radio

core and the short weak tail. In Figure 1c we have plotted the spectral index

distributions of the 3 sources on a linear scale.
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2.1) Wide tailed radio sources

We observed only one wide tailed radio source, 3C465 (Chapter IV). The

structure of 3C465 including the spectral index distribution has been studied

in great detail by Van Breugel (1980) and Leahy <198-4). It has been plotted in

Figure 1d.

2.5 Conclusion

There is a major difference between the spatial spectral index

distributions of high-luminosity sources (the edge-brightened double sources)

and low luminosity sources (the edge-darkened double and tailed sources). In

low-luminosity sources the spectrum steepens from the core outwards, in high-

luminosity sources from the hot spots inwards. Let us now examine this

difference in more detail considering the low-luminosity sources together as

one class.

3. Systematios in the spectral index distributions

3.1 High-luminosity radio sources

In Figure 2a the spectral index distributions of the 8 radio sources have

been plotted versus the linear distance to the nearest hot spot, excluding the

region (corresponding to one beam) affected by the flat-spectrum radio core.

Figure 2b is similar to Figure 2a using a relative distances scale normalized

to the distance between the hot spot and the core. Comparing Figure 2a with

Figure 2b it is clear that the differences between sources such as 3C35 and

3C390.3 do not appear to be caused caused by projection effects. Note that the

spectral index distributions of 3C33.1 (SW) and 4C74.17.1 (centre) show

uncommon features (Chapter II, Figures 1j and 7j). These features are probably

due to the presence of bright radio jets stretching from the core to the lobes

(3C33.1: Van Breugel and JSgers 1982; 4C74.17.1: Van Breugel and Willis 1981).

To examine gross effects in the spectral index distribution of edge-brightened

double sources, we combined the 8 plots of Figure 2 into Figure 3. As the

spectral indices of the hot spots of the various radio sources are different,

each radio source was shifted along the distance axis, until its spectral

index distribution matched as good as possible with the distribution in 3C35,
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which has the smallest indices for its hot spots. Hot spots have sizes that

are typically a few kpc (e.g. Miley 1980), which is smaller than the beam.

Table 1 shows that the flatter spectra of the hot spots in 3C35 compared with

those in other radio sources are not caused by resolution effects. We place

both hot spots of each radio source at the same position along the distance

axis because uncertainties occur in the positions of the hot spots due to beam

convolution and most spectral index distributions are symmetrical from the hot

spots on.
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Table i. Linear Scales

MjrcB N«ae

3C33.1

3C35

3C111

BOS44»3I6

3C2P3

«C7H.17.I

3C39O.3

3M52

Resolution CKPBW t>.«a In kpc)

76

«5
11

6b

103

52

62

Figure 3 shows that the spectral index increases with greater distance from

the hot spot and that the slope of this curve also increases. The data is

consistent with an analytic expression of the form:

a-cto = 2.4 10"s (d+do)I#82; do = 345(ahot g p o t - ao)°'
!S with ao the spectral

index of the 3C35 hot spots and d the distance (kpc) to the hot spot. This

means that large sources show a clear steepening of the spectrum from the hot

spots towards the core, small sources could have a leas clear steepening if

the spectral index of a hot spot is low (-0.7). The spread of the points

around the curve is then due to the uncertainties in the brightnesses at 0.6

and 1.4 GHz and to (small) projection effects. No correlation has been found

between the spectral index of the hot spot and the distance to the core. There

is no significant difference in the average spectral index of the brightest

hot spot and the weakest hot spot. The average spectral index is

0.77 (o=0.10).

3.2 Low-luminosity radio sources

The Figures 1b, 1c and 1d show that the spectrum of the low-luminosity

steepens outwards from the radio core. One figure with all spectra of the low-

luminosity sources plotted together as in the case of the high-luminosity

sources, is not possible due to (i) the fast and irregular intensity decrease

outwards from the core introducing large errors and irregularities in the

spectral index and (ii) the many wiggles and bends these sources have,

introducing irregular projection effects. But one can see from the Figures 1b,

1c and 1d that the increase of the spectral index from the core outwards is of

the same order (Aa-1 in a few 100 kpc) as the increase of the spectral index

from the hot spots inwards in the high luminosity source.
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4. Possible explanations for morphology-dependance of the observed spectral

distribution

The dependence of the lobe spectral index distributions on the presence

of radio hot spots is a fundamental property which must be explained by models

of radio source formation and evolution.

To investigate possible explanations for the above result, it is

important to consider the nature of the hot spots. They are found only in the

most luminous sources such as Cygnus A and are believed to be powered by very

low surface brightness jets (see Perley et al. 1984 for Cygnus A). Hot spots

are generally considered as the end points of the downstream flow of a strong

shock produced by the interaction of a supersonic jet with the intergalactic

medium (Blandford and Rees 1974, Norman et al. 1982, Wilson and Scheuer 1983,

Smith et al. 1985 and Coleman and Bicknell 1985). Radio maps of sources

containing hot spots, show that the ratio Dj/L.SIO where Dj and Lj are

respectively the diameter of the jet powering the hot spot and the length of

the jet. This result is compatible with a supersonic jet powering them. The

jet is characterized by a Mach number M£5 and then the shock is a turbulent

collisionless one (Tidman and Krall 1971 and Biskamp 1973). The shocks

associated with hot spots are natural sites for particle acceleration.

A detailed model of hot spots as the downstream flow of a strong shock

produced by the interaction of a highly supersonic jet with the intergalactic

medium was recently presented by Pelletler and Roland (1986) and applied to

Cygnus A. They found that most of the relativistic electrons responsible of

the synchrotron emission of the hot spot are accelerated by the strong shock

and the electrons flow back from the hot spot with a velocity vS0.1 c.

The simplest explanation of the observed steepening of spectral index

along the source is that it is an effect of ageing. The acceleration of the

electrons is assumed to take place close to the hot spots (edge-brightened

doubles) or in the nuclear region (sources with no hot spots) and the

electrons travel away from the sites of acceleration losing energy.

The similar range of spectral index observed in the various types of

sources would then imply that the accelerated electrons travel with roughly

similar velocities Independent of whether they are created at the nuclei or in

the hot spots.

The relation between the radio spectrum and the age t of the radiating

particles has been predicted by Van der Laan and Perola (1969). following
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their paper five assumptions will be made.

a. the initial energy spectrum of the radiating electrons:

the density per unit energy interval N(E) a E~Y for Emin<E<Emax

" ° for> E<Emin a n d E>Emax
the initial spectral index a = (Y-1)/2.

b. the initial momentum distributions of the radiating electrons is isotropic

and this isotropy is maintained.

c. the magnetic field is constant in space and time.

d. the radiation is homogeneous and isotropic.

e. the source is transparent in the radio domain.

Then t-0.82 B^ (B2+Br
2)"1

r
yr

B(G) is the magnetic field strength in the radio source, Bp =4.1O~
6 (1+z)2 G

is the equivalent magnetic field strength of the microwave background, z is

the cosmological redshift and v* (GHz) the frequency at which the spectrum

steepens to a-1. If the spectral index between 0.6 GHz and 1.4 GHz changes

along a radio source, the distribution of the average age of the radiating

electrons along the source can be determined and hence the corresponding

velocities. For B=Br//3, t will have its maximum value; with z=0.1,

If the steepening of the spectrum with distance from the hot spots is

similar for all edge-brightened radio sources and comparable with the

steepening from the nucleus of other sources, the ages involved and hence the

electron flow velocities, oust be comparable from one source to another.

If we regard 3C35 as a prototype for these radio sources we can estimate

the ages of the various source parts. We divided the radio maps of 3C35 into

19 independent parts along the major axis with sizes of 42" x 214" (3 grid

points x breadth of the source, the beam corresponds to 2.8 grid points). For

every part we calculated the average minimum energy density and the

corresponding magnetic field on the basis of the usual assumptions (e.g. Miley

1980): cylindrical symmetry, equal energy in heavy particles and electrons, a

filling factor of unity and a power law radio spectrum extending from 0.01 GHz

and 100 GHz. Figure 4 gives the distribution of the minimum energy magnetic

field along the radio source together with the distribution of the total

intensity at 0.6 GHz. At about 200 kpc the minimum energy magnetic field

starts to increase (seen from the hot spots) again. Adopting an intrinsic
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too 400
00

Figure M.The distributions of the integrated total Intensity at 0.6 GHz
(continuous line), the minimum energy magnetic field (dashed line)
and the average age of the radiating particles (dotted line) along
the prototype narrow edge-brightened double radio source 3C35» "g"
points at the position of the optical galaxy.

spectral index of 0.66 for the hot spot, the average age of the radiating

particles can be estimated (Van der Laan and Perola 1969; Pacholczyk 1970).

The distribution of average age along the source is also given in Figure 4. At

the high-intensity parts of the source the age is constant

-3.6 - 3.7 x 10^ yr but increases suddenly where the bridges begin. Thus the

particles in the high-intensity parts are continuously accelerated or

replenished. However, one should keep in mind the large number of assumptions

made for these calculations. If the radiating particles in the bridge have

been accelerated in the hot spots, the stream velocity must there be

-10^ km s~1. Given the various assumptions made this is the characteristic

electron flow velocity implied by the observations.

However one must exercise considerable caution in accepting the above

arguments in view of the many assumptions. In particular we note that the

minimum energy magnetic field strength increases although the total radio

emission decreases and the spectrum steepens. This is very remarkable. The

minimum energy magnetic field is actually dependent on the energy range of the

assumed electron spectra. We have integrated over the frequency range 0.01 GHz

to 100 GHz. A reduction of this frequency range, resulting in a decrease of

the magnetic field strength, may be justified.
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5. Concluaion

There is a major difference between the spatial distribution of spectral

indices of sources which contain hot spots and those which do not. The spectra

of the edge-darkened doubles and head-tail sources steepen from the core

outwards while the spectra of the edge-brightened doubles steepen from the

outer high intensity parts towards the galaxy centre excluding the radio core

itself. This is consistent with the ideas that (i) particle acceleration in

radio sources takes place both in the nuclei and in the shocks associated with

hot spots at the edges of the most luminous radio sources and that (ii) in the

hot spots sources a considerable portion of the observed radiation is produced

by electrons flowing backward towards the nuclei. Flow velocities -10 km s

would explain the observed spectral variations on this simple model.

However there is considerable evidence that the situation is more

complex. We have seen (e.g. Chapter IX) that in many cases there are severe

discrepancies between the lifetimes deduced for the radiating electrons and

the time needed to transport them from the cores or hot spots to the lobes,

implying that the particles are produced or reaccelarated locally in the

lobes. Also optical synchrotron emission may be widespread in radio sources

(Butcher et al. 1980) and because of the short lifetimes implied this would

require in situ acceleration. In addition in situ acceleration is expected in

turbulent models of bright radio jets (Pelletier and Zaninetti 1984).

Localized particle acceleration throughout the lobes would reduce the derived
4 —1flow velocity below 10 km s .
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CHAPTER XIII

0.6 GHz sapping of extended radio galaxy V: Systematics of Polarization

distributions - Evidence for excess gas associated with giant elliptical

galaxies.

1. Introduction

1.1 General morphological conclusions from the observations

In Chapters II, III and IV we present Westerbork observations of the

total and polarized intensities of 30 extended radio galaxies at 0.6 GHz and

1.1 GHz, and in Chapters V^XI the properties of several individual sources are

examined in detail. In Chapter XII the spectral index distributions in these

radio sources are discussed. This Chapter deals with the systematics of the

polarization distributions.

The following general conclusions on polarization distributions in radio

sources can be drawn from the observations described in Chapters II, III and

IV.

i. The radio sources are significantly polarized at 0.6 GHz. 20 of the 30

sources have an integrated degree of polarization significantly larger

than zero. The maximum values are about 6^7$ (3C223: 7.7 ±0.6?, DA210:

6.1 ±1.3?, NGC6251:6.0 ±0.8*). We also observed 1C73-O8 at 0.3 GHz and

find an integrated polarization of 1.7±0.2$. Nearly all sources are

significantly polarized locally, with percentages even rising to -70?

(e.g. NGC315, 1C73.08), about the maximum degree of polarization possible

in radio sources (e.g. Miley 1980).

ii. There are no significant differences in polarization properties between

the various morphological classes of radio sources. This is in contrast

to the systematics of the spectral index distributions (Chapter XII)

where there is an important difference between high*? and lowrluminosity

radio sources.

iii. In contrast to the generally symmetric appearance of the total intensity

distributions, most polarization distributions are asymmetric with

respect to the parent galaxy, not only in morphology but also in
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Table la. Polarization values of Che components of the

Source Region

3C33.' NE hot spot

NE bridge

SW bridge

SW hot spot

NE coop.

SW conp.

3C35 N hot spot

H bridge

S bridge

S hot spot

N coup.

S coop.

3 C m NE hot spot

NE bridge

SW bridge

SW hot spot

NE conp.

SW coop.

BOB11+.316. N edge

N hot spot

N bridge

S bridge

S hot spot

S edge

N coop.

S CCQp.

3C223 N hot spot

N bridge

S bridge

S not spot

H conp,

S coop.

UC71.17.1 N hot spot

N br1dge

S bridge

S hot spot

N ccap.

S conp.

3C39O.3 N hot spot

S bridge

S hot spot

S comp.

JC152 E hot spot

E bridge

W bridge

H hot spot

E camp.

W conp.

Narrow edoe-darkei

Percentage

Polarization

0.9

1.6

3."
«.5

0 .6

1.0

6 .2

1.6

3.2

1.3

1.6

0 . 7

1.9

2 . 1

0 .9

i .o

0.7

- '

0 .8

0 .6

1.3

0.02

2 .8

0 .7

0 .1

'0.0

7 . 9

5."

9.3

6.5

7 .0

' . 3
0 .7

5.1

2.0

' . 0

2.3

6.9

0.7

0.7

0.3
0 . 2

' . 2

0 .»

1.6

0 .7

0 . 6

t

± 0.1

I 0.2

1 0.5

i 0.6
i 0.1

1 0.6

1 2.U

« 0.6

± 1.2

i 0.5

1 1 . 7

J 0.3

1 0.2

t 0.2

1 0 . '

« 0-3

1 O . i

• 0.3

1 Li

! 0.0

! 0.3

1 0.6

1 0.1

1 1.1

1 0.3
i 0.1

t 0.8

t 0.6

t 0.1

t 0.7

10.7

1 0.5

i 0.6

j 0 . 3

1 2.5

t 1.0

1 0.5

1 1 . 1

t 0.7

1 O.i

1 0.1

± 0.1

* o.i

± 0.2

± o.i

t O.2

t 0.1

1 0.1

ned double radi

Polarization

Position Angle

degrees

66 t 1

I l 1

H» i 1

'49 i 2

;3 i 2

1*7 t 2

159 1 3

120 t 1

32 t •

•38 t 1

156 i 3

'7 t i

167 t 1

78 « i

96 t 1

75 i 1

166 i i

76 i 1

132 1 1

'06 i 9

48 * •

•«2 i 2

5i t 1

4» t 1

160 1 1

30 t 1

134 t 1

101 1 1

«8 t 1

1'2 • 1

128 , 1

109 t 1

63 t 26

76 1 10

3« 1 '3

«3 1 6

«1 1 51

67 t 29

58 1 1

116 i 1

5t 1 1

53 J 1

121 t 2

156 1 i«

99 t 3

37 1 9

151 1 n

«5 1 1

0 source»

Percentage

polarization

t

i.B 1 0.1

4.1 t 0.1

9.6 f 0.3

7.8 t O.2

1.0 1 0.1

S. 3 t 0.2

3.0 1 0.3

2.7 ï 0.3

7.2 I 0.8

3.3 ! 0.1

2.9 1 0.3

4.1 t 0.5

0.1 1 0.1

1.4 , 0.3

2.7 t 0.2

5.5 ± 0.3

1.1 t 0.1

3.4 t 0.2

14.7 1 7.3

2.5 t 1.2

2.0 t t.O

0.5 : 0.2

O.6 i O.3

3.8 * 1.9

2.5 1 1.2

0.7 1 0.3

'2.5 1 0.6

9.7 1 0.5

'J.O i 0.2

9.9 J 0.5

7.7 1 0.4

6.0 t 0.1

2.5 1 1.2

2.0 ± 1.0

5.7 x 2.S

6.9 1 3.4

1.9 ! 0.9

6.5 1 3.2

13.4 ± 0.6

5.1 1 0,2

7.6 1 0.4

10.9 1 0.5

5. ' t 0.2

5.9 t 0.3

'3.3 1 0.7

4.6 ! 0.3

0.1 i 0.1

8.3 ! 0.5
2.0 1 0.1

Pol»rJ2atlon

Position Angle

degrees

IB t 1

123 t 1

91 1 1

108 t 1

58 t 1

100 j 1

75 i 1

61 t 1

71 1 1

91 ! 1

73 i 1

80 1 1

59 1 1

131 , 1

137 1 1

73 i 3

127 1 1

78 t 1

36 t 2

2 1 '

108 , 1

105 t 1

50 > 1

46 , 1

15 1 1

51 i 1

121 j 1

34 J 1

'73 « t

118 1 1

120 t 1

121 i 1

154 t 1

1 t 1

116 i 1

89 1 1

•67 1 1

91 , 1

17 1 1

«5 J 1

'65 t '

'5 t 1

171 t 1

' 0 ± '

36 . 1

21 1 1

37 • 1

27 t 1

22 1 '

0.6 GHz 1.1 GHz
Source Half Percentage Polarization Percentage Polarization

Angle

NGC315

3C31

3 d 30

HB13

3CU19

east

weat

north

south

north

south

north
south
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3

3
0
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0

0

1

6

0
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,1

.9

.11

01

.3

.3

.3

.9

.2

.1

%

t

±

t

t

t

1

t

±

t

±

0 .1

0 .1

0 .1

0.1

0 . )

0 .1

0 .5

0 .2

0.1

0.03

degr

12
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2 Ü
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±

±

±

1

t

t

t

1

t
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2

2

11

1131
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2
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5 . 1
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5.»

1.0

O.B
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12.4
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1.8

1.0

1

±

±

t

t

t

t

t

t

i

t

0
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0
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.1

degre
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3
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t

t

t

t

t

t

t

t

*
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1

1

2

f t

7
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2

2

6
1
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percentage. Table 1 lists the polarization properties of the narrow edge-

brightened double radio sources and of the narrow edge-darkened doubles,

divided into their component parts.

iv. There is a tendency for the depolarization value D in radio sources to

increase towards the edges of the radio lobes (see e.g. 3C35, 3C130,

3C449; Chapters II and III), and this is considered further below. This

Chapter also deals with the run of the depolarization distribution along

radio sources which show excess depolarization towards the radio core,

v. Much small scale structure is present in the polarization distributions,

with many more details visible than in the maps of the total intensity

distribution. This is not surprising in a vector quantity where the

emission regions can destructively interfere with one another. Different

polarization peaks are separated by abrupt changes in the polarization

position angle which divide regions of large polarization into several

smaller independent parts. This is, for example, clearly visible in the

northern component of 3C223 (Figure 5 in Chapter II). Halfway along this

component the observed polarization position angle changes abruptly both

in the 0.6 GHz and 1.4 GHz maps.

vi. Table 1 shows that there are source regions with a significant

repolarization (increase in frantional polarization) between 0.6 GHz and

1.4 GHz, for example in 3C35. Maps of the polarization position angles

show large fluctuations around such regions.

vii. Figure 1 and Table 2 give the ratio of the depolarization value for the

two hot spots in each edge-brightened double. "1" represents the hot spot

closest to the optical galaxy, "2" the farthest. Although the number of

sources is only 7 (BO844-316 has been omitted due to the large

uncertainty in its depolarization value), there is an indication that the

hot spot nearest to the optical galaxy has the strongest depolarization

(lowest D). However, there is no significant increase of D^Dg with

increas ing r1. /d2.

The depolarization value D is defined as JP49/JP21. A strong depolarisation

with the wavelength results in a small value of D.
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Table 2. Depolarization ratio or trie two hot apots

dl/q2 DP/DPy A

3C33.1

3C35

3C11T

UC7J4.17.1

3C39O.3

0.98

0.73
0.86

0.77

0.7*
O.Bu

0.

0.

1.

0.

0.

0.

83
19

15

13

60

20

08

0.15
0.11

0.04

0.15

0.59

0.04

0.05

Figure 1. The ratio of the depolarization value D ("DP) of the two hot spots
in each edge^brightened double source versus the ratio of the
distances of both hot spots to the core. "1" represents the hot spot
closest to the optical galaxy, "2" the farthest.

1.2 Causes of depolarization

The effects of differential Faraday rotation upon the polarization of

radio sources have been well'understood for about twenty years (Burn, 1966;

Gardner and Whiteoak, 1966). The degree of linear polarization will, on

average, decrease with increasing wavelength, both in localized regions of

emission and for the source taken as a whole. That such a trend Indeed exists

has often been demonstrated, especially in studies of extragalactic sources.

The primary reason for depolarization is an excess in the amount of

Faraday rotation in some polarized regions when compared with others (Burn,

1966). The amount of Faraday rotation is dependent on the Faraday depth $.

The Faraday depth of a point r with respect to the observer is

,r
|(r) = k jon B • dl

n is the thermal electron density, B the magnetic field strength and dl is the

length along the i.ine of sight, k is a constant. Differences in depolarization

are directly rented to differences in the Faraday depth. In the extended

radio sources we observed, the luminosities are roughly the same and the
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structures are mostly relaxed. B is then calculated as the minimum energy

magnetic field strength and this value is roughly similar in the various radio

sources. Thus large differences in the Faraday depth are due to (i)

differences in path length through the source, (ii) differences in the thermal

electron density, or (ill) magnetic field reversals along the line of sight.

One of the most important questions to be answered is where the

depolarizing medium is with respect to the radio source. Our ability to answer

this question is limited by the fact that the various mechanisms may occur

simultaneously and are probably difficult to separate. In the following

sections we discuss the various possible locations of the thermal depolarizing

gas:

- coextensive with the radio source components,

- in a halo centred on the optical parent galaxy,

- in a shell around the radio source components,

- in the neighbourhood of the of the galaxy, group or cluster,

- elsewhere along the line of sight between the radio source and the observer.

Although depolarization is most prevalent at frequencies below 1 GHz the

limited resolution and sensitively available at these frequencies have until

now restricted the amount of polarization mapping that has been done. However,

studies of integrated polarization have yielded considerable information. Thus

Conway et al. (1972) were able to demonstrate that the median degree of

polarization of extragalactic source samples decreases at long wavelengths

such as M9 and 73 cm. Indeed, on average, the degree of polarization at

wavelengths of 30 cm and longer would appear to be a fair diagnostic for

depolarization by differential Faraday rotation, and was used as such, for

example, in studies by Strom (1973a) and Conway and Gilbert (1970). Likewise

Conway and Gilbert (1970) found stronger depolarization (smaller D) in high

redshift quasars with absorption lines, and suggested that the cause was a

larger amount of magnetoionic material along the line of sight. Similarly,

Conway et al. (1972) found evidence for possible depolarization in the Galaxy.

Strom (1973a), on the other hand, suggested that depolarization was largely

intrinsic, related to the source linear size. Moreover, he found that sources

of larger angular diameter showed less depolarization (larger D) than the

compact ones, suggesting that the effects of depolarization in a screen far

from the source (in the Galaxy, for example) were probably negligible. This

seems to be confirmed by studies of very large radio galaxies (Willis and

Strom, 1978; Strom and Willis, 1980; Willis et al. 1981) which all have high
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degrees of polarization at 49 cm and show little evidence for differential

rotation.

Intrinsic (i.e. source-related) causes of depolarization of various types

have been suggested in the past. Gilbert et al. (1969), for example, suggested

a relationship with spectral index. Strom (1973b) pointed out that a

correlation with source size could also explain the excess depolarization of

high redshift objects, there being a deficiency of intrinsically large radio

sources at large redshifts in the sample studied. Conway et al. (197*0, on the

other hand, suggested that the primary correlation was between depolarization

and source luminosity. Recently, Strom and Conway (1985) extended a study made

by Conway et al. (1983) of the polarization properties of individual

components of radio sources drawn from a complete flux density limited sample

on the basis of relatively little depolarization at shorter wavelength. It is

noted that bridge emission in double radio sources exhibits a low degree of

polarization at 49 cm. It was suggested that this may be the result of

depolarization in ionized gas associated with the optical parent object

(galaxy or quasar).

Polarization mapping is clearly preferable to studying integrated

polarization. Study of the polarization distributions at frequencies above 1

GHz have yielded considerable information about the depolarizing medium in

radio sources. One of the most important studies in this regard was the

investigation of Van Breugel (1980) with the Westerbork Telescope at 1.4 GHz

and 5 GHz. These shorter wavelength studies led Van Breugel to conclude that

there is a significant amount of thermal gas mixed with the radio lobes and

that a magnetoionic medium external to the source must also exist.

Here we consider these questions further using a uniquely large body of

data obtained at lower frequencies. We use the maps of the polarization

(degree and position-angle) of the thirty radio sources, observed at 0.6 GHz

(Chapter I) and presented in Chapters II, III, and IV. Also included in these

chapters were maps of the polarization at 1.4 GHz, the depolarization and the

rotation of the position angle between 0.6 GHz and 1.4 GHz.
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2. Where is the depolarizing material located?

2.1 Edge-brightening in the long wavelength polarization structure; thermal

material mixed with the radio lobes

The presence cf an increase in the percentage polarization at long

wavelengths towards the edges of extragalactic radio sources has been pointed

out by several authors (e.g. Van Breugel and Jagers 1982). About half of the

thirty sources observed with the Westerbork Telescope at 0.6 GHz show signs of

this effect (Chapters II, III and IV). There are radio sources (e.g. 3C130)

with polarization intensity distributions which peak along their edges and

show no significant polarization near the component centres. The increase of

the percentage polarization from the core towards the edges is large. In most

of the narrow radio sources (Chapters II and III) the increase seems roughly

symmetrical with respect to the major axis of the radio source, although

significant differences between both sides exist. At ^.l^ GHz the effect is

visible as well. Figures 2 and 3 show examples of the effect, symmetrical in

the case of 3C130, but lejs so for HB13.

An obvious explanation is that the depolarizing thermal medium pervades

the radio lobes. The path length through the radio components along the line

of sight, and with that the internal rotation measure, decreases towards the

Figure 2. Cross cuts through the maps of the radio source 3C13O of the total
intensity (a), the polarized intensity (b), and the percentage
polarization (c) at 0.6 GHz.

231



'£>;', >:

Figure 3- Cross cuts through the maps of the radio source HB13 of the total
intensity (a), the polarized intensity (b), and the percentage
polarization (c) at 0.6 GHz and at 1.1 GHz, and the depolarization
(d) between 1.M GHz and 0.6 GHz. The continuous lines show the cross
cuts at 0.6 GHz, and the dashed lines those at 1.M GHz.

edges and therefore the fractional polarization increases. The polarized

intensity distribution would then be symmetrical and give one peak at the

centre or (at longer wavelengths) two smaller peaks at both sides of the

centre.

For a radio source component with a cylinder morphology (Chapter I,

section 2) the percentage polarization, p, of the component can be written as:

- 2e~R £ cos2R
R-5* + 4R2

p^ is the intrinsic percentage polarization, R the rotation and 5 the

turbulence factor. The rotation R = RM • X2 with RM the internal rotation

measure due to the uniform magnetic field in the source component and A the

wavelength of the observation. The turbulence factor £ is a measure of the

importance of the rotation measure of the random magnetic field (Van Breugel

1980). The rotation measure RM - k J n e B u • dl integrated along the line of

sight through the radio source component. If the thermal electron density, ne,

and the uniform magnetic field strength, Bu, are constant along the line of

sight, RM » k ng Bu//L with L the path length through the source. If RM is in

rad m~2, n e in cm"
3, Bu/y in G and L in kpc, the constant k - 8.1 10s.

Adopting an orientation for the radio source perpendicular to the major axis,
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the distributions of the percentage polarization and depolarization can be

calculated. Typical lengths through the middle of a narrow source component

are - 100 kpc. If £ is small, p will have the maximum possible value. With

Pj - 70J. this means that if p > 1% at 0.6 GHz, ne B u / / £ io~
9 cm"3 G in the

middle of the radio component. Figure 1 shows an example for various values

of 5, where beam depolarization has been neglected.

EDGE INHBH0S —

\b

Figure 4. Theoretical curves of the distributions of the total intensity (a),
the polarized intensity (b), the percentage polarization (c), and
the depolarization (d) between two frequencies for various values
of S (see text).

Let us now compare these model calculations with what is actually

observed. On the major axis of 3C13O, in between the two polarization peaks

along the lateral edges, the percentage polarization drops to below the

significance level (Figure 2). Comparing this with the theoretical curves in

Figure 4, the percentage polarization should be above this level, unless
c, - 0 and the middle corresponds exactly with the zero-value in the p-curves.

This seem unlikely. A suggestion which is justified by the arguments in

section 2.? is that the density of the thermal electrons is higher at the

centre and therefore the depolarization stronger than at the edges.
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The southern part of HB13 (Chapter III, Figure 6) is highly polarized. As

already shown in Chapter III, it can be divided into two regions, the northern

half from the northwest to the southeast, region N, and the southern half from

the northeast to the southwest, region S. At 1,4 GHz the polarization position

angles in both regions are roughly perpendicular to the major axis of the

radio source. The transition from region N to region S is smooth although the

knee is less polarized. At 0.6 GHz the angles vary smoothly and slowly along

both regions. There is no difference between the edges and the middles of the

regions. There is no difference in the rotation of the polarization position

angles between 1 .4 GHz and 0.6 GHz, either in the middle or along the edges.

Compared to 3C130, HB 13 is less depolarized of 0.6 GHz and therefore shows

one peak in the polarized intensity distribution instead of two at the edges.

2.2 Evidence for extensive gaseous halos surrounding giant elliptical galaxies

2.2.1 Analysis of the polarisation data

Our new data have been analyzed in two ways and compared with the radio

sources discussed in Strom and Conway (1985). To compare the data sets with

sufficient signal to noise, we have performed integrations of the total

intensity and polarization distributions over the relevant constituent source

parts, components and bridges. Because some components display position angle

changes on opposite sides which might result in apparent depolarization when

there is none, the integration was performed on maps of P(=[Q2+U2] 2 ) . For

three sources, 3C33.1, 3C35 and 3C223, which are well resolved, we have also

analyzed the polarization distribution along the source major axis, in an

attempt to see how depolarization varies with position.

In addition to the corrections specified in the original articles, a

further effect must be taken into account,especially at 21 cm. This is the

contribution of the central nuclear source (if visible) to the bridge

emission. Since we are only interested in the polarization of the extended

bridge component, it would be wrong if our integrations included the compact

nucleus. Only three sources are affected: 3C35, 3C111 and 3C390.3. None of the

nuclear components appears to be significantly polarized, so the correction

consisted of estimating the component flux and removing it from the source

brightness distribution. This was done wherever we have determined the degree

of polarization, and will be so noted in the text.
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In these analyses there are various limitations which sometimes prevent

an entirely unambiguous conclusion being drawn, although the trends are clear.

Changes in position angle within a component, referred to above, are one such

effect. In addition, in some sources the bridge is too weak for its

polarization to be determined sufficiently accurately. In others a portion of

a component may have a very low degree of polarization at both 49 and 21 cm,

making the calculation of the amount of depolarization at such a point very

uncertain.

A statistical indication of the source depolarization is given in a

series of histograms. We have integrated the source emission over regions of

about 120 kpc in size, centered on the optical object, and each of the outer

hot spots. As noted above, the effects of the nuclear component were first

removed from three of the sources. Figure 5 shows the H9 cm degree of

polarization for (a) bridges and (b) the components. Crosshatching indicates

the sources studied by Strom and Conway (1985), excluding 3C223. It is clear

that the same trend is present in both sets of objects: components are more

strongly polarized at 49 cm than bridges.

u
3

2

1

Nr 0

Bridges _ a

n

•-Ü.
v//////////,

Components

%49

Figure 5. Histograms of the integrated degree of polarization at H9 cm for (a)
bridge emission centered on the optical galaxy and (b) the outer
components near the hot spots. Crosshatching indicates the sample
studied by Strom and Conway (1985).

In Figure 6 we show the degree of polarization determined in precisely

the same way at 21 cm for the sources above (Chapters II, III and IV).

Although the median degree of polarization of bridges is slightly lower than

that of the components, the difference is far less striking than at ̂9 cm and

for one bridge component the polarization is very high at 21 cm. The lower

degree of polarization for the bridge emission may be intrinsic, although it

could also indicate that even at 21 cm some depolarization may be present.
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Figure 6. Histograms of the integrated degree of polarization at 21 cm for (a)
bridge emission and (b) outer components.

Figure 7 shows that the effect is most likely related to Faraday

depolarization. The depolarization parameter, D, is substantially lower for

the bridges than the components. In addition, we have indicated by

crosshatching the two sources with the greatest overall linear sizes (3C35 and

3C223). The fact that their components display the largest values of D

suggests (since we have only integrated over a region near the hot spot of

each component) that the depolarization gradient we observe may extend over

several hundred kpc, although the dominant effect occurs within 50 kpc of the

parent object.

Nr 0

Figure 7. Histograms of the ratio of the degree of polarization at 49 cm to
that at 21 cm, D£f, for (a) source bridges and (b) outer components.
Crosshatching indicates the values for the two sources of greatest
overall linear size.

To investigate the general trend over the entire distance spanned by the

source components further, we have determined D for the sources observed above

(Chapeter II) at intervals along each component axis of slightly less than one

synthesized beamwidth. The values (consisting of two sets for each source)

have been grouped according to their distance from the optical galaxy, the

divisions between bins being chosen so that each group consists of eleven

measurements. Data points where the 21 cm degree of polarization is $5% have

not been included. The average value of D for each bin has been determined,

and these are shown as a function of median bin distance in Figure 8. We have
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Figure 8. Average values of D£f as a function of distance from the optical
galaxy for the sources studied by JSgers (1986). The bin width
(along the abscissa) has been determined by the requirement that an
equal number of measurements should go into each average. The dashed
line is a least squares fit to the data points.

tested the data by means of a least squares fit and find that D increases with

increasing distance from the optical galaxy (dashed line), producing a

coefficient of determination of 0.85.

Let us now turn to several individual cases. We will discuss the

distributions in 3C33.1, 3C35 and 3C233 in turn.

2.2.2 Individual Cases

3C33.1

The distributed linear polarization and degree of polarization at both 21 cm

and 49 cm from Chapter II are reproduced in Figure 9. Because of the eccentric

location of the optical galaxy, depolarization appears to extend well into the

northeastern lobe at 49 cm. Even at 21 cm there may be excess depolarization

in this region, underlining the need for additional studies at even shorter

wavelengths. Because of these complications, the picture which emerges from

crosscuts through the source (Figure 10) ia not so clearcut. The

depolarization ratio (Figure 10b) reaches its lowest value northeast of the

optical galaxy, but the higher value of D in the galaxy's immediate vicinity

may be partly because of the low degree of polarization at both 21 and 49 cm

there.
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Figure 9. The polarization distribution in 3C33.1. The polarized intensity P
is shown as contours superimposed upon the total intensity
brightness distribution I in gray at (a) 21 cm (contour values:
0.75, 1.5, 3, 6, 12, 24 and 36 mJy_beam~l) and at (b) 49 cm (contour
values: 5, 10, 20 and 40 mJy beam"1). The degree of polarization is
shown as gray shading with contours from the total intensity at (c)
21 cm and (d) 49 cm. The lightest shade of gray indicates a value
below 2%. Thereafter, the degree of polarization increases
logarithmically to 20% (black). A cross indicates the position of
the optical galaxy.
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3C331

200 O 2(0 (00

200 400

Figure 10. Cross cuts along the major axis of 3C33.1 for (a) the degree of
polarization at the two wavelengths and (b) the depolarization
ratio Otl' Dashed lines indicate upper limits to the values, and an
error bar gives the typical uncertainty in a region where it is
much greater than the line thickness.

The maps (Figure 11) clearly show the dramatic disappearance of polarization

from the bridge region in going from 21 to 49 cm. Note in particular that the

optical galaxy is left in a bay of polarization at 49 cm. In the crosscuts

(from which the effects of the nuclear component have been removed),

Figure 12, the dip in D clearly lies close to the position of the galaxy. Note

also, however, that in the components themselves there are several other drops

in D associated with local depolarization.

3C223

This source offers the most clear-cut case of depolarization. The maps

(Figure 13) illustrate the sudden disappearance of polarization from the

vicinity of the galaxy at U9 cm. In the crosscut we see how only the 100 kpc

region surrounding the galaxy has D<0.5, clearly demonstrating the presence of

excess Faraday depolarization (Figure 14).
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Figure 11. The polarization distribution in 3C35. The polarized intensity P is
shown as contours superimposed upon the total intensity brightness
distribution I in gray at (a) 21 cm (contour values: 0.5, 1, 2, 4,
8 and 16 mJy beam"1) and at (b) 49 cm (contour values: 3, 6, 12 and
24 mJy beam"1). The degree of polarization is shown as gray shading
with contours from the total intensity at (c) 21 cm and (d) -M9 cm.
The lightest shade of gray indicates a value below 2%. Thereafter,
the degree of polarization increases logarithmically to 20%
(black). A cross indicates the position of the optical galaxy.

3C35

Figure 12. Crosscuts along the major axis of 3C35 for (a) the degree of
polarization at the two wavelenghts and (b) the depolarization
ratio D$J, Dashed lines indicate upper limits to the values, and
error bars give typical uncertainties where they are much greater
than the line thickness. The optical galaxy coincides with the
origin of the abscissa.

Figure 14. Crosscuts along the major axis of 3C223 for (a) the degree of
polarization at the two wavelengths and (b) the depolarization
ratio D^f. The optical galaxy coincides with the origin of the
abscissa.
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Figure 13. The polarization distribution in 3C223. The polarized intensity P
is shown as contours superimposed upon the total intensity
brightness distribution I in gray at (a) 21 cm (contour values:
2.5, 5, 10, 20, 10, 80 and 120 mJy beam"1) and at (b) 49 cm
(contour values: 15, 30, 60 and 120 mJy beam"*1). The degree of
polarization is shown as gray shading with contours from the total
intensity at (c) 21 cm and (d) 49 cm. The lightest shade of gray
indicates a value below 2%. Thereafter, the degree of polarization
increases logarithmically to 20£ (black). A cross indicates the
position of the optical galaxy.

2.2.3 Is the depolarizing material associated with the parent galaxy?

To investigate whether the depolarization might be connected with ionized

gas associated with the parent galaxy we examined the systematics of

depolarization as a function of distonie from the radio core using our data to

extend the analysis of Strom and Conway (1985) on 8 sources. The data sets

given in Chapters II, III and IV provides us with additional sources, higher

quality maps, and in particular a second shorter wavelength, to be able to

test whether we are indeed seeing the effects of differential Faraday

rotation. From the new data set we have used the sources with the largest

signal to noise ratio at least over a few hundred kpc on both sides of the

optical parent galaxy. Details of the observations and data reduction can be

found in Strom and Conway (1985) and Chapter II. The sources and data sets

available are summarized in Table 3. Only one source, 3C223, is common to both

sets of data. A comparison of the two sets of 49 cm maps shows excellent

agreement, both in the total intensity and polarized distributions, despite

the fact that Strom and Conway (1985) obtained sparser coverage of the

visibility plane.

The increase of the depolarization value with distance from the

associated galaxy is direct evidence that depolarization in extragalactic

radio sources is at least partially caused by material associated with the

optical identification (in our case, always an elliptical galaxy) in these

radio galaxies. The most obvious candidate is a halo of gas, and we will now

consider what its properties as defined by these radio observations are.

The size over which the effect is especially noticeable is about 100 kpc

(assuming HQ=50 km s"1 Mpc"1) as can be seen from both the statistical

depolarization trend (Figure 8) and that of the individual sources (Figures

10, 12 and 14). The depolarization occurs between 21 and 49 cm so we will

adopt Xy»30 cm (see Strom, 1973a). A typical value for the line of sight
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Table 3. Soirees Included in tht study

Haaa

3C33.1

3C35

3C79

30111

• M M . , . *

3C223

3CZ23.1

3C23»

3C265

3CJ7H.1

3C28«

3C39O. 3

3C152

Data avallabla (vavalanith. In ca}

21. 19

21. «9

• 9

21. <9

21 . <9

21, «9

«9

«9

•9

«9

19

2K *9

21 . «9

R«raranc«

J86

J86

5C85

J»6

at

J86, see;

seas

SC»

SC45

SC(fi

SC85

J86

J86

J86 - Jagtra, 1986; SC85 - j e m win Convey, 1995

magnetic field strength in the bridge region is 2 pG (Chapter II), and

combined with the other values this gives an electron density, ng-IO'^cm"3. If

this uniformly fills the entire volume, then it suggests a mass of 2x109MQ.

There have been several reports in recent years of X-ray emission from

extensive, hot halos surrounding large (but not radio emitting) early^type

galaxies (e.g. Biermann and Kronberg, 1983, and references therein). These

suggest that a halo component may be fairly common among giant ellipticals,

and the typical densities derived are 10~^ to 10"2 cm"3 in a diameter of

typically 10 to 20 kpc. Biermann and Kronberg point out that this component

may extend to greater distances with a density too low for the X-ray emission

to be detectable.

While it might seem logical to look for such X-ray emission in radio

galaxies, this is problematical on several counts. Radio galaxies are

generally too distant for the emission expected from a hot component to have

been detected with EINSTEIN or similar telescopes. Moreover at such distances

it would be difficult to resolve a 10 kpc object, so one would not be

absolutely certain the emission, if detected, was diffuse. (All the galaxies

studied are thu3 quite nearby). And finally, radio galaxies, which are active
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objects, often show X-ray nuclear emission, confusing the issue (e.g.

Feigelson et al., 1984; Miller et al., 1985).

The densities implied by the X-ray components are so large they will

produce depolarization at wavelengths of 6 cm or less. However, that will all

happen well within the beam used in the present study, so the effect will

essentially be washed out by beam dilution. We will now investigate whether

there is continuity between densities derived from the X-ray and radio data,

and what this implies about the structure of the gaseous halos.

The X-ray flux density, S, depends on the density of thermal plasma, n^n,

for a fixed temperature as

S * / n t h d l ( 1 )

where 1 is the distance along the side of sight. Consequently, the X-ray

observations can be used to estimate n^n for an assumed gas temperature. We

are aware of four giant elliptical galaxies with associated extended X-ray

emission which probably originates in a halo of hot gas. NGC36O7 (Biermann et

al., 1982), NGC5846 (Biermann and Kronberg, 1983), NGC1395 (Nulsen et al.,

1984) and NGC5128 (Feigelson et al., 1981). The X-ray data have been useJ by

the authors cited above to derive parameters including the density and

diameter of the emitting region. These values will be used for our comparison

with particle densities derived from the radio polarization measurements.

For the Faraday depth. *, we have:

* « f n B n dl (2)

Assuming ne = ntn, we can then compare the density from different sources

derived from X-ray and radio data. The result appears in Figure 15, where the

radio data are taken from various locations along 3C223 and 3C35 (the origin

is the optical galaxy). We must now consider what sort of behavior is expected

before we can decide whether the radio derived gas densities are indeed the

outer parts of the X-ray halo.

Let us derive the expected relationship for the simplest possible case,

making the following assumptions:

- Hot gas is trapped in the gravitational potential well of a massive galaxy;

- The mass of gas is small enough, at least in the outer regions we are

interested in, that it does not perturb the gravitational potential well.

Justification for this can be found in the rough mass estimate from

depolarization data made above (several times 109 MQ) which is much less

than the mass of a giant elliptical galaxy;

" There are no bulk motions, the hot gas being in hydrostatic equilibrium.
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From this last condition, we have (e.g. Gull and Northover, 1975):

(3)

Where p is the pressure for gas of density p at a distance r from the centre

of the mass concentration, Mo, responsible for the gravitational potential.
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Figure 15. The thermal density as a function of distance from the nucleus

derived from X-ray observations for four giant e l l ip t icals and from
radio depolarization for two double radio galaxies. The dashed line
is a least squares f i t through the data of the form N « r~m where
m = 1.59 gave the best f i t .

Further assuming pp = const = pop0 , where Y is the polytropic index of the

gas, we have:

Y - 1 ~Y
dp = Yp PoPo dp = -pG -p dr

Which gives by integration:

Y - 1 Y°
Po M0 n a

P I (G " + K>
(5)
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where JÎ /P,, is a constant of integration with the units of pressure/mass

density. Rearrangin Equation (5), we obtain

y-1 Po Mo n^ ̂ -j-

y Po r P^

If we take

n » Poo Y-1 Y P o

p̂  " W w 7~o

then we see from substitution in Equation (6a) that 9=9^ at a large distance

from the galaxy. As discussed by Gull and Northover (1975) if the galaxy is

immersed in a general gaseous background (pM - 0) its gravitational potential

will merely perturb the ambient gas density. For simplicity we will consider

the case pM=0 (noo/Pa(=0), so Equation (6a) becomes:

1

Y—1 Po ™0 Y—1

"•p° ( V p; G ~> (6b)

Assuming p(ro)=po, then

Y-1 Po

r0 = - ^ — GM0 (7)
1 p0

For a well-stirred, adiabatic gas such as that found in clusters of

galaxies (e.g. Gull and Northover, 1975), Y-5/3. Typical values for the gas

parameters at ro-10 kpc from the X-ray measurements are po=2 x 10~12 erg cm"3

and no-10"3 cm"3. These can be inserted in Equation (7) to estimate the mass

producing the gravitational potential, Mo:Mo-2 x 1012 M@, not an unexpected

value for a giant elliptical galaxy. From Equation (6b) with Y-5/3, we have

n-no(ro/r)l *5. A fit to all the data points, X-ray as well as radio, of the

form n « r~m is shown in Figure 15 and it gives m » 1.59 with a coefficient of

determination of -0.96.

The data are, thus, in good agreement with what would be expected from a

halo of ionized gas gravitationally bound to each central galaxy and extending

out to radii of at least 100 kpc. In view of the assumptions made in our

calculation the halos should be spherically symmetric, although the radio data

have enabled us to sample the gas distributions along only two radii per

galaxy. We can integrate Equation (6b) to calculate the mass of gas in the

halo beyond ro:
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irp°r° ̂~1 /ro
r ~ ™ dr (8)

We then obtain for the total mass of the outer part of the halo (exterior

to r0)

3Y-4

i S ^ 1 " " 1 - 1 1 (9a)

The mass thus increases with the size of the halo.

For the parameter values assumed above, we have

Consequently, we can see that Mga3 will only approach Mo for r > 4 Mpc, while

the mass between 10 kpc and 100 kpc will be 6 x 109 Mg. Only if the halos can

be shown to extend much beyond 1 Mpc would the possibility exist that they

might contribute significantly to the galaxy mass.

2.3 Depolarization associated with regions of optical line emission

Evidence that the depolarizing medium may be concentrated in a shell on

the periphery of radio lobes rather than uniformly distributed within them

comes from observations of extended line emission. Several cases of radio

continuum/optical line morphological associations have now been observed (e.g.

3C277.3, Miley et al. 1981; 3C171 and 3C3O5, Heekman el al. 1984, 1982; 3C293

and 4C26.42, Van Breugel et al. 1984). It is generally found (Miley 1982,

1984) that when the associations occur (i) the line emission is located close

to the edge of the radio lobes and knots and (ii) radio emission which

coincides with the line emission has low polarization even at short

wavelengths (< 6 cm) indicating that the depolarization is associated with

the line-emitting gas.

Typical values of the emission line regions (with sizes of about a few

tens kpc around the optical parent galaxy) are a thermal electron density of

102-103 cm"3 (distributed in clouds with masses of - 106 M@) and a temperature

of - 10" K.

Two polarization properties discussed in section 1,1 for the radio

sources (which are much larger than 60 kpc) presented in Chapters II, III and
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IV argue against the depolarization scheme sketched above being generally

applicable in the case of the very extended lobes considered here, (i) the

radio sources are still significantly polarized at 0.6 GHz (19 cm) and (ii)

there is a tendency for the depolarization value D to increase towards the

edges of the radio lobes. Moreover the total mass of thermal gas which would

be needed for "shell depolarization" in our radio sources is of the same order

as the mass of the optical parent galaxy. Consequently, such high density

regions cannot be a widespread phenomenon among the more extended radio

sources.

2.k Depolarization associated with gas in the neighbourhood of the parent

galaxy of the radio source

Evidence that the depolarizing medium is associated with the parent

galaxy and its environment can be surmised from a comparison of the

polarization properties of radio sources with the density of optical galaxies

in the neighbourhood.

Table h lists the number of optical galaxies in the neighbourhood of the

parent galaxies of the radio sources observed at 0,6 GHz (chapters II, III,

and IV).

We have counted the galaxies on the red (E) Palomar Sky Survey plates.

Column 1: The source name.

Column 2: The visual magnitude of the parent galaxy.

Column 3'- The number of optical galaxies found in an area with a diameter of

400 kpc around the parent galaxy, within a magnitude interval of

±2m. around the visual magnitude of that galaxy.

Column 4: As column 3, but the diameter of the area equals the length of the

radio source.

The galaxy counts indicated by a "*" are uncertain due to the high

magnitudes of the parent galaxies. We expect the numbers to be lower than the

listed values.

To test whether the galaxy counts are significantly disturbed by the

background galaxy density within the same magnitude interval, we used De

Ruiter (1978; Figure 1 page 77) together with Windhorst (1984; Figure 6 page

89) to estimate the typical density. This could only be done for radio source

areas with a galactic lattitude greater than 10°-20°. The densities vary

from ~0 (bright galaxies) to - 3-1 (galaxies with a magnitude - 19-20). These
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numbers are an order of magnitude smaller than the galaxy counts themselves so

they do not influence the galaxy counts significantly.

Table 1.

The /iiiuDer of galaxies surrounding the parent galaxy of radio sources.

Source

< l )

NCC3>5

HCC326

3C3'

3C33.1

3C35

3C66 B

HGC1265

3C111

3 d 29

3C129.1

3C13O

DA240

80844*316

B09I5-320

3C223

«C73.O8

3C236

4C48.29

HBI3

IC706

IC711

4C25.35A

4CT51.29

4C74. 17.1

3C31O

NOC6251

3C39O.3

3C402A

3C402B

3C449

3C452

3C465

V lsual

HagnUufc

(?)

12.5

13.0

12.1

9.5

5 . 0

2.6

«.7

8 .0

9.«

9 .9

6 .5

5 . 2

3.5

5.5

7.1

5 . 9

6 .0

6 . 0

5 .1

ll.il

4 . 8

6 .5

6 .5
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Figure 16 shows the number of galaxies, in areas with radii of 400 kpc,

versus the visual magnitude. There is no significant correlation between the

visual magnitude and the number of galaxies, which means that the visual

magnitude has no clear impact on the galaxy counts.

In Figure 17 we have plotted the number of galaxies versus the integrated

polarization values for each radio source. Panels A, C and E show the degree

of polarization at 0.6 GHz, that at 1.4 GHz and the depolarization between 0.6

GHz and 1 .4 GHz, respectively, versus the number of galaxies within the 400

kpc diameter area. Panels B, D and F those versus the number of galaxies

within the source diameter area.

Restricting ourselves to the Panels A and C we can distinguish two areas:

- a condensation of points in the "low polarization -> small number of

galaxies" corner.

- a condensation of points on a line extending from "low polarization - large

number of galaxies" to "high polarization - small number of galaxies".

To test whether the condensation of points in the "low polarization -

small number of galaxies" corner is due to cancelling out of several source

parts (different polarization position angles) we compared the integrated

polarization percentages with the mean of the polarization percentages for the

two source halves. The mean quotient between the latter and the former is 1.4

+ 0.5. This small value justifies the proposed separation in two distinct

areas.

Alth gh the number of radio sources is small, the conclusion is:

It is a necessary condition, for having a high degree of polarization at

frequencies below 1-2 GHz, to have a small number of surrounding galaxies

(which means a low density of the (depolarizing) thermal matter). However, a

small number of surrounding galaxies is not a guarantee for a high degree of

polarization.

Panel E, the depolarization between 0.6 GHz and 1.4 GHz versus the number

of galaxies shows a random distribution of points. Theoretical depolarization

curves (e.g. Burn 1966) show at low frequencies a decreasing steepness. The

position on such a curve determines the depolarization. Thus, radio sources

with low degrees of polarization can have higher values for the depolarization

value D than sources with higher degrees of polarization. This causes the

number of surrounding galaxies to be uncorrelated with the depolarization

between 0.6 GHz and 1 .4 GHz.

If we take only the radio sources with an integrated percentage
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polarization at 1.4 GHz above 2% and ignore the uncertain values (values with

a "*" in Table 1), we find a very weak correlation (the coefficient of

determination is only 0.1). The depolarization value increases with decreasing

number of galaxies. This is consistent with the above conclusion.

As was to be expected, Panels B and D show more random distributions than

Panels A and C, as large differences exist in the sizes of the areas in which

the galaxies were searched for. Although less clear, the trend shown above in

Panels A and C is however still visible.

If the above conclusion is true, it means that in rich galaxy clusters

the degree of polarization will be very low. We have observed the rich cluster

Abell2256 at 0.6 GHz (Chapter IV). Between 1.4 GHz and 0.6 GHz Abell2256 is

completely depolarized: It is the only radio source in our sample of 30

sources (Chapter I) which shows no sign of any polarization at 0.6 GHz (NGC326

(Chapter III) has no significant polarization but the radio maps are heavily

distorted by residual grating rings from a background radio source). This

supports the above conclusion.

As we have used integrated values for the polarization, differences in

resolution effects do not play a role. Irregularities in the foreground medium

could however depolarize large sources (in angular size) more than small

sources. Figure 18 shows the percentage polarization at both frequencies

versus the angular size. No correlation is clear. Strom (1973a) showed the

polarization percentages at 73 cm and at 49 cm of 64 quasars and 61 radio

galaxies respectively versus the angular size 6. Although the scatter is large

(his Figure 2a and 2b) the largest sources appear to be the least depolarized,
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that is they have the greatest percentage polarization. We observed much

larger sources than those of Strom (0 < 100 arcsec,
quasars -

0 < 600 arcsec) but included many fewer (30 radio sources) in our

sample. As no correlation between angular size and percentage polarization is

clear for our large sources, we support Strom's conclusion that depolarization

by galactic foreground rotation cannot be significant but that depolarization

must be generally due to internal effects.

3. Concluding Remarks

From the previous sections it is clear that the question of where the

depolarizing material is located does not have a simple answer. The

depolarizing thermal gas is everywhere, but the circumstances of the radio

sources determine what happens to it, whether it will be concentrated and thus

depolarize the radio source significantly. The depolarization value D depends

on the amount of concentration and the sizes of the concentrations. These

effects play a role in both small and large scale structures, optical line

emij^ion regions at the one extreme and galaxy clusters at the other.

The concentrations can have several origins. Miley et al. (1981) suggest

that the thermal gas is carried outward with the relativistic plasma

responsible for the radio emission. The thermal gas forms clouds with

densities of 10*-103 cm"3 at the edges of radio sources (smaller than -100

kpc). These clouds (-106 Mg) depolarize the radio emission strongly and this

results in a fast decrease in polarization with wavelength (Av < 6 cm).

For larger radio sources this effect plays no role as most of these radio

sources are still significantly polarized at 49 cm (0.6 GHz) and the

depolarization is strongest at the centres of the radio lobes. This means that

the depolarizing material must be largely internal to the components. The

depolarization behaviour is consistent with gas in hydrostatic equilibrium

trapped in the gravitational potential well of the central galaxy. It forms a

large scale halo associated with the central elliptical galaxy.

Combining a number of these halos (in a cluster with many elliptical

galaxies) gives a depolarizing medium with a high density (10"2--'10~3 cm"3)

(e.g. Bridle and Fomalont 1976) over large distances. Radio sources in rich

clusters (such as Abell2256) are depolarized at shorter wavelengths than other

radio sources. Radio sources associated with elliptical galaxies distributed

in groups (both small and large) with overall densities of 10~3-10~5 cm"3
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(e.g. Miley 1980) are still polarized at longer wavelengths (£ 49 cm).

It is clear that gas densities obtained from studies of radio

depolarization at long wavelengths provide a useful complement to the higher

densities implied by X-ray observations of halos around elliptical galaxies.

In this work we have only been able to make a detailed investigation of a

limited number of sources, so obviously investigations of more objects would

be highly desirable. Moreover, such work should be carried out over a range of

frequencies to enable \y, and hence the Faraday depth, to be determined in an

unambiguous way. Short wavelength observations of the inner bridges would be

valuable to see if depolarization can be detected from the high density Xnray

core. Such measurements would provide an estimate of magnetic field strength

against which the equipartition assumption can be checked, although the low

surface brightnesses of radio bridges may be a serious limitation. Longer

wavelengths could be used to look for depolarization at distances much greater

than 100 kpc from the parent galaxy, as we do not know how extensive the halos

actually are. On the basis of the existing data it seems unlikely that they

will contribute more than 10$ to the mass of a large elliptical galaxy. Even

if they should extend as far as 1 Mpc, they will barely double the total

estimated mass.

References

Bierman, P., Kronberg, P.c, 1983, Astrophys. J. 268, L69

Bierman, P., Kronberg, P.P., Madore, B.F., 1982, Astrophys. J. 256, L37

Burn, B.J., 1966, Monthly Notices Roy. Astron. Soc. 133, 67'

Conway, R.G., Birch, P., Davis, R.J., Jones, L.R., Kerr, A.J., Stannard, D.,

1983, Monthley Notices Roy. Astron. Soc. 20_2, 813

Conway, R.G., Gilbert, J.A., 1970, Nature 226̂ , 332

Conway, R.G., Gilbert, J.A., Kronberg, P.P., Strom, R.G., 1972, Monthly

Notices Roy. Astron. Soc. 157, 443

Conway, R.G., Haves, P., Kronberg, P.P. Stannard, D., Vallée, J.P., Wardle,

J.F.C., 1974, Monthly Notices Roy. Astron. Soc. Jj68, 137

De Ruiter, H.R., 1978, Thesis, Leiden Observatory, The Netherlands

Feigelson, E.D., Berg, C.J., 1983, Astrohys. J. _269_, 400

Feigelson, E.D., Schreier, E.J., Delvaille, J.R., Giacconi, R., Grindlay,

J.E., Lightman, A.P., 1981, Astrophys. J. _25J_, 31

Fomalont, E.B., Bridle, A.H., 1978, Astrophys. J. 223. L9

255



Gardner, F.F., Whiteoak, J.B., 1966, Ann. Rev. Astron. Astrophys. jj_, 245

Gilbert, J.A., Conway, R.G., Kronberg, P.P., 1969, Nature 223., 1252

Gull, S.F., Northover, K.J.E., 1975, Monthly Notices, Roy. Astron. Soc. 173,

585

Heekman, T.M., van Breugel, W.J.M., and Miley, G.K., 1984, Astrophys. J. 286,

509

Heekman, T.M., van Breugel, W., Miley, G.K., Balick, B., van Breugel, W.J.M.,

Butcher, H.R., 1982, Astrophysical Journal 262, 529

Heekman, T.M., Miley, G.K., and Green, R., 1981, Astrophys. J., £8_1_, 525

JSgers, W.J., De Grijp, M.H.K., 1985, Astron. Astrophys. 143,

Miley, G.K. "The Environment of Active Nuclei", 1984, Proc. ESA Workshop on

QUASAT".

Miley, G.K., Heekman, T.M., Butcher, H.R., van Breugel, W.J.M., 1980

Astrophys. Jour. Letter 247, L5

Miley, G.K., Heekman, T.M., 1982, Astron. Astrophys. 106, 163

Miley, G.K., Wellington, K.J., Van der Laan, H., 1975, Astron. Astrophys. J8_,

381

Miller, L., Longair, M.S., Fabbiano, G., Trinchieri, G., Elvis, M., 1985,

Monthly Notices Roy. Astron. Soc. J1_5> 799

Nulsen, P.E.J., Stewart, G.C., Fabian, A.C., 1984, Monthly Notices Roy.

Astron. Soc. _208, 185

Perley, R.A., Bridle, A.H., Willis, A.G., 1984, Astrophys. J. Suppl. 54:, 291

Perley, R.A., Willis, A.G., Scott, J.S., 1979, Nature _281_, 437

Rudnick, L., Jones,T.W., Fiedler, R., 1986, Astron. J. £1_, 1011

Strom, R.G., 1973a, Astron. A3trophys. 25, 303

Strom, R.G., 1973b, Nature Physical Science 244_, 2

Strom, R.G., Conway, F.G., 1985, Astron. Astrophys. Suppl. Ser. h\_, 547

Strom, R.G., Willis, A.G., 1980, Astron. Astrophys. j35_, 36

Van Breugel, W.J.M., 1980a, Astron. Astrophys. J51_, 265

Van Breugel, W.J.M., 1980b, Astron. Astrophys. 8±, 275

Van Breugel, W.J.M., 1980c, Astron. Astrophys. 88, 248

Van Breugel, W.J.M., 1980, Thesis, Leiden Observatory, The Netherlands

Van Breugel, W.J.M., Heekman, T.M., Butcher, H.R., and Miley, G.K., 1984,

Astrophys. J. 277., 82

Van Breugel, W.J.M., Heekman, T.M., Miley, G.K., 1984, Astrophys. J. 276, 79

Van Breugel, W.J.M., Heekman, T.M., Miley, G.K., 1986, submitted to

Astrophys. J.

256



Van Breugel, W.J.M., jagers, W.J., 1982, Astron. Astrophys. Suppl. Ĵ 9_, 529
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ALGEMENE SAMENVATTING

Radiobronnen zijn objecten die radiostraling uitzenden. Uitgebreide

radiobronnen zijn de mooiste astronomische objecten die we waar kunnen nemen.

Dankzij de voortijlende waarneemtechnieken is onze kennis over deze indruk-

wekkende bronnen sterk toegenomen, vooral in de laatste paar decennia.

De (extragalactlsche) radiobronnen die in dit proefschrift besproken

worden, zijn geassocieerd met elliptische melkwegstelsels (de ouderstelsels)

die een bijzondere activiteit vertonen in hun kernen. Vanuit die kern wordt

materie in het omringende medium geschoten. Dit medium blijkt van grote

invloed te zijn op de uiteindelijke morfologie van een radiobron. De grootte

van een radiobron kan die van het (optische) ouderstelsel vele malen

overtreffen.

Radiobronnen worden waargenomen met radiotelescopen. De meest bekende

zijn de VLA (Very Large Array in New Mexico in de Verenigde Staten), de 5 km

te Cambridge (Engeland) en de Westerbork Telescoop in Drente. Mede dankzij het

zeer goede instrument in Westerbork, hebben Nederlandse sterrenkundigen altijd

een belangrijke rol gespeeld in de radioastronomie.

De radiostraling die we van deze radiostelsels hebben ontvangen, bleek

dezelfde eigenschappen te hebben als de straling die was gedetecteerd in een

deeltjesversneller, het synchrotron. Deze soort van radiostraling wordt

synchrotronstraling genoemd. Synchrotronstraling wordt uitgezonden door zeer

snelle (relativistische) electronen die in een magneetveld bewegen. Een van

die eigenschappen is de "polarisatie". Elk stralend electron geeft zijn eigen

trillingsrichting aan de uitgezonden radiogolf. Als elk stralend electron een

radiogolf zou uitzenden met een willekeurige trillingsrichting, dan zou de

totaal uitgezonden radiostraling geen bepaalde trillingsrichting hebben. De

straling is dan niet gepolariseerd. Is deze trillingsrichting niet helemaal

willekeurig dan is de uitgezonden straling in meer of mindere mate

gepolariseerd. Synchrotronstraling blijkt dus intrinsiek gepolariseerd te

zijn.

Bij het waarnemen van radiobronnen is de golflengte belangrijk. Tot een

zeker maximum in de golflengte is de intensiteit van de straling van een

(stuk) radiobron hoger bij een langere golf. Er zijn dus gebieden die op korte

golflengte niet te zien zijn maar op langere golflengte wel. De spectrale

index is een maat voor de toename van de helderheid bij een toename van de
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golflengte. Normaliter neemt de waargenomen polarisatiegraad af met toenemende

golflengte. De depolarlsatie is een maat voor de afname van de polarisatie-

graad met toenemende golflengte. Verwarrend is dat een grote waarde voor de

depolarisatie een kleine afname betekent terwijl de depolarisatie taalkundig

gezien klein is. Als de straling gepolariseerd is, kan de trillingsrichting

(de polarisatie positiehoek) vastgelegd worden. Door allerlei oorzaken draait

deze polarisatie positiehoek van golflengte tot golflengte. Als we nu

waarnemingen op verschillende golflengten vergelijken kunnen we nuttige

informatie verkrijgen over de radiobron en over de fysische processen die er

een rol spelen.

Ook van groot belang is het oplossend vermogen of beeldscherpte van de

waarneming. Het oplossend vermogen, of de resolutie, is afhankelijk van de

diameter van de telescoop en van de golflengte van de waarneming. Hoe groter

de telescoop (of telescoop-formatie) en hoe kleiner de golflengte des te

groter is de resolutie, dat wil zegggen er is meer detail zichtbaar. Daar de

telescoop-formaties steeds uitgebreid werden, nam de resolutie dus steeds toe.

Onder invloed hiervan verschoof het accent van de radioastronomische

onderzoeken naar de kleine-schalige structuur. Willen we echter een volledig

beeld krijgen van de radiobron dan is ook informatie over de groot-schalige

structuur onontbeerlijk. Met name voor zwakke signalen is de gevoeligheid van

het ontvangersysteem erg belangrijk. Willen we bijvoorbeeld de polarisatie

meten van een laag-helderheids gebied op lange golflengten, dan hebben we

gevoelige apparatuur nodig.

Zoals al eerder opgemerkt kunnen "multi-golflengten studies" veel

informatie verschaffen over de processen die een rol spelen in de radio-

bronnen. Een bruikbare vergelijking van verschillende waarnemingen is alleen

mogelijk als de resoluties hetzelfde zijn. Maar het is ook belangrijk om het

golglengte-bereik zo groot mogelijk te maken. Wat nog ontbrak waren

waarnemingen op lange golflengten (bijvoorbeeld 49 cm) die zowel een voldoende

resolutie hadden als een voldoende gevoeligheid om nog de polarisatie te

kunnen detecteren.

Twee verbeteringen aan de Westerbork Telescoop in de laatste tien jaar

leverden een belangrijke bijdrage aan de oplossing van beide problemen. Ten

eerste werd de maximale "diameter" verlengd van 1.5 km tot 3 km; dat leverde

een twee maal zo hoge resolutie op en ten tweede werd de gevoeligheid van het

49 cm ontvangersysteem sterk verhoogd. We kunnen dus nu ook de grootschalige

structuur in een radiobron bestuderen met een voldoende resolutie. In dit
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proefschrift is met name van belang de vergelijking van de nieuwe 49 cm

waarnemingen met oudere 21 cm waarnemingen die nog met de 1.5 km Westerbork

Telescoop gedaan zijn.

Met de "nieuwe" Westerbork Telescoop hebben we 30 grote radiomelkweg-

stelsels waargenomen op 49 cm golflengte. Zij werden geselecteerd op grootte

aan de hemel en op declinatie. In 1980 toen het project werd opgestart, waren

er dus 30 bronnen die aan beide criteria voldeden. Bij deze 30 zitten

vertegenwoordigers van alle radiobron-morfologieen. In de hoofdstukken II, III

en IV worden de nieuwe waarnemingen beschreven samen met de 21 cm waarnemingen

die zo bewerkt zijn dat ze direct vergelijkbaar zijn met de 49 cm

waarnemingen. Elk figuur in deze drie hoofdstukken heeft maximaal 10 panelen.

Paneel a geeft de verdeling van de totale intensiteit over de radiobron samen

met die van de polarisatie positiehoek, op 49 cm. Paneel b geeft de verdeling

van de gepolariseerde intensiteit en Paneel c die van de fractie van de totale

intensiteit die gepolariseerd is, beide op 49 cm. De Panelen d, e en f geven

dezelfde grootheden als de Panelen a, b en c, maar op 21 cm. Het kruisje geeft

de positie van het optische ouderstelsel aan. De Panelen g, h en i geven de

verdelingen van de spectrale index, de depolarisatie en de rotatie van de

polarisatie positiehoek, respectievelijk, alle tussen 49 cm en 21 cm. In het

laatste paneel is de schaal linksdraaiend met noord als nulpunt. Paneel j

tenslotte geeft het verloop van de spectrale index langs de lange as van de

radiobron. "0" geeft de postie van het ouderstelsel aan.

De dertig waargenomen bronnen zijn in vier groepen verdeeld. Hoofdstuk II

geeft de waarnemingen van 9 radiobronnen met, ruwweg, dezelfde morfologie, die

van smalle bronnen met aan de verste uiteinden een sterke intensiteits-

verhoging (narrow edge-brightened double radio sources). De 8 smalle bronnen

die naar buiten toe steeds zwakker worden (narrow edge-darkened double radio

sources) worden bekeken in hoofdstuk III. Een heel bijzondere radiobron wordt

apart bestudeerd in hoofdstuk VI. De overige 12 radiobronnen met verschillende

morfologieën worden beschreven in hoofdstuk IV.

De radiobron 3C66B (de naam geeft aan dat dit de 66-ste bron is uit de

derde catalogus uit Cambridge; de B is een extra toevoeging ter onderscheiding

van 3C66A) is op vijf verschillende golflengten waargenomen met een nog groter

aantal resoluties (Hoofdstuk V). Er werd waargenomen met de 3 km Westerbork

Telescoop, de 5 km te Cambridge en de VLA (Figuren 1 t/m 5). Verdelingen van

de spectrale index, het geprojecteerde magnetische veld en de Faraday draaiing

over de bron zijn bepaald. Faraday draaiing is een effect waarbij de
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polarisatie positiehoek draait onder invloed van het magneetveld en de

aanwezige langzame electronen. Voor de eerste keer ia er een correlatie

gedetecteerd tussen de depolarisatie en de rotatie van de polarisatie

positiehoek, wat impliceert dat tenminste iets van de draaiing voorkomt

binnenin de componenten die de radiostraling uitzenden. Bovendien is er

overtuigend bewijs dat er ook rotatie voorkomt in een voorgrond scherm vlakbij

het centrum van het ouderstelsel. Er wordt sterk gesuggereerd dat er materie

de radiolobben binnenstroomt vanuit het omringende, begrenzende medium. De

heldere jet (een straalpijp waardoor de materie naar buiten geschoten wordt)

is typisch voor zulke lage-helderheidsbronnen. Grootschalige magnetisch veld

ringen komen voor daar waar de jet uitvloeit in heldere lobben wat het idee

bevestigt van een plotselinge verandering in de jet-stroom.

De reuze radiobron 4C73.08 (de 8-ste bron uit de 4-de catalogus uit

Cambridge in de declinatie-strook tussen 73° en 7*4°) is met de 3 km Westerbork

Telescoop waargenomen op drie golflengten, 21 cm, 49 cm en 92 cm (Hoofdstuk

VI). Dit is de dertigste radiobron. Het heeft een merkwaardige structuur die

bestaat uit twee gescheiden componenten met een kruis-structuur (Figuren 2, 3

en 4). In beide lobben is er een emissiepiek zichtbaar. Op 21 cm is de

polarisatiegraad bijzonder groot, maar ook op 92 cm is de bron nog duidelijk

gepolariseerd. Hieruit konden het magnetisch veld en de deeltjes dichtheid

bepaald worden. Deze radiobron valt qua helderheid in tussen twee klassen van

radiobronnen, ruwweg gezegd tussen die van Hoofdstuk II en die van Hoofdstuk

III. 4C73.O8 heeft dan ook eigenschappen van beide klassen. Het kan beschouwd

worden als een narrow edge-brightened double source waarbij de structuur

vervormd is door het omringende medium. Ook bij deze radiobron zijn er

aanwijzingen dat er materie van buiten naar binnen stroomt. De leeftijd wordt

geschat op zo'n 2 miljard jaar.

De 49 cm waarnemingen met de Westerbork Telescoop van de radiobron 3C130

laten, behalve 3C13O zelf, nog twee uitgebreide radiobronnen zien in hetzelfde

veld (Hoofdstuk VIII). Het figuur laat zien dat de morfologieën van de drie

bronnen nagenoeg dezelfde zijn. Bovendien staan ze parallel aan de hemel. De

lange assen van de optische ouderstelsels staan loodrecht op die van de

radiobronnen. Hoewel het toeval zou kunnen zijn, is er toch waarschijnlijk

sprake van een grootschalig ordeningseffect. Op zijn minst zijn ze alle drie

lid van dezelfde cluster (een verzameling van melkwegstelsels die fysisch bij

elkaar horen).

Behalve de Westerbork waarnemingen van 3C13O, zijn er ook waarnemingen
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gedaan met de VLA met een hoog oplossend vermogen. In hoofdstuk IX hebben we

geprobeerd de radiobron na te maken, zowel de kleinschalige structuur, gezien

met de VLA, als de grootschalige structuur, gezien met de Westerbork

Telescoop. Daartoe maakten we een aantal veronderstellingen: het ouderstelsel

en een nabijgelegen kleiner stelsel draaien om elkaar heen terwijl er vanuit

de kern van het ouderstelsel materie naar buiten wordt geschoten door twee

tegengesteld gerichte jets; 3C13O bevindt zich waarschijnlijk in het centrum

van de cluster en er zal dan een opwaartse druk naar buiten toe werken. Figuur

3 vergelijkt het resultaat van de "model-fit" met de waarnemingen. Het

resultaat is bevredigend. Uitgaande van de veronderstelling dat de structuur

van 3C13O voorspeld kan worden door ons model, kunnen er een aantal fysische

grootheden bepaald worden. De leeftijd van 3C13O wordt geschat op 2 miljard

jaar.

Een andere interessante radiobron is 3C129, een kop-staart stelsel. In

hoofdstuk X blijkt er behalve de reguliere kop-staart structuur nog een

bijzondere uitloper te zijn uit de kop naar het noordoosten toe (Figuur 1).

Dit kan als bewijs gezien worden voor twee effecten: het uitstoten van materie

uit de kern van een melkwegstelsel is niet continu hetzelfde; de uitstoting

hoeft niet symmetrisch te zijn aan beide kanten van die kern.

In Hoofdstuk XI worden Westerbork waarnemingen beschreven van de

radiobron 3C390.3. In deze bron is een complexe polarisatie structuur

gedetecteerd, die vijf verschillende componenten omvat. De hot spots (plaatsen

met een hoge radiostralingsintensitelt) zijn duidelijk meer gepolariseerd dan

de bruggen ertussen (Figuren 1 en 2). Behalve de 30 radiobronnen die zijn

geassocieerd met melkwegstelsels, hebben we een radiobron waargenomen die

samenhangt met een quasar (Hoofdstuk VII). De morfologie van deze gigantische

radiobron MC3^.47 lijkt erg veel op die van de radiobron 3C390.3 (Figuur 1).

Deze morfologische overeenstemming is consistent met het beeld dat quasars met

uitgebreide radiostructuren actieve fasen zijn van radiomelkwegsteisels met

een grote helderheid.

De laatste hoofdstukken van dit proefschrift behandelen systematische

effecten in de radiobron structuur op lange golflengten. Er is een groot

verschil tussen de spectrale index verdelingen (Chapter XII) van narrow edge-

brightened double radio sources en die van alle soorten edge-darkened double

sources. De spectrale index van edge-darkened double sources neemt vanaf de

kern naar buiten toe toe, tewijl de spectrale index bij narrow edge-brightened

double sources juist vanaf de heldere buitenkanten naar binnen toe toeneemt.
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Dit impliceert dat de evolutie van beide soorten verschillend is. Er is een

systematische discrepantie tussen de leeftijden, die uit de spectraal index

berekend zijn en die uit de dynamica van het onder stelsel berekend zijn, bij

alle bronnen. De spectrale leeftijd is zo'n 10 tot 20 maal te klein.

In Hoofdstuk XIII wordt de natuur van het depolariserende medium bekeken.

Het blijkt dat de depolarisatie afneemt naar de randen van de lob (en van de

bron) toe met name op lange golflengten en dat er gebieden zijn met een

significantie re-polarisatie. De depolarisatie kan het resultaat zijn van

differentiële Faraday draaiing in een grote halo die geassocieerd wordt met

het ellipsvormige ouderstelsel. Als de radio en X-ray dichtheidsschattingen

gecombineerd worden, blijkt dat het gedrag consistent is met gas in

hydrostatisch evenwicht gevangen in de gravitationele potentiaal put van het

ouderstelsel.

264



CURRICULUM VITAE

Ik ben op 12 september 1957 in Rotterdam geboren. Direct na mijn

eindexamen Atheneum B, gedaan in mei 1975 op het Mendel College te Haarlem,

ben ik sterrenkunde gaan studeren aan de Rijksuniversiteit te Leiden. In

januari 1978 deed ik mijn kandidaatsexamen. Tijdens de doctoraalfase heb ik de

volgende colleges gevolgd: Digitale Signaalverwerking, Interstellaire Materie,

Stralingsprocessen, Steratmosferen, Actieve Sterstelsels, Formele Talen en

Automaten, Semantiek van Programmeertalen, Functietheorie en Statische

Mechanica. De onderzoeken die ik gedaan heb, omvatten de studie naar de

verdeling van het neutrale waterstof in de balkspiraal NGC1236, de studie naar

de Call lijnsterkten van de zon met behulp van de multipurpose fotometer en de

studie naar de radiostructuur in de quasar 4C3^.^7. Gedurende één jaar had ik

een gedeeltelijk student-assistentschap voor de begeleiding van het

sterrenkunde practicum en voor het assisteren bij colleges. In november 1980

deed ik mijn doctoraalexamen.

Het promotie-onderzoek dat ik daarna begon, omvatte de studie naar de

lineaire polarisatiestructuur in extra-galactische uitgebreide bronnen op lage

frequenties. In die tijd was ik in dienst van de Rijksuniversiteit te Leiden

als wetenschappelijk assistent. Ik bezocht enige conferenties en legde een

aantal werkbezoeken af. Daarbij deed ik de volgende steden aan: Bonn, Patras,

Turijn, Gothenborg, Zelenchukshaya (USSR) en Dwingeloo, Cambridge, Parijs,

Moskou. In meer dan de helft van de plaatsen leverde ik een

conferentiebijdrage of gaf een colloquium. Behalve met mijn promotiewerk heb

ik me ook nog beziggehouden met de radio-eigenschappen van.Seyfertstelsels en

met de grote schaalstructuur in het heelal.

265feu



NAWOORD

De sfeer in het Huygens Laboratorium en in het bijzonder op de Sterrewacht heb

ik altijd als positief en stimulerend ervaren. Ik denk met veel plezier terug

aan al die jaren die ik er heb mogen studeren en werken. Ik denk dan onder

andere aan de accuratesse en snelheid van de Sterrewacht secretaresses, Renée

de Bruin, Wanda van Grieken, Lenore Hakkart en Petra Steehouwer, de hoge

kwaliteit van het fotomateriaal dat verzorgd werd door Wim Brokaar en de

enthousiaste steun die ik kreeg van bijvoorbeeld Herman Goossen, Wim Krabbe,

Sjaak Ober, Marcel Beij, Ad Roobeek en Evert Wouters. Zij waren tezamen

onontbeerlijk voor de totstandkoming van dit proefschrift. Ook onmisbaar waren

de computerdeskundigen van de Sterrewacr Teake Hoekema, Dick Hogeweg, Klaas

Lugtenborg en Klaas Weerstra, die mij m <t iad en daad terzijde stonden. Al

evenzo noodzakelijk waren voor mij de cou-acten met een groot aantal mensen

uit de staf van de Dwingeloo en Westerbork telescopen, de reductiegroep en in

het bijzonder Titus Spoelstra. De vriendschap met al deze mensen is voor mij

van blijvende betekenis. Het Kerkhoven Bosscha Fonds maakte het mogelijk

enkele congressen bij te wonen. Martinka Jansen heeft de omslag gemaakt.

267


