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CHAPTER 1: GENERAL INTRODUCTION AND SUMMARY

This thesis contains a number of papers of the series entitled, A Westerbork Survey of Rich

Clusters of Galaxies. The primary aim of this project was to study the radio characteristics of

cluster galaxies and especially the question whether their "radio-activity" is influenced by their

location inside a cluster. We enquire whether the presence of an intra-cluster medium (ICM), or

the typical cluster evolution or cluster dynamical processes can give rise to radio-observable

effects on the behaviour of cluster galaxies. Such a study requires an enormous amount of obser-

vational work, but it can contribute to the understanding of the evolution of radio galaxies and

possibly the general evolution of clusters and cluster galaxies.

In "A Westerbork Survey of Rich Clusters of Galaxies" the problem is basically attacked by

determining the biviarate radio luminosity function (BRLF) of different clusters. The BRLF re-

presents the fraction of radio emitting galaxies as a function of their absolute optical magnitude

(M) and radio power (P). We investigate whether the BRLF of spiral and irregular (S+I) and of

elliptical and SO (E+SO) galaxies varies between clusters and whether this function differs from

that of "field" galaxies.

Secondly the morphology of head-tail radio galaxies is studied in the survey. Using multi-

frequency observations of these objects, some consequences of radio source models will be in-

vestigated. Further, since the tails of the head-tail radio sources are presumed to be confined

by the ambient ICM, the application of this concept can result in estimates of the properties of

the ICM.

As a third subject of study the presence of cluster radio haloes is investigated. The nature

of these large scale structures (y 1 Mpc) and their possible relation to cluster radio galaxies

and the ICM is not yet clear.

While these three objectives play their role throughout the project, this dissertation's lay-

out and structure is essentially observational. In the variety of empirical data and technical

discussions the themes have to be kept in mind.

First, I will briefly summarize the contents of those papers in the series which are not

present in this thesis. Jaffe and Ferola started the Westerbork cluster survey by observing five

nearby and rich Abell clusters at 1415 MHz (Al656 = the Coma cluster, A2147, A2I51 = the Hercules

cluster, A2197 and A2I99). The radio data and identifications have been presented in Paper* I

(Jaffe and Perola, 1975) while the derived BRLFs of bright cluster galaxies at 1415 MHz have been

given in Paper II (Jaffe and Perola, 1976). For elliptical and SO galaxies no large differences

in the BRLF were found, between the clusters studied, or between the cluster sample and a sample

of "field" or loose cluster galaxies. Adding B2 and 3CR radio galaxies and galaxies not in rich

clusters from the HMS catalogue to this sample Auriemma et al (1977) determined the local radio

luminosity function (RLF) of elliptical galaxies. They confirmed that there is no evidence to

In every paper of this series the numerical designation refers to the sequence in which the paper

appeared in the Westerbork Cluster Survey series.



within a factor of two for a difference in the BRLF for galaxies inside rich clusters as compared
O1 Oil —1

to those outside, at least for 10 < P w l 5 < 10 W Hz .

As another part of the Westerbork Cluster Survey the nearby and rich cluster A1367 has been

observed at 610 and 1415 MHz (Gavazzi, 1978a, paper VII and 1978b, paper VIII). In the first of

these papers data on three peculiar radio sources were presented including a very extended low

surface brightness source which probably belongs to the class of cluster haloes. In the second

paper (paper VIII) the RLFs of the E+SO (3 detected) and S+I (9 detected) galaxies have been

derived.

In order to extend our knowledge of RLFs of clusters and also to investigate extended radio

components we have reobserved several clusters with the Westerbork Synthesis Radio Telescope

(WSRT) at 610 MHz. This frequency has the advantage of a larger field of view (3.2° diameter,

FWHM primary beam of 1.4°) and is suitable to map steep spectrum radio components. Furthermore,

the spectral indices a fi,- (S = v"01) for radio sources detected at both 610 MHz and 1415 MHz

could be determined. As subject of study we have choosen the Hercules and the Coma cluster be-

cause both clusters are very rich and relatively nearby. In the last part of this dissertation

results of WSRT observations of 8 selected distant Abell clusters are presented.

In Part I of this thesis 610 MHz WSRT observations of the Coma cluster are presented. In

Chapter 2 (Paper III), radio and optical data of 20 detected cluster radio galaxies are listed.

The RLF is obtained seperately for the E+SO galaxies (8 detected) and the S+I galaxies (12

detected). The RLF of the E+SO galaxies is found not to be significantly different to that obtained

at 1415 MHz for a sample of five rich clusters (paper II). The S+I galaxies appear slightly over-

luminous in radio with respect to the nearby field spirals. A probable correlation between the

radio power and the presence of emission lines in the S+I galaxies is pointed out. No significant

dependence of the RLF on the distance of the galaxies from the centre of the Coma cluster is found.

Further a 610 MHz map of the central region of the cluster is shown. It contains a double radio

source (5C4.85), a tailed radio galaxy (5C4.81) and some emission of the low surface brightness

cluster radio halo Coma C. The steepening of the spectral index along the tail of 5C4.81 and the

bend in the tail are discussed in terms of a model of a radio galaxy moving through the ICM. Al-

though the observations of Coma C were affected by both solar and TV interference the map of this

source was included in this paper, because it was obtained for the first time and it confirmed

the conclusion reached by Willson (1970) on its truly diffuse nature. In Chapter 4 (Paper VI)

further WSRT observations of Coma C are presented. The observations, now free of interference,

show a surprisingly and consistently high polarization percentage (40-60%) for the low bright-

ness emission. Using two of the Westerbork dishes as individual single telescopes, it was

established that this polarized emission is actually associated with a gradient of extended pola-

rized galactic foreground radiation. For a Gaussian brightness distribution model this implied

a smaller flux density for Coma C. Comparing the reduced radio power with an upper limit of the

Inverse Compton X-ray power of the Coma cluster a lower limit of the intra cluster magnetic field

strength of 1 x 10 G is derived.

In Chapter 3 (Paper IV) the radio data and identifications of the 158 radio sources detected

in the Coma field at 610 MHz are presented. A comparison of the source counts for this sample,

excluding the 20 identified cluster galaxies (m <I7.5), with that of the 5C5 survey, which did

10



not contain any rich cluster in the field of view, shows only a small excess (la) of the Coma

source counts. This excess could easily be due to a statistical fluctuation. If we attribute the

difference to sources associated with Coma cluster objects fainter than tn =17.5, then we obtain

an upper limit of % 7 such sources. Subsequently, Willis et al (1977) combined the Coma source

counts' presented here with other WSRT 610 MHz data sets to investigate source statistics in the

flux density range 8 mly - I Jy.

In the last paragraph of Chapter 3 the spectral index distribution of sources detected both

at 610 MHz and 1415 MHz is presented. The selection effects on such a distribution are discussed.

In the second part of the thesis radio observations of the Hercules supercluster are presented

and discussed.

Chapter 5 (paper V) contains a multi-frequency (610 MHz, 1415 MHz, 5 GHz) study of the wide-

angle tailed (WAT) radio galaxy NGC6034. Its structure is interpreted in terms of the "independent

blob nodel" of Jaffe and Perola (1973) as a galaxy moving through the ICM while ejecting plasmoids.

Although it is well known (Jaffe and Ferola, 1973) that this model meets difficulties for the

energy-balance of the relativistic electrons in the tails of the radio sources, it has been adopted

nevertheless, because it is useful in describing the basic processes which may occur in this class

of sources. The dynamical processes which occur in more complicated models invoking relativistic

beams {e.g. Blandford and Rees, 1974) and in situ particle acceleration (Facholczyk and Scott,

1976) are basically similar to those in the independent blob model. The remarkable asymmetry of

both the spectral index distribution and the surface brightness distribution of NGC6034 is dis-

cussed and interpreted as the result of an ejection direction far from normal to the velocity of

the galaxy. From an assumed thermal confinement of the radio trails by the ICM a lower limit for

the product of the density and the temperature of the surrounding ICM, p^m T? »-5 10" (10 Ken* )

is derived.

In Chapter 6 (Paper IX) an extensive study of the BRLF of the Hercules Supercluster is pre-

sented. Full synthesis 610 MHz WSRT observations have been carried out for three different fields

on the cluster, yielding the detection of 40 galaxies brigher than m = 17.5 - 18. BRLFs are

constructed separately for the S+I and the E+SO galaxies. The BRLF of the E+SO group is again not

different from that of other clusters or of the "free field". At a higher statistical significance

it is confirmed (Paper II) that the S+I galaxies in Hercules are weaker radio emitters when

compared with those in the Coma cluster or with a sample of nearby spirals. Especially for the

bright spirals (M < -20) the difference is most outstanding: in Hercules the derived fraction

of S+I galaxies with a radio power log P g l 0 > 21.76 W Hz" , is 0.05+" while for the Coma

cluster this fraction is 0.45*'1Q. In Chapter 2 (Paper III) it was pointed out that the presence

of optical emission lines may be associated with the radio power of S+I galaxies, hence the per-

centage of emission line galaxies in different clusters might correlate with the RLFs of these

clusters. For Hercules, however, at present only sparse emission line data are available. In order

to investigate this point in more detail we have initiated a WSRT 610 MHz observation of the Cancer

cluster which contains a high percentage of emission line galaxies (Perola, Tarenghi, Valentijn,

in preparation). Furthermore we intend to combine all the RLF data of the S+I galaxies of the

rich clusters studied in this series and to discuss in a separate paper the radio properties of

the spirals in connection with the morphological types of the clusters and with the intrinsic

11



galaxy properties such as Hubble type, the colour and the presence of optical emission lines.

In Chapter 7 presently available data relevant to the presence of the ICM in the Hercules

supercluster are reviewed. 1415 MHz WSRT observat:' as of a second WAT, associated with NGC6061,

are presented. It is shown that the shape of the two trails can be fitted by an orbit resulting

from an ejection direction making an angle of 60° with the direction of motion of the parent

galaxy. From these considerations one component of the source is found to be thermally confined

by the ICM and a lower limit of p. T? 5 3 x 10~
5 (107 K cm" ) is derived. This value is close

to the one derived for the WAT NGC6034 which is located at the side of the A2151 cluster centre

opposite to NGC6061. An identification of the X-ray source 2A1600+164 with the cD galaxy in A2147

is proposed. This, together with the upper limit of the X-ray flux of the northern part of the

supercluster (A2151) and the data from the WATs leads me to a rough sketch of the ICM in the

Hercules supercluster.

The last part of this thesis is devoted to extended radio sources in. Abell clusters.

In Chapter 8 the results are presented of a 610 MHz WSRT survey of eight carefully selected

distant Abell clusters. The primary aim of this project was to search for cluster radio haloes

and head-tail radio sources. Although they should have been above the detection limit, no radio

haloes of the Coma C type (Chapter 4) were detected while the clusters observed seemed good can-

didates to contain such structures. This result stresses the rarity of such radio haloes.

In three clusters WAT radio sources were detected and two clusters were found to contain

NAT radio sources. For one of these (in A2022) a 1415 MHz map was also obtained, allowing to

derive the spectral index - and the polarization distribution along the tail. The analysis of the

head-tail in A2022 points to the likelihood of in situ acceleration in some components of this

radio source.

In Chapter 9 the 610 MHz data of these five head-tail galaxies together with some recently

detected head-tails are added to a sample of previously published head-tail galaxies, providing

a sample of 44 objects. The values of M , Pg1Q and opening-angle (x) for these sources are listed

and their distributions are presented. A correlation between x. Pgi 0
 and M is confirmed. For

P610 > 7 > 1 ° 2 5 w H z l 15 out of 16 radio tails have a WAT morphology and 14 have M < -20.7 while

below this power 26 out of 28 radio tails have NAT stuctures and only three have M < -20.7.

Finally, this finding is discussed using the "independent blob model" and a comparison is

made with double radio sources. It is stressed that the opening-angle x is determined not only by

the ratio of the ejection velocity to the galaxy velocity but also by the stopping time

T K "V/P- 5 G"h = mass of ejected blobs). Sources outside clusters which are predominantly doubles

(X • 180°) may have systematically longer stopping times because of lower densities of the ambient

medium. It is pointed out that this difference in the time scales for double and head-tail radio

sources might cause their different morphologies and explain the observed distributions in x>

P . and M without invoking very different initial conditions for the ejections.

A value for the Hubble constant of HQ » 100 km s Ifpc" has been used through this thesis.
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Summary. A WSRT full synthesis observation at
610 MHz of an area 1?6 radius about the centre of the
Coma Cluster of galaxies yielded the detection of twenty
cluster members with mpS 17.5, doubling the number of
those detected at 1415 MHz (Papers I and II). Eight of
these are of elliptical or SO type, twelve are of spiral or
irregular type (two are Markarian galaxies). The radio
luminosity function LF above P 6 1 0 = 2 x 1020 W Hz"1

sterad "' is obtained separately for the (E +SO) and the
(S +1) groups. No significant difference is found in the
(E+SO) LF when compared with that obtained at
1415 MHz for a sample of five rich clusters (Paper II).
The (S + I) galaxies appear slightly overluminous in
radio with respect to the nearby field spirals. No
significant dependence of the LF on the distance of the
galaxies from the centre of the cluster is found. The
spectral indexes a ^ i 5 and the presence of optical
emission lines in the galaxies detected is briefly dis-
cussed. A probable correlation between the radio

power and the presence of emission lines in the (S+I)
galaxies is pointed out. Maps of the sources 5C4.81
and 85 and of the "halo" source surrounding them are
presented. The steepening of the spectral index tx"o5

along the tail of 5C4.81 and the bend in the tail are dis-
cussed in the model of a radiogalaxy moving through
the intracluster gas. The map of the low brightness
"halo" source is obtained for the first time, confirming
the conclusion reached by Willson (1970) on its truly
diffuse nature. The measurements of the "halo" are
affected by TV interference. After correcting for this, the
visibility amplitude as a function of the baseline
squared is obtained and Fitted with a gaussian spherically
symmetric brightness distribution of the type
exp(-R2 /2a2) , with a= 12 '±2. This size is slightly less
than those determined at lower frequencies.

Keywords: clusters of galaxies — radio sources —
luminosity function

I. Introduction

This is the third in a series of papers on the radio
properties of galaxies in nearby rich clusters. Paper I
(Jaffe and Perola, 1975) described a 1415 MHz survey
of 5 such clusters (A 1656, A 2147, A 2151, A 2197,
A 2199) along with results of an optical identification
search. Paper II (Jaflfe and Perola, 1976) used these
data to derive the radio luminosity function (LF) of the
cluster galaxies.
We are reobserving these clusters at 610 MHz with the
Westerbork Synthesis Radio Telescope (WSRT) in
order to increase the number of galaxies surveyed in
each cluster, due to the larger field of view of the tele-
scope at this frequency, and to obtain spectral index in-
formation on the sources detected at 1415 MHz. The
observation of the Coma Cluster (A 1656) has been
fully reduced and the optical identification of the radio

sources has been carried out. In this paper we present the
data on sources identified with galaxies brighter than
mp= 17.5, for all of which the measurement of the re-
cession velocity has become available. The remaining
part of the radio sources detected together with the
results of an optical identification program will be
published separately on the Supplement Series of this
Journal.
The first deep radio study of this cluster was done by
Willson (1970) at 408 and 1407 MHz with the Cam-
bridge One mile Telescope (the 5C4 survey). He de-
tected 13 cluster galaxies with m,.<17 within 1:9
radius from the centre of the cluster at 408 KHz. He
detected 4 of these also at 1407 MHz, where the survey
was limited to 0?5 radius due to the narrower primary
beam at the higher frequency. Our survey of the same

17



180 W. j . Jaffe el al.

central region at 1415 MHz (Papers I and II), thanks to
the higher sensitivity of the instrument used, yielded
10 detections of cluster galaxies with mpg 17, of which 4
were not detected before. The survey described in this
paper yields a total of 20 detections of cluster galaxies
with mpgl7.5. Two galaxies detected at 1415 MHz
were below the noise at 610 MHz. The total number of
Coma galaxies identified with a radio source at one at
least of the three frequencies, 408, 610 and 1415 MHz,
amounts to 26.
The 20 galaxies detected in this survey are used in this
paper to obtain the 610 MHz LF for this cluster,
separately for the ellipticals and SO's, and the spirals
and irregulars. Given the reasonable statistics achieved
we then try a comparison of the LF of the galaxies in
this cluster with that based on other samples (other
clusters and field galaxies).
The two remarkable sources in the central region of
Coma, 5C4.81 and 85, identified respectively with
NGC 4869 and 4874, were the subject of a thorough
discussion both by Willson (1970) and by Jaffe and
Perola (1974). The new maps at 610 MHz of these two
sources and the spectral index «£?J5 distribution along
the tailed source 5C4.81 are presented and commented
on. Finally we discuss the measurements of the ex-
tended low brightness source surrounding 5C4.81 and
85, which shows up in our map of the central region.
This evidence confirms directly the conclusion reached
by Willson (1970) that the "halo" source is not due to the
contribution of discrete sources associated with galaxies
in the rich cluster core.
The detection of new galaxies in Coma may also be
important for the purpose of testing the statistical signi-
ficance of the anomalous distribution in redshift found
by Tifft and Tarenghi (1975a, see also Tifft, 1974) for the
cluster galaxies detected in the 5C4 and in our 2Lcm
surveys with respect to the total sample of Coma
galaxies for which the redshifts are known. This problem
will not be discussed here but in a separate paper
(Tifft and Tarenghi, in preparation).
In this paper we take the Hubble constant to be
100km s~' Mpc""1 and the distance to the cluster
69 Mpc.

II. Observations

The operations of the WSRT are described in general
in Hogbom and Brouw (1974) and the specific techniques
used for cluster surveys in Papers I and II. The
details of the baselines, field centre, and hour angles
observed at 610 MHz in Coma are given in Table 1.
The field centre was identical to that used at
1415 MHz.
The instrument was calibrated by periodic observations
of 3C48, 3C147 and 3C3O9.1. The assumed posi-
tions and fluxes of these sources are given in Table 2.

Table 1. Observation specifications. Field center: R.A. = 12"56m36H)l
(1950), Dec. = 28°ll'42:'2<1950)

Observation
date

Baseline
coverage (m)

Hour angle
coverage

73265
73249
73264
73301
73229
73312
73241
73267
7324D
73236
73320
73251

54(72)1422
54(72)1422
54(72)1422
54(72)1422
72(72)1440
72(72)1440
90(72)1458
90(72)1458
90(72)1458
90(72)1458

108(72)1476
108(72)1476

-90°
- 5 6
+ 16
+ 86
- 9 0
- 7 7
- 9 0
+ 08
T 2 I
+ 24
- 8 8
- 7 4

to -56"
+ 16/ + 6I to +86
+ 33
+ 90
- 7 7 / - 7 0 +90
- 7 0
+ 08
+ 21
+ 24
+90
- 7 4
+ 90

Notes: Date "73265" means 1973, sidereal day 265. Baseline
Coverage "54(72)1422" means measurements from 54 m to 1422 m at
72 m intervals.

Table 2. Calibration sources

Source name

3C48
3C147
3C 309.1

R.A.(1950)

01h34m49!827
05 38 43.503
14 58 56.664

Dec. (1950)

+ 32°54'20r63
49 4942.87
71 5211.17

s610(Jy)

37.78

The positions are taken from Ryle and Elsmore (1973).
The quoted r.m.s. uncertainties in these positions are of
the order of 0"03, but they are all based on an assumed
absolute position of /? Persei which is uncertain to about
0"2. After calibration the estimated uncertainties in the
gains of individual receivers is about 5%, in their phases
about 4°. and in their baselines about 4 mm.

III. Data Redaction

The observations listed in Table 1 were reduced as
described in Paper I. The Fourier transform of the ob-
servations provided a synthesized beam whose FWHP
is 53" in R.A. and 113" in Dec. The first two sidelobes
have heights - 5 % and + 3 % of the central peak and are
located 1.5 and 2.5 beam widths away from it. The finite
increments in baseline result in a strong elliptical grating
ring with semiaxes 1?56 in R.A. and 3?3 in Dec. The
useful field is limited to a circle with 1?6 radius about
the field centre due to the primary beam attenua-
tion.
A search of the transformed map was made to find the
position and flux of all strong point sources. These were
then subtracted from the map so that their grating rings
would not disturb searches for weaker sources. Then the
field was researched. This process was repeated until all
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Bright star
within Iff

near grating
ring
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length t t i l
5-5*
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within 2ET

•) Tifft and Tarenghi (1975) and private communication {V relative to ') Chincarini and Rood (1972a, b) {V relative to Centre of Local
Galactic Centre). Group).
b) Gregory (1975) (V relative to Galactic Centre). d) Schmidt (1965) (V relative to Galactic Centre).
The two low map flux sources 1252 + 28W7 and 1258+2SW20 are classified as IC I, although slightly outside the 3rr ellipse. IC of 1255+28W6 and
of 1258+28W6: read II instead of I. Spectral index of 1257+2SW7: read>.94

sources stronger than 16.5 mJy map flux were subtracted IV. Radio Source Parameters
and all sources above 4a were detected. Here a is the
r.m.s. effective noise, which was determined to be 1.0 mJy Of the 185 sources detected in the search program 27
by a gaussian fit to counts of weak intensity deflections were identified with bright galaxies (mpgl7.5) as
in the map. Care was taken to avoid the inclusion of described in Section V below. For these sources, we
spurious radio sources caused by the intersection of determined the following parameters, contained in
weak grating rings. Table 3.
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10

100
smap 1m Jy)

1000

Fig. 1. The mean error in the measured R.A. of point or slightly
resolved sources as a function of the map flux

0 0.2 04 0.6 08 1.0 1.2 U 1.6
R(dcgrees)

Fig. 2. The primary beam attenuation pattern

Column 1: Name of source.
Columns 2 and 3: 1950 positions and r.m.s. position
errors. The errors are the mean of those found by the
search program for sources of similar map flux density
as explained in detail in Paper I. The good quality of
this method in estimating these errors has been checked
by comparing them to the differences in the radio posi-
tions determined by the search program in four inde-
pendent full synthesis maps (4 x 12heach,at 1415MHz)
of a field studied with the WSRT by R.S. Le Poole, who
kindly provided to us this information. Figure 1 shows
the dependence of the error in R.A. on the map flux.
Above a map flux of 28 mJy the random errors due to
the noise are less than the systematic errors due to the
uncertainties in the calibration procedures and the ab-
solute positions of the calibrator sources. For sources
stronger than this limit a constant error of 1.1" in R.A.
has been used. The errors in Dec. are larger than those
in R.A. by a factor cscd or 2.IS.
Column 4: Source map flux. This is the source flux
uncorrected for the primary beam attenuation. For un-
resolved sources this is the flux found by a fit of the
antenna pattern to the transformed intensities. For ex-
tended sources the flux was obtained during the estimate
of the degree of extension (see below. Column 7).

Column 5: Sky flux and uncertainty. This is the map
flux corrected for the primary beam attenuation, which
is shown in Fig. 2. The errors quoted were obtained by
combining the estimated errors in the map fluxes (taken
to be 1.0 mJy for point sources and l.S mJy for slightly
extended sources) and the error in the attenuation factor
itself, which is estimated to be 10 R %, where R is the
distance to the field centre in degrees. In addition there
is an estimated 5% error in the absolute flux density
scale.
Column 6: Spectral index. Given is aJto5 f°r sources
detected both in this and in the 1415 MHz survey
(Paper 1). The estimated uncertainty is also given.
Column 7: Extension parameters. The size of slightly
resolved sources is specified by the D parameters
defined as in Paper I to be £ , = ; ! - ' ' ^ 2 " 2

\ ' 2y
0), where A is the visibility amplitude of the source for
an interferometer with projected baselines (in wave-
lengths) of U and V in the R.A. and Dec. directions
respectively. For a symmetrical double source D, and
Ds ate equal to the projected separation of the com-
ponents on the R.A. and Dec. axes. These parameters
were estimated by Fourier transforming an area around
the source back to the UV plane and making a second
order polynomial fit to the visibility function. Where
only one of Da or Ds exceeded 2.5 times their estimated
r.m.s. uncertainty the source was considered resolved
in one direction and the appropriate D parameter is
given in Column 7. If both Dx and Ds were significantly
large, the cross derivative d2A/dUdV was also deter-
mined and from these the position angle of the major
axis and the D parameters along and perpendicular to
this axis were found. These are given by a 3-entry D
parameter in Column 7. For unresolved sources upper
limits of 100" {SmJo)~ "2 and 215" {Sm9/oy m nan be
put on the extensions in the R.A. and Dec. dire:tions
respectively. For all resolved sources the total ;ource
flux was taken to be A{U=0, V=0), found duriig the
same polynomial fitting procedure as the D parameters.
The very extended source 5C4.81 was treated separate-
ly. Its structure is described in Section VII. Its flux was
derived by integrating numerically the map within the
zero contour.

V. Optical Data

Optical identifications were made on a 48" Palomar
Schmidt IllaJ plate (kindly lent to us by Bertola) using
the XY measuring machine of the ROUB group at
Bologna. As in Paper I, we subdivide the identifications
with bright galaxies in three classes. Class I identifica-
tions include the unresolved sources which satisfy the
3(7 criterion:

20



Observations or the Coma Cluster 183

where Ja and Ab are the differences between the most
probable radio position and the centre of the optical
image of the galaxy, a, and ad are the r.m.s. uncertainties
in the radio position. <r0 is the uncertainty in the posi-
tion of the centre of the optical image: this is about 2".
Class II identifications include two types: extended
sources whose brightness peak meets the 3a criterion;
resolved and unresolved sources which do not satisfy
this criterion, but lie well within the optical extension
of the galaxy. Sources whose position falls outside the 3a
ellipse and on the edge of, or just outside the galaxy, are
identifications of Class III.
On the basis of these identifications we have compiled
in Table 3 the following information:
Columns 8 and 9: The differences between the optical
and radio positions in R.A. and Dec.
Column 10: The r.m.s. combined radio and optical posi-
tion errors in R.A. and Dec.
Column 11: Identification Class.
Column 12: Galaxy name in the catalogs. Zw stands for
Zwicky and Herzog (1963) (called ZH thereafter); RB
stands for Rood and Baum (1967).
Column 13: Morphological type of the galaxy. Adopted
from Rood and Baum (1967) for the galaxies in their
list, and from Gregory (1975) and Tifft and Tarenghi
(private communication) for the others. Note in parti-
cular that the emission line galaxy identified with
1255 + 28W3, classified as Ep in Papers I and II,
turned out to be a complex system, that in this paper is
classified as an Irregular.
Column 14: Photographic magnitude. Taken from ZH
if m,g 15.7, or estimated by the authors from the print
of the Palomar Sky Survey O-plate. The latter magni-
tudes are indicated by an asterisk, and are uncertain
by0.2-0.5m.
Column 15: Recession velocities. The references are
given in the notes to the table.
Column 16: Remarks on radio structure and alternative
identifications meeting the 3<x criterion.
The finding charts of all sources in Table 3, except those
detected also at 1415 MHz (for these see Paper I), are
reproduced in Fig. 3.
Not all the 27 galaxies listed in Table 3 belong to the
Coma Cluster. We take as members those 22 whose re-
cession velocity differs by less than 3<r,. from the
cluster mean V (ffr=900kms"' and f=6900kms~\
according to Rood et al., 1972).
For a fraction of these 22 galaxies the identification
could be due to a chance coincidence. In order to
estimate the probable fraction, we have first counted
the cluster galaxies with mpg 15.7 within a circle of
0:48 radius about the radio field centre, and within a
ring extending from 0?48 to 1:44 radius (using the red-
shifts listed in Gregory, 1975, to decide for the member-
ship). We have subdivided the radio field in these two
regions to take care in a rough way of the radial de-
pendence of both the projected density of the galaxies

in the cluster and of the density of detected radio
sources. The latter is due to the shape of the primary
beam attenuation pattern (Fig. 2). We have then estimat-
ed the number of cluster galaxies with 15.7<mpg 17.5
in the two regions by extrapolation, using the optical
luminosity function of this cluster given by Abell (1962),
assuming no mass segregation. The expected number of
chance identifications meeting the 3a criterion was
obtained using the formula

where Ng is the number of galaxies counted in the area A,
and the sum is extended to all sources detected in the
survey within the same area. The results in Table 4
show that the expected number of spurious identifica-
tions is 1, while the number of Class I identifications,
plus those of Class II meeting the 3a criterion, amounts
to 17. This makes us feel confident that at least 90%
of the Class I and II identifications are real associa-
tions. On the other hand, the two cluster galaxies in
Class IN are probably identified by chance, and we shall
not include them in the statistical analysis that fol-
lows.

VI. The Radio Luminosity of the Coma Cluster
Galaxies

We now use the 20 cluster galaxies detected to derive
the radio luminosity function (LF) in Coma, i.e. the
fraction of galaxies that are found to emit per interval
of radio power. The so called bivariate LF (BLF) is
obtained when this fraction is given as a function of the
absolute optical magnitude also. It is important to
derive the BLF, because it has been shown that the
LF depends strongly on the optical luminosity of the
galaxies, both inside and outside clusters (cf. Paper II).
As in Paper II, we subdivide the galaxies in two groups,
the elliptical and SO's, (E+SO), the spirals and ir-
regulars, (S+I), and derive the LF separately for the
two groups.
As explained in detail in Paper II, the area of the
cluster and hence the number of galaxies surveyed at a
given radio power increases with the power, due to the
primary beam attenuation of the telescope. We have
counted the cluster galaxies in circles of increasing
radius about the radio field centre, and combined these
counts with the attenuation pattern (Fig. 2) to yield the
number of galaxies surveyed as a function of power
plotted in Figs. 4 and 5. The cluster galaxies down to
mp=15.7 (corresponding to A*p=-18.4) have been
counted from the ZH Catalog. To decide for the mem-
bership and for the morphological classification we
have followed Gregory (1975), who lists the redshift of
all galaxies with mpg 15.7 within 2?8 from the cluster
centre, and classifies the galaxies on the basis of their
image on glass copies of the Palomar Sky Survey. Due to
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Fig. 3. Finding charts of all sources in Table 3. except those detected also at 1415 MHz (Paper I). North to the top, east tc the left. Stale: 9'3/mni

Table 4. Estimate of number of chance identifications

Radius

0 -0?48

0?48-l?44

Total

Number of
radio sources

45

121

166

mp

mp<, 15.7
I5.7<mpfil7.5

m,S15.7
l5.7<mpS17.5

Number of
galaxies

74
135
84

150
443

Expected
chance ident. s

0.3
0.5
0.2
0.3
1.3

Number of
identifications

5
1
8
3

17
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Fig. 4. The number of (E + SO) cluster galaxies surveyed, in three
intervals of optical magnitude, as a function of radio power. The
scale on the right side refers to the galaxies wiht M p g - 2 0 .
The squares represent the detections (black: M p £ - 2 0 ; dashed:
-20<JW,,g-19;white: - l

this reason we have included in the (S + I) group 8
galaxies classified by Gregory as intermediate between
SO and S, and which appear blue in color on the
Paloinar Sky Survey print, none of which has been de-
tected. Their contribution amounts to 25% of the total
number of (S +1) galaxies surveyed. To the magnitude
of the spiral galaxies we have applied a correction for
internal absorption, using the relationship between the
correction and the apparent axial ratio given by Holm-
berg (I9S8). For each galaxy we estimated the axial
ratio on the Palomar Sky Survey print. The correction
applied is very uncertain. On the other hand it cannot be
ignored altogether, when the galaxies are subdivided in
intervals of optical magnitude.
The number of surveyed galaxies fainter than mp= 1S.7
has been estimated by extrapolation, using the optical
luminosity function given in Abcll (1962) and assuming
no mass segregation. For the (S + I) group, which
contributes only 20% of the total below I5T7 and for
which the extrapolation may introduce a large error
if its optical luminosity function were very different
from that of the other group, we stopped at mp= 16.1
( M 1 8 )

23
IWHz-'sf1]

Fig. 5. The number of (S +1) cluster galaxies surveyed, in three
intervals of optical magnitude, as a function of radio power. The
squares represent the detections (black: Mpfi — 20; dashed: — 20Mp g
- 19: white: - \9<MP& -18)

the inadequacy of the material used, this classification
is not very accurate, especially for "compact" spiral,
which tend to be classified as SO's. This appears from a
comparison with the classification by Rood and Baum
(1967) based on 200" plates of a more restricted area
around the centre of Coma. The three misclassifications
found this way are all spiral with a very blue color. For

a) LF of the (E + SO) Galaxies

The eight (E+SO) cluster galaxies detected are listed
in Table Sa, along with the intrinsic radio power, the
absolute photographic magnitude, the maximum phy-
sical extension or upper limits on it, the distance R from
the radio field centre, and a note on the presence of
emission lines. The last information is from Tifft and
Tarenghi (1975 and priv. commun.). Of the five used in
Paper II to obtain the LF at 1415 MHz, 1256 + 28W8
was not detected in this survey, and 1255 + 28W3 is now
classified in the (S + I) group. The bivariate LF is
obtained from Fig. 4 and is tabulated in Table 6.
In each bin the number of detections divided by the
number of detectable galaxies is given. The monovariate
LF (for galaxies with M p g - 1 7 ) is also given. The
"errors" quoted in this and the next tables are purely
statistical. The upper (lower) error bounds represent the
maximum (minimum) value the luminosity function may
take for the probability of detecting less (more) galaxies
than we actually did is greater than 16%. For the sake
of comparing the Coma cluster LF with the combined LF
obtained at 1415 MHz for 5 rich clusters (including
Coma itself, see Paper II), we give at the bottom of
Table 6 the integral values of the BLF above the
minimum power detectable in this survey, P610=
2 x 10 2 0WHz~' sterad"', in each interval of optical
magnitude. The comparison with the corresponding
values (assuming an average spectral index 0.7) at
P , 4 1 5 = 1020 (Paper II, Fig. 3) shows no disagreement
for the brightest class ( M p g — 20) of galaxies, but a
deficiency of a factor about three with respect to the
expectation value based on the 5 cluster sample for the
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Table 5a. Sources identified with cluster elliptical or SO galaxies

Source Galaxy Pr,,olxl02")
(WHz-'sterad-1) (kpc)

'dec
(kpc) (kpc)

R
(deg)

Note.'

1252 + 28W7
1254+27W1

1254 + 27W4

1256 + 28W9

1257 + 28W1

1257 + 28W7
1258 + 28W12

I259 + 28W5

Zw 160-15
NGC 4839

NGC 4827

NGC 4869

NGC 4874

RB60
Anon

NGC 4927

5.9
82.4

40.1

532.3

181.3

3.5
6.8

4.3

18.7 < i :
20.6

20.1

19.3

20.5

16.7*
17.2* < l l

19.4 < l f

5 < 3 2

1 < 2 3

> <32

14

49

110

10

9

.81

.56

.90

.08

.13

.21

.62

.65

No emission lines
No emission lines
normal continuum
No emission lines
normal continuum
No emission lines
normal continuum
No emission lines
normal continuum
No emission lines
No emission lines
normal continuum
No emission lines
neutral color

Table Sb. Sources indcntiflcd with cluster spiral and irregular galaxies

Source Galaxy « i o ( )

(WHz-'sterad"1) (kpc) (kpc)
R
(dcg)

Notes

1253 +27 W6

1255 + 27W6

1255 + 28W3

I255 + 28W6

1255 + 28W11

1256+27W5

1256+28W7

1258 + 27W6

1258 + 28W3

1258 + 28W6

I258 + 28W11

I258 + 28W2O

Zw 160 -20

Anon

Anon

NGC 4848

Zw 160-58

Zw 160-64

NGC 4858

Zw 160-86

IC4O4O

NGC 4911

Anon

Zw 160-98

5.5

5.7

6.3

20.2

5.7

3.9

7.7

2.6

15.3

15.7

6.1

6.6

-18.7
(-18.7)
- 18.2*

(-18.2*)
-18.2*

(-18.2*)
-20.0

(-21.0)
-18.7

(-19.2)
-18.8

(-18.8)
-18.7

(-18.8)
-18.8

(-18.8)
-19.1

(-19.4)
-20.5

(-20.W
- 18.2*

(-I9.2-)
-18.9

(-18.9)

<I4

<13

< 9

< 5

<15

<16

< 8

<16

< 6

< 7

<13

<17

<29

<27

<20

<12

<33

<34

<18

<34

<14

<14

<28

<35

.69

.64

.27

.38

.81

.67

.99

.45

.38

.45

.70

.92

Markanan 53
strong emission lines
Strong emission lines

Oil, Om emission
blue continuum
Complex emission
blue continuum
Weak emission lines
very blue
Markarian 56
emission lines
Complex emission

Emission lines
very blue
Emission lines
slightly blue continuum
No emission lines
normal continuum
Complex emission

Complex emission

Table 6. Luminosity function of (E+SO* galaxies

(WHz- 'sterad"

>? A

"*1 8

i i n

' )

0/145

0/145

0/140

0/132

0/123

1/97

0/64

1 n+O.B
' " -o.j

-18 - I 8 8 « , >

0/1M
0/124

0/120

0/11J

0/107

1/84

0/54

1 1 + 0.9
' — - 0 4

-19 -192.V/ ,>-20

1/42

0/42

0/40

0/J8

0/35

1/28

0/17

0/6

1/6

1/6

1/6

0/5

0/5

0/2

50! ff

o.31;{

0-3-:i
0.3*.;

o.3: :;

S0.7

1-4*0.3

gl.4
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Table 7. Luminosity function of (S +1) galaxies

(WHz'-'sterad-')

-»j -i

•>06

-IQ-l

LKI a IO!0 *)("„)

- 1 8 6 M,:

0/22

0/22

0/20

2,16

3/11

1/6

0/3

56!f)

>-19 -19£Mp>-20

0/10
0/9

1/7

1/7

1/5

0/3

0/1

-2OgMp>-21

0/5

1/5

1/4

0/4

0/4

0/3

0/1

45!f*

DLF (');,)

g 4.8

2-s -5:1

it-!:?

20! J"
O i + h.t>

£36

(a)

1.9

4.2

7.0

9.0

10

12

0.8

2.2

4.1

8.0

9.1

15

(a) Differential monovariate LF(Mpg - 18) based on Cameron's sample of field spirals. The two entries refer to a different correction to the
optical magnitudes used by Cameron (see text).

class -20<Afp^ - 19. This difference could be easily
due to statistical fluctuations, since a large "error"
affects both the expectation value and that obtained
from the present sample.

b) LF of the (S +1) Galaxies

The twelve (S + I) cluster galaxies detected are listed
in Table 5b, similar to Table 5a. The information on the
spectroscopic properties are from Tifft and Tarenghi
(1975 and priv. commun.). The values of Mp in brackets
are corrected lor internal absorption. Of the six detected
at 21 cm, 1256 + 27W4 (RB 219) is missing because it is
under the detection limit at 610 MHz. The LF in the

log P,o IWHz' sr')

Fig. 6. The differential luminosity function of the cluster (S + I)
galaxies with M p £ - I 8 (•). The black and white circles represent
the luminosity function of "field" spirals with Afpg —18, based on
the survey by Cameron (1972a. b) with and without the 0?6 correction
(see text)

bivariate and monovariate form is obtained from
Fig. 5 and tabulated in Table 7. A LF of spirals that
might be considered typical of rich clusters and be
suitable for a comparison is not yet available, because
of the very few detections obtained by us at 1415 MHz,
except for Coma itself (cf. Paper II). The only significant
comparison that can be made is with the radio proper-
ties of nearby spirals, for which the 408 MHz surveys
of southern bright galaxies (mpgll , mpgl2.5) by
Cameron (1971a) can be used. Cameron's sample con-
tains nearby spirals mostly in the "field" and some
belonging to the "loose" cluster in Virgo. Cameron
(1971b) shows that in the nearby spirals the radio and
optical powers are correlated; the same property for
the Coma spirals can be seen from Table 7, where the
average radio power increases going from the interval
( - 1 9 < M p g - 1 8 ) to the interval ( - 2 1 < M P ^ - 2 0 ) .
For a quantitative comparison we use the MLF instead
of the more relevant BLF, because we hope that the MLF
is less sensitive to the fact that the magnitude scale
adopted by Cameron (1971a) is not fully consistent with
that used by ZH. Comparison of Cameron's photo-
magnitudes, with his "aperture" correction removed,
with those of ZH for the bright galaxies in common
(Wp^ll) shows that the ZH magnitudes are on the
average QF!b fainter, with an r.m.s. deviation of 0?6.
It is not clear, however, that the average difference for
galaxies of 14—15m, like those in the cluster sample,
would be the same. For this reason we have derived the
two values of the LF for the "field" spirals given in the
last Column of Table 7. For the first we used
Cameron's magnitudes corrected for internal absorp-
tion, but without the "aperture" correction. For the
second we simply added 0T6 to all magnitudes used in
the first derivation. The 408 MHz fluxes were reduced
to 610 MHz using a spectral index of 0.7. Since the
optical luminosity distribution of the spirals in the
nearby sample is very different from that of the spirals
in our sample (mostly due to the selection effects which
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are usual in optically complete samples like that in
Cameron, 1971a), the two values given in Table 7 have
been adjusted to represent the MLF of the "'field"
spirals, as if they had the same optical luminosity
distribution of the spirals surveyed in Coma. The two
values are given without the statistical "errors", since
they are much smaller than those from our sample,
and the uncertainty due to the magnitude system used
is in fact larger than the statistical one. The MLF's are
plotted in Fig. 6. Confirming the result obtained at
1415 MHz on the basis of only 5 detections (Paper il),
the spirals in Coma appear to be slightly overluminous
as compared to the "field" spirals. The difference would
be larger, if we did not include in the (S +1) group the
eight blue galaxies whose morphological type is rather
dubious. However, because of the uncertainty on the
optical magnitudes and, to a lesser extent, on the
morphological classification of the cluster galaxies, this
result should still be considered marginally signi-
ficant.

c) Radial Dependence of the LF

To examine whether the probability of radio emission
for a galaxy depends on the radial distance from the
cluster centre, we have subdivided the field surveyed
into an "inner" region, within 30' from the radio field
centre (which is 12' away from the cluster centre),
and an "outer" region, and compared the LF in the two
regions. Due to the limited number of detections, a
comparison in each interval of optical magnitude would
be insignificant. On the other hand the value of a mono-
variate LF is very sensitive to the optical luminosity
distribution of the galaxies in a sample. Therefore the
MLF of the outer region has been obtained after
adjusting the slightly different luminosity distribution
to match that of the inner region. The values of the MLF
(MpS -18), integrated down to the lowest power
detectable in the outer region, P=2.bx 1020WHz"'
sterad"1, are presented in Table 8. The values found
are consistent with the independence of the LF from the
radial distance from the cluster centre.
We note that the two most powerful ellipticals are
situated in the inner region, although the optically
brightest galaxies (Mpg — 19) are equally numerous in
the two regions. This kind of separation is not apparent
among the spirals.

Table 8. The values (%) of the integral monovariate LF (Af,,g -18,
P6 ,0S2.6x 1020) for the "inner" and "outer" regions

>30'

(E+SO)
(S + l) 50-f!

7±S
31±13

VII. Other Properties of the Detected Cluster Galaxies

a) Spectral Indexes

The spectral indexes oê f Q5 of the radioemitting galaxies
detected both at 1415 and 610 MHz are given in Table 3.
Two sources found in the 1415 MHz survey and
identified with cluster galaxies (Papers I and II) were not
detected at 610 MHz, according to the 4cr criterion in
Section III. For the source 1256+ 27W4 (identified with
the SBa galaxy RB219) we found a 7>a deflection at the
position of the 1415 MHz source, which yields an index
of -0.06. For 1256 + 28W8 (identified with the E galaxy
N 4865) we use a 3a upper limit on its S6 ) 0 to obtain
an upper limit on the index of 0.0. All the galaxies
detected at 610 MHz within the 0.6 radius of the field
surveyed at 1415 MHz were detected also at the other
frequency except RB60. The spectral indexes of the
4(E + SO) galaxies detected in both surveys range from
0.74 to 1.37, and those of the 5 (S+1) galaxies range from
0.51 to 1.53. These values are similar to those found in
other galaxies for various ranges of radio power (cf., for
instance, Colla el a!., 1975). For the two galaxies N 4865
and RB219 the negative value of the spectral index, a
feature typical of compact nuclear sources, probably
indicates that the radio source is selfabsorbed. This is
consistent with the fact that no evidence of extension for
these two sources was found at 1415 MHz.

b) Emission Lines

The information on the presence of emission lines
compiled in Tables 5a and 5b has been obtained in a
homogeneous way by Tifft and Tarenghi (1975 and priv.
commun.). None of the (E+SO) galaxies detected
show evidence of emission lines. On the contrary 90%
of the (S + I) galaxies detected have emission lines in
their spectra at various degrees of intensity and
complexity. For comparison we have used a recent
compilation (Gregory and Tifft, 1975) of the redshifts
of all Coma galaxies with mpg 15.7, where the presence
of emission lines is registered. More information about
the spectra of the (S +1) galaxies covered in the present
survey has been kindly provided to us by W.G. Tifft.
Limited to the area surveyed, the percentage of emission
lines in the (E + SO) galaxies is 4%. in the (S +1) galaxies
is 50 or 65% depending on whether the eight blue
galaxies of dubious morphology are included in this
group or not. The higher proportion of emission lines
found among the (S +1) galaxies with radio power above
the limit of this survey does indicate the probable
existence of a correlation between the strength of the
radio emission and the presence of emission lines.
Finally we point out that of the six Markarian galaxies
(Markarian. 1967) in our field of view, two cluster
members (irregulars with emission lines) have been
detected, with a radio power close to the average of the
(S + I) group.
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Fig. 7a. The 610 MHz map of the central region of the cluster.
The slightly extended source near to the centre of the map is 5 C4.8S.
The tailed source to the right in 5C4.81. The low brightness
contours surrounding these two sources are due to the "halo"
source Coma C. The source in the lower right corner is 1256+28 W4ab
(5C4.7ab), an optically unidentified double (see Paper I). The three
contours source in the lower left quadrant is 1257+28W7 (see
Table 3). The contours are: 2, 4, 6, 10, 2S, 50, 100 300 mJy per
s>nthesized beam. The beam, shown by the ellipse in the lower left
corner, covers a solid angle of 1.25x 10"7 sterad

VIII. The Central Radio Sources

The 610 MHz observations give interesting new informa-
tion on the structure of the sources 5C4.81, 5C4.85
and of the extended "halo" source. In earlier low
resolution measurements this complex of sources was
called Coma C; here we will reserve this name for the
"halo" source alone. The three sources were first
described and discussed in detail by Willson (1970).
The WSRT observations of the first two at 14S5 and
5000 MHz were presented and discussed in Jafie and
Perola (1974). The 610 MHz map of the central region
of the cluster is shown in Fig. 7a. For comparison the
earlier 1415 MHz WSRT observations convolved to
the 610 MHz beam are shown in Fig. 7b. The maps at
the two frequencies have been "cleaned" to remove the
effects of sidelobes.

a) 5C4.85 = NGC4874

The 5000 MHz observations (Jaffe and Perola, 1974)
show that this source is a double with a separation of 15"
and P.A. 30° and the 1415 MHz observations are con-
sistent with this. The 610 MHz map shows a greater

O

o Cb

0
Fig. 7b. The 1415 MHz map of the same region as in Fig. 7a, with
the beam convolved to the 610 MHz resolution. The contours are:
2. 6, 10, 25, SO, 100, 150mJy per synthesized beam

extension, as can be immediately seen by comparing the
maps in Figs. 7a and 7b. The extension, estimated with
the method described in Section IV, is 29" along PA. 20°.
The spectral index a£?o

5=O.74±.O6 is larger than
a?2??=0.49±.2, although the difference could be due
to the uncertainty on the 5000 MHz measurement1)-
The data indicate that beside the double sources there is
a more extended component, whose spectrum must be
steeper than about 1.2 to explain the absence of any
noticeable beam broadening in the 1415 MHz map
convolved. The extension of 29" quoted above is the
root mean square of the sizes of the double and of the
larger component weighted according to their flux.
To find the size of the larger component we need to
assume a value for its relative contribution to the total
flux. Assuming that the spectral index of the double
is constant and equal to the measured a*"??, the excess
of 70mJy at 610 MHz can be attributed to the other
component, whose size then turns out to be 60". If on
the other hand its flux were smaller, its extension must
be larger to yield the observed beam broadening,
although presumably not larger than the beam width
itself or about 2' in declination, otherwise we would
see the two components separately.

') The flux measured by Willson (1970) at 408, S408=406mJy is
surprisingly close to the Sh,a measured with the WSRT. This is pro-
bably due to a difference in the calibration procedure rather than
to a real flattening of the spectrum, since also the Cambridge flux
at 1407 MHz is lower than the WSRT S m , (Jade and Perola. 1974).
yielding a spectral index 2jjJ7=0.74, equal to our ajfj5.
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Fig. 8. The spectral index aJto5 along (he tail of 5C4.81. The curve
represents the prediction of the model discussed in Jade and Pcrola
(1974),with ^= l50Okms- 'andB=l4nG

The steepness of the spectrum suggests that this compo-
nent is the remnant of activity that took place previous
to the generation of the compact double. The near
coincidence in P.A. of its elongation and of the axis of
the double suggests that the direction along which the
radio events developed did not vary markedly with time.
There are several other examples of this kind, like
3C236 (Willis et aL 1974) and 3C84 (Miley and
Perola, 1975).

b) 5C4.81=NGC4869

This is one of the head-tail sources, and on the 610 MHz
map the tail is seen to extend about 3' straight to the
West, then curve up rather sharply to the NW and ex-
tend about 3' farther before disappearing into Coma C.
The spectral index steepens along the tail, typical of
head-tail sources. In Fig. 8 we plot «4toS along the tail;
the index is computed from the ratio of the 610 MHz
map to the convolved 1415 MHz map. This curve agrees
reasonably with the run of aJoJT given by Willson
(1970) although in the first 1' of the tail our spectral
index is about 0.1 flatter than his. The difference arises
probably from the "cleaning" procedure applied to our
map and from the apparent slight mismatch between
his 408 MHz beam and his convolved 1407 MHz
beam.

The run of the spectral index af™? in the first 2' of the
tail was discussed in Jaffe and Perola (1974), under the
hypothesis that the tail is due to the motion of the parent
galaxy through the intracluster medium. There it was
found that the change in spectral index could be ex-
plained if the electrons were accelerated in the "head"
region and suffered only radiative losses thereafter,
provided that the magnetic field in the tail were equal the
equipartition value of 14h2 / 7uG2) , and the galaxy
velocity in the plane of the sky were 1500 h~4'7 km s~'.

2\ h is the Hubble constant in units of 100km s"' Mpc"

However the prediction of this model on the run of
2<>tos farther along the tail lies considerably above the
measured points, as can be seen in Fig. 8. To match the
data would require a velocity of about 2000 h~4'7

km s" ', or a magnetic field of 11 h2'7 uG. Such a veloc-
ity is not excessive for a cluster galaxy, but it makes it
more difficult to explain the low value of the observed
radial velocity of - 173 km s"1 (Rood el «/., 1972)
with respect to the cluster average. The lower value of
the magnetic field is a more plausible alternative.
This is one of several cases where this explanation of the
spectral index rise in head-tail sources can be made to
work only by taking a plausible but somewhat im-
probable value for the velocity (e.g. Vallee and Wilson,
1976). This might imply either that the electrons are
accelerated also in the tail, or that they are provided
also by an external source.
The bend in the ti>.il is rather sharp, having a projected
radius of curvature of 2' or about 40 h"' kpc. At about
the same place where the bending begins, an extended
region of low surface brightness becomes visible on the
North side of the tail, which is weak or absent on the
South side. There is an indication that the spectral
index of this region is steeper by at least 0.3 than at the
centre of the tail, although there is about a 5% chance
that this result is due to a noise fluctuation. One ex-
planation of these effects is that the galaxy is travelling
on a curved orbit through the cluster, presumably with a
focus somewhere between NGC 4874 and the other
central giant elliptical NGC 4886. If the orbit is circular
its radius equals the distance from the focus to the point
of maximum curvature in the tail, or about 10' =
200 h ~' kpc. Then the sharpness of the bend could be
explained by projection effects if the inclination of the
orbital plane to the plane of the sky is about 7 0 . It may
also be that the inclination is less, but that the bend is
at the apicentre of a highly eccentric orbit. The weak
northern extension may represent a part of the tail
"around the bend" which is projected on top of a later
part of the tail. If the curvature is indeed gravitational,
there must be sufficient mass within the orbital radius to
produce the bending. The virial mass of the whole
cluster has been estimated as 3 x 10'5 M o (Rood et ai.,
1972) and. from the mass distribution model of King
(1972) about %% of this, or 2xlO 1 4 Af Q lies within
200 kpc of the centre. This is adequate to hold NGC 4869
on such a circular orbit if its velocity is near the 1500
to 2000km s~' inferred from the spectral data.
Another explanation of the curvature which has been
discussed ii) the literature is buoyant lifting of the tail
in the cluster gravitational field (Cowie and McK.ee,
1975), in which case the low brightness area might be
sign of a breakup of the tail due to the Kelvin-Helm-
holtz instability. However the tail curves toward the
cluster centre and not away from it, which in this case
would require a non-radially symmetric mass distribu-
tion in the cluster.
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c) Coma C
The existence of a very extended ( - 40'), steep spectrum
radio source in Coma was deduced by Willson from
(he fact that the contribution of the discrete sources in
the 5 C 4 interferometric survey could not account for
the flux measured from the cluster on low resolution,
single dish surveys. Our detection of Coma C simul-
taneously with the discrete sources confirms his inter-
pretation. The source can be seen clearly in the radio-
photo in Fig. 9 and in the contour map in Fig. 7a,
where the contours are broken up by noise and remnant
side lobes from other sources. We cannot estimate
directly the extent and flux of the source from these
maps because even on our shortest baseline, 54 m, it
is strongly resolved. By assuming a particular modul of
the source brightness distribution, however, we can
extrapolate the source visibility amplitude down to zero
interferomctric spacing and estimate the flux under this
assumed distribution.

The short baseline measurements were affected by solar
and television interference of up to 5Jy. Those meas-
urements disturbed by solar interference were omitted
from further analysis. The television interference (TVI)
rotates rapidly in phase relative to the source signal and
can be weakened by averaging the measured complex
visibility function over periods o( 1 h. The reaminiug
TVI was of the order of 200 mJy. We have attempted
to reduce this further by assuming that the TVI was
totally polarized, and Coma C totally unpolarized. The
strength of the TVI could then be determined from the
Q, U and V Stokes parameters measured by the crossed
dipole receivers and this strength removed from the ob-
servations.

In Fig. 10 we plot the logarithm of the corrected visibility
amplitude of Coma C as a function of the square of the
baseline projected on the sky. These measurements come
entirely from the shortest (54 m) measured baseline.
where, because of the viewing geometry, the projected
baseline varies from 27 m to 54 m during the observa-
tion. Because of solar interference, only hour angles from
- 6 3 to +3 are included in this plot. The measured
points lie on a fairly smooth curve; the scatter is only
large on the longest projected baseline, where it is partly
due to noise.
It the source brightness distribution is circularly sym-
metric and gaussian. i.e. proportional to exp( — Rz/2a2)
where R is the distance from the cluster centre, then
logS as plotted in Fig. 10 should be a linear function
of the square of the baseline L. Given the uncertainties
in the interference correction, and in the assumption of
circular symmetry, we find a straight line fit in Fig. 10
adequate, and this yields a= 12'±2' on the sky, where
the uncertainty comes from the variation in slope along
the measured points. If the distribution is in fact gaus-
ian then extrapolation of the curve to zero baseline
gives the total flux to be 4Jy with an uncertainty of
about 1.5 Jy.

l-ig. 9. A photographic reproduction of the 610 MHz map of an area
I x 1 about the cluster centre. Notice the low brightness "halo"
source. - 30' across, around the two bright central sources. Noise and
remnant sidclobcs of these two sources arc the main causes of the
features that can be. discerned in it. The majority of the other sources in
this map arc background

15

Fig. Hi. The dots represent the corrected visibility amplitude of
Coma C as :i function of ihe square of the baseline projected on the
sky. The straight line fii corresponds to a gaussiun circularly
symmetric brightness distribution

The flux agrees with that derived by Willson (1970)
from the single dish measurements of Bozyan (1968)
and from extrapolation from lower frequencies. The
radius is somewhat smaller than those found from lower
frequency measurements (Willson, 1970) although these
were made with instruments of rather poor resolution,
in most case >4()'. If there is in fact a decrease in size
with increasing frequency, it could be interpreted as due
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to shorter radiative lifetime of the electrons emitting at
610 MHz with respect to those emitting at lower fre-
quencies, if the electrons were diffusing toward the outer
part of the cluster from a centrally located injection
source (or sources).
The source radius is also marginally smaller than that
found for the X-ray source in Coma. A value of a=
16'±3' was found by Lea et al. (1973), but their fit to the
X-ray data assumed an emissivity proportional to
(r2+a2)'3, which gives rise to a brightness distribution
as a function of R incompatible with the visibility
function in Fig. 10, so that the two values of the source
radius are not directly comparable.
As seen in Figs. 7a and 9 the centroid of the observed
brightness lies near to the centre of the cluster, which is
about 2' East of SC4.8S, rather than near the Field
centre of the observation, slightly West of the head of
SC4.81, as we would have expected if its appearance
were strongly affected by interference. The reality of
small scale features seen in Fig. 7a is dubious since they
may be produced by noise, sidelsbes of discrete sources,
or by the remaining TV1.
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CHAPTER 3

A WESTERBORK SURVEY OF CLUSTERS OF GALAXIES
IV. OBSERVATIONS OF THE COMA CLUSTER AT 610 MHz: RADIO DATA
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The results of a WSRT full synthesis observation at 610 MHz of an area of 2.6 x 10""3 sterad centered on the Coma cluster are presented.
The angular resolution was 53" x 113" and the detection limit at the field centre was 4 mJy. 158 radio sources have been detected, and
an optical identification search has been carried out on a 48" Schmidt IllaJ plate. Maps of the extended sources, and the finding charts
of the identifications are given, except for the sources identified with galaxies brighter than m,= 17.5 (described in paper HI) and the
sources already delected at 1415 MHz (described in paper I). The dN/dS distribution of the sources not identified with bright Coma
galaxies is presented. For the sources detected also at 1415 MHz the spectral index distribution is given.

Key words: radio source survey - clusters of galaxies - identifications - spectral index distribution

1. INTRODUCTION

This is the fourth in a series of papers on the results cf a programme of multifrequency observations
of nearby rich clusters with the WSRT. Paper I (Jaffe and Perola 197S) described the 1415 MHz survey of the
five clusters A1656 (Coma), A 2147, A 2151, A2197 and A2199. The results of an optical identification search
were also presented. These data were used in paper II (Jaffe and Perola 1976) to derive the radio luminosity
function of the cluster galaxies. We have reobserved the Coma cluster at 610 MHz in order to increase the
number of radio source detections due to the larger field of view of the telescope at this frequency, and
to obtain spectral index information on the sources detected at 1415 MHz. In paper III (Jaffe et al. 1976)
we selected from this observation the radio sources identified with galaxies brighter than mp=17.5 and
used these data to derive a 610 MHz radio luminosity function of cluster spiral and elliptical galaxies
separately. In this paper we present the catalogue of all the 158 sources detected at 610 MHz along with
the results of an optical identification programme for those sources which were not detected in the previous
1415 MHz observation. We present also the spectral index and the dN/dS distributions of the radio sources
not identified with bright galaxies in the Coma cluster.

A similar survey of the Coma cluster was carried out by Willson (1970) at 408 MHz with the Cambridge
One-mile Telescope (the 5C4 survey) with a maximum sensitivity at the field centre of 16 mJy. A total of

I 189 radio sources were detected in an area of the sky of 3.8 x IO~3 sterad. The present survey covers an
j area of 2.6 x 10~3 sterad. Thanks to the higher sensitivity (4 mJy at the field centre) we detected 71 radio

sources which are not included in the 5C4 catalogue. Furthermore we have been able to improve the
positional accuracy of some of the 5C4 sources.

2. OBSERVATIONS AND DATA REDUCTION

The operations of the WSRT are described in general in Hogbom and Brouw (1972). The details of the
present 4 x 12h observations are described in paper III, from which tables 1 and 2, giving the field centre,

* Present address: Institute for Advanced Study, Princeton, N.J., U.S.A.
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the baselines, the hour angles observed and the sources used for flux and position calibration, are reproduced
here for completeness.

The observations listed in table I were reduced as described in paper I. The Fourier transform of the
observations provided a synthesized beam whose FWHP is 53" in R.A. and 113" in Dec. The first two
sidelobes have heights — 5% and + 3 % of the central peak and are located 1.5 and 2.5 beamwidths away
from it. The useful field is limited to a circle with 1:6 radius about the field centre due to the primary beam
attenuation.

A search of the transformed map was made to find the positions and flux of all strong point sources.
These were then subtracted from the map using the theoretical antenna pattern so that their grating rings
would not disturb searches for weaker sources. Then the field was re-searched. This process was repeated
until all sources stronger than 16.5 mJy map flux were subtracted and all sources above 4a were detected.
Here a is the rms effective noise, which was determined to be 1.0 mJy by a Gaussian fit to counts of
weak intensity deflections in the map. Care was taken to avoid the inclusion of spurious radio sources
caused by the intersection of weak grating rings.

This process yielded a list of 185 sources. The 27 sources identified with bright galaxies (mp£l7.5)
were used in paper III to derive the radio luminosity function of the cluster galaxies with Mp<-17.
Because of the higher confusion caused by weak grating rings at the edges of the field we later decided
to drop from that list the sources between 4 and 5CT at RA>l3h0mfl! and R.A. < 12h52ln36s, except
1251 + 27W3 because of its coincidence with 5C4.20. The total number of sources detected is now reduced
to 158. It is important to note that none of the sources identified with bright galaxies has dropped from
the list, therefore the statistical analysis presented in paper III is practically unaffected by the more restrictive
criterion used to define the detection limit of the survey.

As a last step of the data reduction the sources subtracted from the map were restored using only the
central positive peak of the antenna pattern. The contour plots presented in this paper are reproduced from
this final map.

3. RADIO CATALOGUE

The radio data of the 158 sources are given in table 3. Due to the high density of sources in the field
and the limited resolution of the telescope, the definition of double sources is a delicate matter. Closeby
sources, which could be components of a physical double, are listed separately, when they have no contours
in common, or the two peaks can be easily discerned. In the second instance they are referred to each other
in column 11 as a possible double. For both these and for the extended well resolved sources maps are
given in figure 3.

Legend of Table 3:

! Column 1: Name of source. In general the sources are in order of increasing right ascension. There
are exceptions, in order to be consistent with the list given at 1415 MHz (paper I).
Furthermore, for consistency with paper III, where the names had been given on the basis
of the original list of 185 sources, there are gaps in the progressive number attributed
to the sources in each block of R.A. and Dec.

Column 2-5: 1950 positions and rms position errors. For the extended sources the position of the peak
in the brightness distribution is given, with the exception of 1258+27W5, a double radio
source, for which the position of the radio centroid is given. The errors are the mean of
those found by the search programme for sources of similar map flux density as explained
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in detail in paper I. Figure 1 shows the dependence of the error in R.A. on the map
flux. Above a map flux of 28 mJy the random errors due to the noise are less than the
systematic errors due to the uncertainties in the calibration procedures and the abolute
positions of the calibrator sources. For sources stronger than this limit a constant error of
I.I" in R.A. has been used. The erros in Dec. are larger than those in R.A. by a factor
cosec 5=2.IS. For the 5 sources with were missed by the search programme the
positions have been estimated from the contour maps, and are much worse than for the
other sources (15" x 16").

Column 6 and 7: Sky flux and uncertainty. This is the map flux corrected for the primary beam attenuation,
which is shown in figure 2 of paper III. The errors quoted were obtained by combining
the estimated errors in the map fluxes (taken to be 1.0 mJy for point sources and 1.5 mJy
for slightly extended sources) and the error in the attenuation factor itself, which is estimated
to be 10 R%, where R is the distance to the field centre in degrees. In addition there is an
estimated 5% error in the absolute flux density scale.

Column 8: Source map flux. This is the source flux uncorrecled for the primary beam attenuation.
For unresolved sources this is the flux found by a fit of the antenna pattern to the
transformed intensities. For extended sources the flux was obtained during the estimate of
the degree of extension (see below, column 11).
For the sources 1256 + 28W9 (5C4.8I) and I25I + 27W2 (Coma A) the flux was obtained
via a numerical integration on the map. Note that the flux of Coma A is slightly
improved here with respect to that reported in paper III.

Column 9 and 10: Spectral index (Svotv~*). Given is a^fo5 f°r sources detected both in this and in the 1415 MHz
survey (paper I). For the sources which were not detected in the 1415 MHz survey but were
actually in the field of view, lower limits on ot^fo5 are given. The estimated uncertainty
due to the errors in the sky flux values at both frequencies are listed in column 10.

Column 11: Reference is given to the 5C4 survey and to the other papers in this series, plus Jaffe and
Perola (1974) =0. An (M) means that a map of the source is given in figure 3. For the
extended sources the extension parameters are given. The way they were derived is described
in detail in papers I and HI. For sources resolved only in R.A. or Dec, a D, or D s is given.
For a symmetrical double source these two parameters are equal to the projected separation
of the components on the R.A. and Dec. axes. For sources resolved in both directions,
a three-entry D parameter is given: the first and second entries represent the extension
along and across the major axis, whose position angle is given by the third entry.

4. COMPLETENESS

The survey should include all sources whose map fluxes exceed 4 mJy in the region 12h52m365 < R.A. s
I SNTO" and exceed 5 mJy in the regions 12h5Om3O< < R.A. < 12h52m36s and U ' W r < R.A. < 13h3m0s. (Declination
range always 26°55' < 8 s 29°25'). The presence of noise superimposed on the sources implies that some sources
with true map flux slightly greater than the detection limits have been omitted while other sources with true
map fluxes just under these limits have been included. Furthermore some extended sources with a peak flux
just below the detection limit but with an integrated flux above that limit could have been missed in the survey.

Because of the attenuation of the single dish primary beam, the detection limit in the sky flux decreases
rapidly for increasing distance to the field centre. In figure 2 the detection limit is plotted us a function
of the distance to the field centre using the 4er criterion. For every source in our sample we have checked
whether it should have been seen in the 5C4 survey taking into account its distance to the 5C4 field centre and the
primary beam attenuation of the Cambridge One Mile Telescope. No peculiarities were found except for one
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source, 12S2+28W2, which is not included in the SC4 catalogue although its sky flux of Sl.S mJy at
610 MHz is about twice as large as the SC4 detection limit at that distance from the field centre.
Either this source is variable, or its spectral index between 610 and 408 MHz is < -1.8. It may also be that
this source was missed in the SC4 survey for some technical reason.

5. OPTICAL IDENTIFICATION

Optical identifications were made on a 48" Palomar Schmidt IHaJ plate (kindly lent to us by Bertola) using
the XY measuring machine of the ROUB group at Bologna, which can produce optical positions with an
accuracy of 1". In addition we produced blow-ups (20 x) of the optical fields around each radio source that
were used to check the identifications and to determine the nature of the optical objects.

For the identification of sources detected also at 1415 MHz we refer to paper I. The identification of
610 MHz radio sources with galaxies brighter than wp=17.5 have already been described in paper III.
Although these radio galaxies are still included in table 4, we refer to that paper for the definition of their
identification classes, their finding charts and the estimate of their percentage of chance coincidences*.
For the remaining 610 MHz sources we subdivide the identifications into two classes. Class I identifications
include the unresolved radio sources which satisfy the 3o criterion:

, (A8)2
 s 9

* 'it'* f — •*

CTj + og a | + a 0

where Aa and AS are the differences between the most probable radio position and the position of the
optical object, o . and og are the rms uncertainties in the radio positions while o 0 = l " is the uncertainty
in the optical positions. Class II identifications include the extended radio sources when the optical object
lies close to the peak in the brightness distribution.

Four out of the five radio sources whose positions were measured from the contour map are identified.
However due to their exceptionally high position error, these identifications are very unreliable, and no
identification class is defined for them. For this reason the two sources 1257+28W5 and 1257+28W8,
although identified with a bright galaxy, were not included in paper HI.

The identifications are listed in table 4:

Column 1: Name of source.
Column 2: Combined (radio+optical) errors in position in arcsec, only for unresolved sources.
Columns 3 and 4: Celestial Coordinates of optical object (1950.0).
Columns 5 and 6: Difference between R.A. and Dec. of optical object and radio source in arcsec.
Column 7: Identification class.
Column 8: Comments on optical object. The sources of information are refered to by means of

superscripts (see note to table). For detailed information about galaxies brighter than
mp= 17.5 we refer to paper III. The magnitudes and colours were estimated from the blue
(mB) and red (mp) Palomar Sky Survey prints. For objects visible only on the IHa-J plate,
the estimated magnitude is given as mg (green). The uncertainties are ± I1". A symbol (M)
means that a map of the radio source is presented in figure 3, where also the position of

* Note that the position of the galaxy NGC 4911 (1258 + 28W6) given in paper HI is incorrect. Its position is: a=t2b58™31!5,
8=28°3'34" (TifTt and Tarcnghi. private communication), which is closer to the radio position.
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the optical objects has been marked. Finding charts are reproduced in figure 4, except
for those already presented in paper I (1415 MHz radio sources) and paper III (bright
galaxies).

The identification on a deep plate using the 610 MHz positions with relatively large errors implies a
fairly high amount of chance coincidences. Excluding the sources identified with bright galaxies (see paper III),
for the remaining sources in identification class I we have estimated the expected number of chance
identifications, using a uniform density of objects down to the plate limit of 4 x 10~"* arcsec"2. In table S
these sources are subdivided in two groups (small and large position error). The expected number of objects
to be found in their 3a error boxes is given along with the number actually found. From this table it
appears that about 50% of the identifications with a , £ 3 arcsec are probably good. For a , 2 3 arcsec, the
number of radio sources identified is about equal to that of the number of objects expected. However the
number of objects actually found is 1.2 times larger than the expectation, and therefore about 20% of these
identifications are probably not spurious.

6. SOURCE COUNTS

In order to derive from this survey a differential count, dN/dS, of background sources with respect to the
sky flux density, we have selected a circular area of O°85 in radius about the field centre and used the 93 sources
in this area not identified with bright cluster galaxies (class I and II identifications with Coma galaxies as given
in paper III). The surface density of radio sources per interval of flux has been obtained by weighting each
source with the inverse of the area over which it could have been detected (see figure 2). Note that sources
stronger than 12 mJy are detectable in the whole area we have selected. Because of the presence of noise
on a power-law, distribution, the dN/dS distribution tends to shift systematically to higher flux values. This
effect becomes serious when the signal to noise ratio is small. To correct for the noise effect we used the
method developed by Murdoch et al. (1973), approximating the sky flux density error distribution by a
Gaussian curve. In every flux interval the mean error of the flux densities of sources in that interval was
determined, which turned out to have a small spread per interval and ranges from 1.2 to 10 mJy respec-
tively in the intervals 4-6.3 mJy and 158-251 mJy. Then, knowing this approximation of the signal to noise
ratio per flux interval we used the correction factors given by Murdoch et al. (table 1 and 2 of their paper)
to derive the corrected dN/dS values. The results are presented in table 6 and figure 5. The errors given
consist of both sampling errors and of those resulting from the uncertainty on the fluxes, which, especially
for the weakest sources, significantly affects the weights. The corrected dN/dS distribution can be fitted by a
power law:

dN
— = 4300 S-1 6 (sterad"1 • Jy"1)
dS

The present counts do represent an improvement with respect to those from the 5C4 survey: they reach
I much lower flux densities while in the region of overlap (Ssky > 16 mJy) 50% of the sources of the present
j survey were not detected in the 5C4. This higher number of sources with Ssky s 16 mJy in our survey with

respect to the 5C4 is purely due to the difference in detection sensitivity which because of the primary beam
attenuation is reflected in a wide sky flux density range.

In order to compare our counts with those of an area not containing a nearby rich cluster we have
chosen the 5C5 survey at 408 MHz (Pearson 1975). These are also shown in figure 5. In the region
S,ky > 12 mJy, where the two counts overlap, they do agree well in slope, but the 610 MHz densities tend to
lie slightly higher than those at 408 MHz, contrary to what one would expect on the basis of the spectral
index distribution of radio sources. However, even assuming that there are no systematic differences in the flux
density scale between Westerbork and Cambridge, the difference in the integral counts above 12 mJy is only
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one standard deviation, and could easily be due to a statistical fluctuation. If we want to attribute the difference
to sources associated with the Coma cluster, then we can put an upper limit of - 7 such sources, which may be
either associated with Coma galaxies fainter than mp=17.5 or may have no visible counterpart. A more
significant comparison will be possible when 610 MHz surveys of non-cluster fields as deep as the present
one are available.

7. SPECTRAL INDEX DISTRIBUTION

The spectral index (at) distribution of the 25 radio sources detected at both 610 and 1415 MHz and not
identified with Coma cluster galaxies (mp£17.5) is plotted in figure 6. Due to the different primary beam
attenuations at 610 and 1415 MHz there is a selection against steep spectra which becomes stronger as
the SsVy° decreases and as the distance to the field centre increases. For instance a source with Ss

6
k'y°= 10 mJy

could only be detected at 1415 MHz if its a is smaller than 1.1 at the field centre and smaller than 0.0 at
a distance to the field centre of 0?45. For a source with Ss

6
k'y°=40 mJy these values are 2.5 and 1.5 respectively.

At the edges of the field or for the very weak sources (S%\° < 7 mJy) this selection even affects the negative tx's.
Furthermore sources with S&*15 between 3 and ~ 5 mJy could not be detected at 610 MHz if their a is
negative. Table 7 lists those 5 sources which were detected at 1415 but not at 610 MHz. The upper limits on a
were calculated using the detection limit curve (figure 2).

Features of the distribution shown in figure 6 are the lack of values around 0 and the relatively large
number of negative ot's.

These features are also present in a distribution of a much larger sample of sources observed with the
WSRT at 610 and 1415 MHz (Willis, private communication).

Katgert and Spinrad (1974) (see also Katgert, 1976) found some indications for the average spectral index
of samples selected at 1415 MHz to become smaller as the flux density decreases. To investigate whether this
effect shows up also in our sample, we have plotted a vs. S 6 ) 0 in figure 7 (filled and unfilled circles).
The spectral indices tend to be smaller at lower flux densities, but this behaviour could be due to the selection
effects mentioned above. An investigation of the flux dependence of the spectral index distribution ruling out
the selection effects can be done by defining a homogeneous sample in the following way:

a) We consider only those sources with a distance to the field centre <!65 and a S%\° >7.3 mJy. This
way we have defined a sample of radio sources at 610 MHz complete down to 7.3 mJy.

b) Of this sample we retain those sources that would be detectable at 1415 MHz for all values of a. less
than 1.5. Thus we have defined a subsample whose spectral index distribution with respect to sky flux in
this range of ex should be unbiased and so we are allowed to compare the mean of the a distribution in
different flux intervals. The a values of this subsample are represented with unfilled circles in figure 7.
Note that now the correlation between a and S is much less pronounced than it was before, although
the small size of the sample makes a definitive conclusion premature.
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Table I Observation specifications Table 2 Calibration sources

Field

Observation.
Date

3265

32S9

3264

3301

3229

3312

3241
3267

3240

73236

73310

73251

o n t o : 1.A.- I2" 56 36*01

Dec.-28° I I ' 42'.'2

Beseline
Coverase(e))

54(72)1422

54(72)1422

54(72)1422

54(72)1422

72(72)1440

72(72)1440

9O(72)I4SB
90(72)145*

90(72)1458

90(72)1451

108(72)1476

108(72)1476

(1950.0)

(1950.0)

Hour An tle
Coverage

-90° to

-54

• 16

•86

-90

-77
-90

•OS

•21

•24

-as
-74

-56°

•J6/+6J to *86

•33

•90

-77/-7O to »90

-70

•OS

•21

•24

•90

-74

•90

Source Name

3C 48

3C 147

3C 309.1

R.

01

05

14

A.

h34

38

58

(1950)

* 49?S27

43.503

56.664

Dec.

•32°

49

71

(1950)

54"

49

52

20763

42.87

11.17

S6l0< J»>

37.78

Notes: Data "73265" Mans, s iderial day 265.

Baialina coverage "54(72)1422" wans aaaauraMntt froa

54a to 1422B ac 72a intervale.
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Table 3 (continued) Table 4 (continued)

-,„
I11BOBUI0

IISI*2»ll

ItlflMU
1218*lSiriS

12M*2IU16

I1SS>1BUI7

1158*1*119

IIlt*18U20
iisa*i9y i

iMWry i
1239*JIV 1

I2S9*2M 3
I2S9O8U 4

I1S9*1IH S
I1S9*1BU 6

IIS9*ISW >
i is i izw a
159*1SU 9

3OO«2JV 1

W0«2JV 1

100.IW 1

lOt'lSU 1

nowm i

( 1 )

l l U 6.00

It SI I I .V I

11 5B 11.0»
l l SI IS.IS

.1 SB 4B.S0

11 58 55.64
l l 18 39.61

l l SS 47.61

I I 59 5S.S4
12 S9 .90

l l 59 21.40

12 19 18.TS
l l S9 1I.W
12 5* 14.ST
11 59 15.66
l l 59 36.S4

11 19 45.9B

l l 19 41.16

1J 0 I9.K
13 0 10.01

1) 0 IT.8)
11 1 .54
11 1 I9.0B

( 1 )

• 00

. 1 1

.os

. i i

. 4 4

. 1 )

.n
. 3 6

. 1 0

. »

. 1 4

. 0 8

. 0 9

. »

. 0 8

. 1 6

. 2 0

. 0 1

t

18 * ' 11.1

2B 40 19.6

18 41 1I.S

IS »4 11.J

11 » 11 .

;S » 46.(

IB 57 9.

29 6 » .

9 . 1

7.1

1 . 1

1 . 1

7.1

U . I

17 13 » . 4 10.7

]8 I 36.6 11.6

21 1 42.

IB 29 52.

» 16 34.
I I 45 31.

IS AS 19.
11 11 49.
IB 52 41.

21 *2 37.
17 46 9.

6 . 5

11.6
4 . 4

1.5

1.0

».*

IB (4 I I . 5 n.6

11 9 41.

28 1 16.

V,

1 1 4

IS.l

70.0

T) 7

H . I

1H.7
14.i

7S.I

„ ,
7.4

II.I

114.8
9 .6

43.4

101.9

it.*
91.0

» ! *

195.7
14.3

J8.9
301.«

" 1

I . B

1.0

5 .7

1 . 1

i . a

9 . 6

3.7

9 . 1

6.4

1.6

I . I

9 . 1

1.0

1.0

9.B

i . B

9 . 9

11.4

1.0

1.6

H . B

1 .6

» . 7

S6.7 >l.4

41.9

S.6 - . S 3

49.1

4 . 1

.1.6

»l!
4.9 >- l . l

9 . 1

19.5
S . I

14.7
10.3

18.7

l l . t

7.7

M
19.9

1 .0

9 . 4

14.6

3C4.109, t i t
5C4.II3, i l l

5C4.1I6
0-l9".(N>.po.ai»la aeubl. >,tb
a»<:8UI6.5C4.11Ia
DgOlft-.lllt.M* I1SI.1WH,

O.(11".l0-.llo),5C4.1I7

111

SC4.II4

111

O"t.9".»".-)<PJ.1C4.IJ4

I I I

5C4.U7
5c* .n l

»-(16".l4".-l0O).lCi.l40

5W.I44

5C4.116
iCi.Uf

DB-11",1C4.1J2

I I I

5C4.IS4

D^-IS". 5C4.ISI

Table 4 Identification list
M M

( 1 1

I23O*17V 1
I15I>27U I

I23WIU 3

111I.1TH 1

I151OTU 1
n5J*jm i

im*iw i
I»1*29U I

I2SK27U 1

I23)*ZW 1

I214*27V 2

I134*2W 4

11J4.1JU 8

I IS4*W 5

123W6U 1
12SS42TU 6

uss'tau *

I2SKI7U S

roait

t ;

I.) •
1.} •

4.1 X

1 . 4 .

1.8 •
1.8 -

1.,} •

t . l •

' * -

4.1 •
4.5 •

t.i •

r

4 . 6

I . I

1.4

; . i

I . S

I . S

11.2

1.7

1.7

a.r
a.a

IJ.4

11

I I

' *

12

I t

11

I I

11

11

I I

I t

«

11

11

' 7

1 1

t2

11

( 1 1

SO 48.66

SI 46.10

11 13.1)

11 11.19
St 4J.1I

12 S9.S9
51 11.76

SI J M S
11 14.74
It W.I)
1) 10.15

5) 10.80

11 11.5?

11 51.19
14 5.5*

56 1S.0S

14 5S.1S

54 47.11

SS 36.71

12 SS 13.40
12 SS IS.18

16 10.IB

17 31

17 53

»

27

17

18

19

19

I t

29

17

"

o

4

2

1

1

2

7

7

IB 11

IB

V

»

IB

11

27

It

V

1

1

1

17.1

41.2

20.1

14.6
47. S

7 . 1

11.6
IT.9
46.3

12.1
5T.S
4T.7

40.0

11.0
11.1

S6.»

I . B

10.)

9 . 9

4B.9

II.I

1.6

V r
( 1 )

4 . 6

5 . 1

14.,

-1.1

ta.i

-3.0
-7.8
(1.4

1 .3

. . .

2 . 3

1.1

11.4
1.1

8 . 6

V
<e

, ,

-17

- 1 )

-B

11

-6

- I T

•a

- i

- 0

- i

- i

- 1 0

6

}

D

*

1

t

0

1
,

0

7

1

1

0

Clai

( 7 )

,

I

I I I

,

U

1

1

I

t

I

I I

"

I

'

U

11

) t

I

I

11

1

C a m

Blue

E (a

tri«
* * d

D t *

IB)

D b j « t , • . - 10
.Jty. ^ - l ' -5. vd • 2STI0

', t/SO fl**f< •* • 11.3, v* - Silk, brithi f lat

alaxr, BV ' IB

e«l»jr. •_ - 20, IN)
Zultl

M 7 9

• l i»
Slua
•w •
• f •

" a "

C l .

"r
N4SI

"a "

n«7
•*d ob

I gala

J-15, I/SO |ala*7, •* > 11.1. ,» , 7WS

. Sc |*14iy. • * • I I . 1 . * ' - 23BI
objact, a^ • 19 (a)

g i l a n . ^ • 10 (b)
10 Ubircl (c)
10 Objicl la)
11 Otjtct (b)

Ml*-)-. -„ ' "

! " E ' M » » ' . • ; • 14.1, . « - 7411, m

•l«y. •„ • I*

>• pelition of Ibr bright i i l u r
1 « I . • . • IB

*r. m. • 16, «* • 7478
ttd Mlaxy, *v ' i0

ZwlUf
twttO-

IB. t/5 gal»y. • • • 11.3. »- • 7674
66, 1 galaxy, •* • .5.4, v* - 74J1

( 1 )

I1S6>I7U h

I156>77U 7

1216*1m 8

I1S6*1IU15

I217*17H 6

1257.27H 7

1117*2 7H I

)2I7f27VJO

I11T .W 1

1117.1SH 7

III7*IIH a

I257<2SWI1

(2SS'17U t

I2S..27W 5

121I*17U 8
IIU'IIVIO
iismtui t
I2II>:8U12

I13M8UI1
H3itiani7

1I39*1TH 1

l2S9t3IU 1

im*2M 1
113>*1M 4

I239-1IU 1
I21«*IIU 8
I239T29U 1

IJOO+im 2

110l*2K I
I M , t2W 2

to* ttioa

"ii'

1.0 k

4 1 •

1.1 i

IS.O a

6.) l

3.1 •

. 1 . 0 .

11.0 m

t . l >

4.7 •
15.0 •

4.a •

i.* •
1.9 •
3.4 B

1.1 •

3.8. •

1.1 •

I.S M

i.a •

i.t >

O.S

8 . 7

0 . 7

6 . 0

13.1
6 . 6

16.0

16.0

1.1

9 . 8

16.0
9 . 4

7.4

1 .9

7 . 1

10. B

II.I

6 1

II.B

7 . 9

6 . 6

t ) )

11 16 11.14

I I 56 l l 4.

12 16 22.17

ll 16 »!"
12 16 17.11
11 36 l«.54

12 57 41.01
It 57 4|.B)

11 S7 41.62
12 37 4I.BI

11 17 11.44
17 17 SB.S0
I I 57 38.B6

11 57 17

12 S7 26.26
12 57 16.76

12 17 19.11

12 37 U.a i

12 ST U.SS

12 59 * . *?

t l 36 1.91

11 11 S6.91
I I 58 4.71

12 S8 16.16
11 SI 19.40
11 SI 19.50

11 18 41.61

11 39 3».U
11 19 1.51
It 39 11.19
It 19 11.71

11 19 3J.11

1 59 16.48
1 19 JI.S6

1 0 49.91

» 1 0.61
1 1 19.12

6

<4>"

17 19 T . 6

17 17 16.1

17 46 1.5

IE 11 21-1
18 3) 13.
11 11 » .

IT 7 31.
IT I 44.

27 41 35.

IT 40 i5.
IT 19 31.

27 19 30.
18 7 16

ie 6 7.*
11 1 14.b

18 21 11.1

2B SB 11.7

IB SI IS. 1

17 IT 1.4

17 it 46.9

IT 11 T.*

IS SO 11.4
IS 4T 19.S
28 41 6.1
» 41 66.t

IS 30 11.6

17 IS I6.B
18 9 17.3
IS 23 I I . I

IS 19 10.6
IB 16 17.4

18 IB J4.4

19 I I 1.0

IT 46 17.1

IS 9 41.0

IB 1 11.9

( 5 )

-9.S

'',1
5.4

3 . 2

-5.4

11.9
10.0

-16.2

4 \
I . T

I |

6

- 6 1

-6.9

- . 9

-11.2
- I . I

7.1

-6.1

l . l

B . I

9.S

- . 6

4 . 9

-7.1

1.5

4 -4

1.4

-5.4

0

-3.4

-1.1

6 . 6

19.4
1.4

15.1

1.3

10.0
- 1 )

- I6.S

-1.3

-I4.B

IS.l
16.4
-1.6

6 . S

6 . 1

0 . 0

40.1
(4.1

-6.S

- .0.0

" " • *

c

1

t

I

1

1

I

I

,

I

I

11

I I

I

*

11

I

I

•
I

I

I I

1

11

I

I

I

u t Ca^BBta

».„ H- «,.„

• • I I 06j.<:t

Calaxr, " ¥ • ID

Cilor, • , • 10

SalW. •„ • 20
i*d i> iu i , • , •

• t • *> <*!•"
• •11 c*jtet
star. *r - 17.1

abfct, »w • 10
13.160-81. I B>

• l u * o b j « [ . m^
Saa obiict, *v •

T-JO ga'4*'*>- "

U 60. SO talain

C l l l l f . Bs • 19
U 144, E galai)

Calmij, « ( • I I
..-11 »'«'

C.IMT. - , . 2U

C a U » . m^ • 10

Objaet, mv • 10

I Ml") , "j, -
t galaxr. «̂  •
111 oajict, m^

CilUT. «¥ • 19
Vrr? • !=• , OtO,

• B - 11 Ohjact

N49I1. S u l « T
• a - 12 Okjtct

• • 11 Objacc
B492T, t | a l *T

**4 ebjnt . • ,

(B)

•b - » ">

1

6)

a )

b)

IS 1 (cl

b)

*>

b)

• 19 >a)
19 (b)

, ^ , - l 7 . >

„ . l»>

W m
P

6. «• • B97O
7. v* • 6 ) u

19

(•J
Ib)

• • - 11.7,

. •* - 1*.«.
20

BIu* m l l n otiact. " ( - ID

Slua ofcjtct. • .

B.4 galBrr.'.,

Kcd Jtlt lT. ^

- 20
- ,7. » " - 4

• 10

«. , b . .0B7I

17 U!dR»4I.E. • , - "6. v ' - lM0

• 1417, («)

, v ' • 7501

w* - Sill

v" - 7600

9150

(V t l
aai I» r««hi (

lu ioa to Calac
- Ciaiorjr (1911) (v i t

- Oiitttrial MB* • » •

- Sclaidt (19*3) (V t *

973) a*4 pitvll* c
ic Cntn)

4tl*« lo Cilaciic
IPIla, •) (¥ rail

•ti*a is CalKile

•mate*

Cni»)

it* to Ca
C*atn)

I - Tilft (1972) <V taUiiva (o Ca

S - t,M. BuIbidM ' t o - y.llaon (19

I
I

n

n

I



342 E.A. Valentijn el al.

Table 6 Source counts Table S Chance Identifications
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Figure 1 The mean error in the measured R.A. of unresolved
or slightly resolved sources as a function of the map flux.

t J
3
2 O-Jl n .

Figure 6 Spectral index distribution of radio sources not identifi-
ed with Coma cluster galaxies with mp < 17.5.

Figure 5 Corrected differential N/S curve for radio sources not
identified with Coma cluster galaxies with mp<17.5 (solid line)

4 0 compared with the 5C5 survey-Pearson 1975, (dashed line).

" W o "Idintlfitd objtcti "objtct.
aourcti axptectd found

Table 7 Sources detected at 1415 MHz but not at 610 MHz

M M

1256

1256

1236

1256

1257

• 2WI

+ 27U4

* 28U2

• 28TO

. 27U2

•Jto'

< -0.05

< 0.06

< 0.54

« -0.01

< -0.06

5.3

4.7

2.7

4.1

4.4

s610

< 5.1

< 4.95

< 4.25

< 4.05

< 4.2

Figure 2 The 610 MHz detection limit on the peak sky flux
density as a function of the distance to the field centre.

Figure 7 The spectral indices as a function of S"r" for radio
sources not identified with Coma cluster galaxies with m,< 17.5.
The unfilled circles represent a homogeneous sample (see text).
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Figure 3 Contour maps of the extended and probable double radio sources. Contour values for all maps starting from the lowest
contour are: 2.5,5.10,15,25.35,50,65 and 80 mJy.

The F.W.H.M. synthesized beam is shown in the first map.
The positions of the identifications (table 4) are marked by crosses.
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Figure 3 {continued)
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V#Arr^:V,M.::

Figure 4 Finding charts for the identifications. Scale is 3.27mm. North is lo the top and east to the left. The arrows indicate objects
listed in table 4.
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Figure 4 (continued)
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Figure 4 (continued)
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Figure 4 (continued)
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Figure 4 I continued)
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A Westerbork Survey of Clusters of Galaxies
VI. Measurements of the Halo Radio Source in the Coma Cluster
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Summary. Westerbork observations at 610 MHz of the
halo radio source in the Coma cluster are presented. It is
shown that the total flux density of the radio source is
1.2 ±0.5 Jy and that its half power gaussian diameter is
33'. Furthermore we argue that the highly polarized
radio emission which was detected at the position of the
Coma cluster is actually associated with an extended
(> 2°) galactic feature. A lower limit of the intra cluster
magnetic field strength of 110" 7 G is derived.

Key words: clusters of galaxies — halo radio sources —
polarization measurements

Introduction
From comparison of his interferometric radio data and
single dish observations of Large et al. (1959), Willson
(1970) deduced the existence of a diffuse extended radio
source associated with the Coma galaxy cluster.

Using the Westerbork Synthesis Radio Telescope
(WSRT) Jaffe, Perola and Valentijn (JPV, 1976) con-
firmed the presence of this halo source at 610 MHz.
Because of the large angular size of the radio halo (~ 40')
the source was only detected by the shortest spacing
interferometers of the WSRT wiih baselines of 110 and
147A. In a full resolution map the halo did show up only
on a 3-4IT level. Since the shortest baseline interfero-
meter of this observation was strongly disturbed by
solar and television interference the uncertainties in the
derived flux density (4± 1.5 Jy) and angular size (~28')
were quite large. For this reason we have reobserved the
Coma cluster at Westerbork now using a shortest
spacing of 73 A. In this paper we present the results of this
observation and discuss in particular the total flux
density and polarization parameters of the radio emis-
sion from the direction of the Coma cluster.

The Observations and Results
i) Full Synthesis Map

The Coma cluster was observed at 610 MHz with the
WSRT in February 1976 for eight hours. The movable

telescopes were placed to give a shortest baseline of 36 m
providing a baseline coverage from 73 to 2886A in steps
of 147A. The observations were carried out at night to
minimize the effects of both solar and television in-
terference. Since we also aimed to study the polarization
parameters of the radio emission we repeated the obser-
vation in July 1976 to check the presence of any spurious
time-dependent polarization. Although this observation
was made in the day time, no serious interference
was noted. The field centre was RA=12h56"'36s,
DEC=28° 11 '42". The observations were calibrated and
reduced as described in previous papers of this series.
(JPV, 1976; see references therein).

We have combined the February 1976 observation
with three 1 x 12 h observations (shortest baselines of 54,
72, 90 m) of the previous Coma survey (JPV, 1976).
Before the Fourier transform the fringe amplitude data
were weighted by a Gaussian grading function which
had an edge value at the longest baseline of 3%. This
grading function resulted in a synthesized beam with a
half power beam widths of 1I0 by 2!5 while the first
negative sidelobes had an amplitude of 5% in the East-
West direction and were negligibly small in the North-
South direction. After subtraction of the 5 strongest
sources in the field from the observations the map was
"cleaned" and "restored" in the usual manner (JPV,
1976). Figure 1 shows the resulting map. Besides the
tailed radio source 5C4.81 we have mapped some of the
flux (~ 100 mJy) of the diffuse emission located at the
centre of the Coma cluster which JPV defined to be
Coma C.

ii) Visibility Amplitude

Because of the large angular extent of Coma C it was
only detected by the shortest baseline interferometer and
its structure can only be studied by investigating the
visibility amplitude from the 36 m baseline. (During one
observation the baseline projected on the sky of this
interferometer varies from 36 m to 20 m.) To do so, we
have subtracted the effect of all the 155 known sources
in the field (S£Jg>4mJy. Valentijn et al., 1977) from the
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26° 3000"-

28°20'00"

28" 10' 00"-

28°00'CI0"-

Fig. 1. High resolution total intensity map
of Coma C, the radio tail 5C4.8I and some

] •; j jl j \ f) ~ unresolved sources. Crosses indicate the
f \! il/V O i l - positions of subtracted sources

I i <1257 + 28W1=5C4.85, 1256+28W4and
' r sj j . - 1256+28W3). For clarity the 2mJy contour

, i / ,i _ surrounding Coma C is drawn thick.
^- ' ' Shaded regions inside Coma C refer to

known single radio sources. (Valemijn et a!.,
..; 'l> 1977). Contour levels are - 2 , - 4 (both

II dashed), 2,4, 8.16, 32, 60, 100. 150, 200.
I2h58m00s I2h57m00s i2h56m00s 250,300,35OmJy per synthesized beam

no'x'l

Fig. 2. Visibility amplitude of the total intensity and polarized in-
tensity versus the square of the baseline projected on the sky. The
contribution of 155 known radiosources in the field has been sub-
tracted. Dots and crosses refer to observations at respectively negative
and positive hour angles

observed visibility amplitudes. The remaining signal
should be due to Coma C alone. In Figure 2 the mean
remaining visibility amplitude from the two 36 m ba-
seline observations is plotted on a logarithmic scale as a
function of the squared projected spacing L. A Gaussian
circularly symmetric source brightness distribution
would result in a straight line on such a plot. A similar
plot for the polarized visibility amplitude is also shown
in Figure 2. Surprisingly this indicates a polarized
component with a visibility amplitude of 100-700 mJy.
In the two observations both the amount of polarized
flux density and even the polarization angle did repeat
with typical accuracies of respectively 10% and 5°. Since
the polarized component is even at the 36 m spacing
strongly resolved it cannot be attributed to one or a few
singie sources in the field.

Hi) Single Dish Measurements

To investigate whether this polarized radiation is really
associated with the Coma cluster or is due to a gradient
in the galactic foreground radiation we have reobserved
the region around the Coma cluster at 610 MHz using
two Westerbork telescopes as single dish instruments.
The relevant parameters of the telescopes are listed in
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Table 1. Parameters of the Westerbork single dish
observations

System temperature
Integration time
Noise temperature
H.P.B.W.
1 K source brightness temperature

320 K
90s

0.015 K
1.4°

lOJy

Table 1. We measured the cross correlation of the two
crossed dipoles of each telescope separately. Since the
dipole pairs of the two telescopes were positioned at an
angle of 45° with respect to each other the correlated
output signals of the two telescopes provided respec-
tively the Stokes Q and U values of the detected
radiation (e.g. Weiler, 1973). Since the absolute values of
the stray radiation for single dish measurements are
unknown at Westerbork we have limited ourselves to
determine differences (ATg) in the observed polarized
brightness temperature Tg during the scans with respect
to an arbitrary zero level. This is in fact exactly what we
need to know since any interferometer is only capable to
detect gradients inside its field of view. So any in-
terferometrically observed bright polarized component
should be detectable as a certain gradient of the T£
measured by a single dish telescope with comparable
sensitivity. We have made five strip scans (telescopes
fixed) separated by 0.7" in declination of one hour
duration each. Thus the level of the azimuth and
elevation dependent stray radiation was constant during
one scan. Figure 3 shows the results of the parts of our
scans in the Coma region. Although the zero level of
each scan separately is unknown the figure shows clearly
that there is a large diflerence in polarized brightness
temperature (A Tg ~ 0.5 K) East and West of the centre of
the Coma cluster. The diflerence is repeated in 4 out of
the 5 scans while two scans separated by 1;4 or more in
declination are completely independent. No excess
zlT(f>0.03 K of polarized brightness temperature at the
Coma cluster centre was noted, while an excess of at
least 0.06 K was expected if the interferometrically de-
tected polarized (lux was associated with the Coma
cluster. These observations prove that there exists an
extended ridge of polarized radiation just crossing the
Coma cluster. Since the anguiar size of this component
is typically >2° North-South we conclude that it is of
galactic origin and probably an extension of the North
Polar Spur which is located ~ 10° South. High polari-
zation percentages of 70% were derived by Spoelstra
(1972) for the North Polar Spur at 1415 MHz. In
addition we used the data from our single dish obser-
vations to simulate a WSRT 36 m baseline observation
with a computer program developed by Bajaja and van
Albada. This Fourier transform of the single dish data
resulted into visibility amplitudes which agreed with the
visibility amplitudes of the interferometrically measured
polarized component (Fig. 2). We conclude therefore

Fig. 3. The variations of the polarized brightness temperature (&Tg in
K) from the S strip scans at the position of the Coma cluster. The
plotted area of 3.2° diameter corresponds to the field of view of one
telescope at 610MHz. In each scan separately dTg is measured with
respect to an arbitrary zero level

that it is the gradient associated with the galactic feature
that causes the interferometrically measured polarized
flux density from the Coma region.

iv) Corrected Visibility Amplitude

In order to determine the visibility amplitude of Coma C
itself the polarized component must be subtracted from
the observations. In addition one should inquire, wheth-
er a possible gradient in total intensity of the galactic
component could have influenced the measured visi-
bility amplitude. One can distinguish two extreme
situations:

i) If the gradient in If is followed by a similar
gradient in the total intensity of the galactic component
(the polarization percentage is constant across the polar-
ized component), then also a contribution of galactic
total intensity has to be subtracted from the visibility
amplitude. In this case in addition to the polarized
intensity an equal amount (for polarization percentage
of 50%). of galactic total intensity should be subtracted
from the measured visibility amplitude. Since the in-
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Fig. 4. The corrected (see text) visibility amplitude or Coma C as a
function of the square of the baseline projected on the sky. The straight
line corresponds to the best fit of a circularly symmetric guussiun
brightness distribution

terferometrically measured total intensity is about twice
the measured polarized intensity (Fig. 2) no flux density
will be left over for Coma C.

ii) If there is no gradient in the galactic foreground
total intensity (the gradient in 7;" is caused by a
variation in the polarization percentage in the galactic
component), then no additional galactic total intensity
component has to be subtracted from the measured
visibility amplitude.

During the single dish scans we measured with a
third Westerbork telescope the total power signal. This
observation showed that there is no gradient of total
intensity >0.3K in the region of the Coma cluster,
indicating that the second possibility, is the most
realistic one.

The points in Figure 4 represent the mean of the
visibility amplitude of all observations after the sub-
traction of the polarized flux. The estimated errors are
derived both from the uncertainties in total power and
polarized visibility amplitudes and from the differences
in the detected visibility amplitude at positive and
negative hour angles. This means that assuming a
Gaussian brightness distribution for the source the error
bars also indicate the deviation from circular symmetry.
However, because of the relatively large errors in trie
visibility amplitude and the small range of observed
projected baselines the data do not provided narrow
constraints about the actual source structure. If we
assume a gaussian brightness distribution for Coma C
the least square straight line fit in Figure 4 corresponds
to a half power diameter of 33' + 5'. The corresponding
zerospacing total flax density is then 1.2+0.5 Jy. As
shown above the detected polarized flux is interpreted as
coming from the galactic foreground. This galactic
polarization however makes it impossible to investigate
the polarization parameter? of Coma C itself.

v) Comparison with Other Observations

Bozyan (1968) measured a total flux density from the
Coma cluster at 610MHz of 2.7 (+0.3)Jy. This value is
close to the sum of the flux densities (2.8±O.5Jy) of the
three strongest components: Coma C (1.2 Jy, this paper),
5C4.81 (1.1 Jy, JPV) and 5C4.85 (0.4Jy, JPV). JPV
derived a flux density for Coma C of 4 + 1.5 Jy with the
same technique as used in this paper. This value was too
high probably because of the inclusion of polarized flux
and the effects of solar and television interference. The
high flux density (S4 0 8 = 5 Jy) of Coma C as derived by
Willson (1970) was based on measurements by Large et
al. (1959) who probably overestimated the Coma radio
emission (S4 0 8 = 12 Jy) because of the inclusion of galac-
tic radiation.

In order to determine the spectral index of Coma C
high resolution observations at lower frequencies are
needed to distinguish between the contributions from
the tailed radio source 5C4.81 and Coma C. For
5C4.81 JPV found <4*£5 = 1.13 (S^v""). If we assume
that the spectral index of this radio source stays con-
stant at lower frequencies, then Coma C should have a
spectral index of 1.3+0.1 in order to account for the flux
densities as detected by various observers (listed by
Willson, 1970) at low frequencies. If the spectrum of
5C4.81 flattens at lower frequencies then the spectral
index of Coma C would be even higher.

vi) The Intracluster Magnetic Field

Perola and Reinhardt (1972) have shown that if the X-
ray flux of the Coma cluster is interpreted to be Inverse
Compton radiation and the radioemission is produced
by synchrotron radiation from the same population of
electrons, then the magnetic Field strength of the cluster
is ~ 10"7 G. (Felten and Morrison, 1966). The detection
of the X-ray Fe line in Coma (Serlemitsos et al., 1977)
however has proven that the major part of the X-rays
from Coma should be of thermal origin. If we now take
an upper limit of the Inverse Compton power of 25 % of
the total X-ray power and compare this with the
decreased radiopower of Coma C found herein using
Felten's and Morrison's formulas a lower limit on the
strength of the intra cluster magnetic field of 1.107 G is
derived. The angular scale of this magnetic field will be
similar to the scale of Coma C (~ 33' corresponding to
~0.7 Mpc) and the field will fill the central part of the
Coma cluster. This value is similar to the one found by
Perola and Reinhardt, since both the radio and Inverse
Compton X-ray intensity of Coma have been decreased
by a similar amount. We mention this value however
since it has been derived using more accurate recent data
and in order to show that also the lack of Inverse Comp-
ton X-ray radiation can give constraints on the strengths
of magnetic fields. In a magnetic field of 10 ~7 G 2GeV
electrons scatter the 3K background photons into the
observed X-ray energy band and emit synchrotron
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radiation at 2 MHz. (Psrola and Reinhardt, 1972). In the
lower limit on the magnetic Held derived above the
differential energy spectrum of the relativistic electrons
in Coma C was presumed to be constant in shape form
3SGeV (electrons radiating at 610 MHz) down to
2GeV. This is generally justified for extended trans-
parent radioemitters and is also indicated by the dif-
ferent measurements of Coma C from 10 MHz to
1400 MHz which indeed show a constant spectral index
(Jaffe, 1977) in spite of the fact that these measurements
did not distinguish Coma C and discrete cluster ra-
diosources. The minimum "equipartition" field strength
for equal electron and proton energy densities and a
filling factor of I i s410" 7 G.

This study has shown that because of the confusion
with galactic polarization it is essentially very difficult to
investigate the polarization parameters of extragalactic
radio sources with angular diameters as large as 30'. In
order to continue the investigations of halo cluster radio
sources it is better to observe more distant Abell clusters
where the angular diameters are smaller. A Westerbork
survey of this kind is in progress.
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Summary. Maps of the radio-brightness distribution at 5,
1.4 and 0.6 GHz of the wide-angle head tail radio source
1601 + 17W1 associated with the elliptical galaxy N 6034
in the Hercules cluster are presented. At 5 and 1.4 GHz
the Westerbork observations also provided polarization
data. The spectral index distributions ao;£ along the trails
are given. The remarkable asymmetric source structure
is discussed and interpreted as the result of an ejection
not normal to the velocity of the galaxy. A simple ram
pressure model then suffices to describe the observed
differences in size, flux density and spectral index distri-
bution of the two trails of the radio source as due to
different expansion rates of the blobs in the two trails. We
derive a lower limit for the product of the density and the
temperature of the intracluster medium neT7^510" s

(I07cm~3 K) in this part of the Hercules cluster.

Key words: head-tail radio sources — clusters of galaxies
— intra cluster medium

I. Introduction

The radio source 1601 + 17W1 was detected and iden-
tified with NGC 6034 in the previous survey at 1415 MHz
of the Hercules Cluster (Jaffe and Perola, 1975). Because
of its distance from the field centre of that survey its flux
density was strongly attenuated and only an unresolved
peak was detected. Reobservation of the Hercules super-
cluster at 610 MHz has shown that the source is extended

Send offprint requests to: E. A. Valentijn

Tnfjfe I

and has a peculiar head-tail structure. It has therefore
been observed at 4995 MHz and again at 1415 MHz. The
results of the observations at the three frequencies
are presented in this paper, along with a discussion
on the origin of the peculiar structure. A value Ho

= 100 km s" l Mpc~' is used throughout.

II. Observations and Data Reduction

The operation of the W.S.R.T. is described in Hogbom
and Brouw (1972). The detailed observation specifi-
cations are listed in Table 1. At 610 MHz a full synthesis
observation was carried out, which after 4 x 12 h observ-
ing time provided a baseline coverage between 54 and
1476 m in steps of 18 m. Both at 1415 and 4995 MHz one
half day observation was made using baselines varying
from 72 to 1440 m in steps of 72 m. The observations were
reduced as described in previous papers of this series
(Jaffe and Perola, 1975; Jaffe and Perola, 1976; Jaffe et
al., 1976) using standard WSRT reduction programmes
(van Someron Greve, 1974). Fourier transforms of the
observations resulted in maps of the brightness distri-
bution of the observed field. Those maps were cleaned
from remaining side lobes by means of subtractions of 5
functions using the theoretical synthesized antenna pat-
tern. As a next step subtracted components were restored
in the map using only the central positive part of the
antenna pattern. The effective r.m.s. (la) noise values in
those final maps are given in Table 1. For all the
observations the position of the field centre was near
1601 + 17W1, so that the attenuation of the sky flux
density due to the primary beam is less than 10%. The

Frequency

(MHz)

610
1415
4995

Date

Aug.-Nov. 1973
Febr. 1976
Jan.1976

Field centre

RA11950)

16"O2m 216
16*01™ 0 »
l6h01m16:3

DEC (1950)

17' 5'24 "
17' 12' 0.0"
17 2012 "

Resolution

FWHM

55" x 189 "
24" x 83 "
7"x 23.5"

r.m.s. noise

(mJy/beam area)

1.0
0.3
1.2
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Fig. 1. The 1.4 GHz brightness distribution of NGC6034. Contour
values are 0.75,1.5,3,6,12,18,24.30,60,120and240mJyperbe.im.The
F.W.H.P. synthesized beam is plotted in the lower right corner
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contour maps in this paper are reproduced from the final
maps and are not corrected for this primary beam
attenuation, while the flux densities quoted in the text are
corrected.

Each telescope of the Westerbork array had two
crossed dipoles, while each interferometer consisted of
two telescopes with dipole pairs positioned at an angle of
45° with respect to each other. This allowed us to measure
the Q and V Stokes parameters, and to obtain a map of
the linearly polarized intensity at the three frequencies
(Weiler, 1973). The noise in these maps is higher by a
factor |/2 than in the total intensity maps.

III. The Results

i) The 1415 MHz Map

The 1415 MHz observations reveal the general structure
of the radio source (Figs. 1 and 2). It consists of three
main components, an unresolved one (which we shall call
the "head"), which contains 68 % of the total flux, and two
extended components elongated NW and SW, at an
angle of about 90° to each other. These two components
have a maximum extent, measured from the position of
the head component from which they appear to emerge,
of 57 (NW) and 411 (SW); they are also slightly resolved
in the NS direction, where they have a maximum angular
extent of 66" (NW) and 142" (SW). The flux of the three
components at all three frequencies is given in Table 2.

Figure 3 shows the amplitude and direction of the
electric vector of the polarized radiation. The polar-
ization percentage of the unresolved component is about
1 %. This value however is rather unreliable, because it is
close to the percentage that is caused by instrumental
imperfections. The SW component has a polarization of
12% (4<T), and the NW component of 15%, but only at a
2a level.

Fig. 2. Radio photograph of the l.4GHz map of N6O34. The scale
in Dec is compressed by a factor 3.4

ii) The 610 MHz Map

This map is reproduced in Figure 4. Because of the larger
beam size at this frequency, the two extended com-
ponents are partially blended. The angular extent of the
NW component is 8.'5, significantly longer than at 1415
MHz. Due to severe interference, the polarized flux could
not be determined at this frequency.

Table 2

Frequency

(MHz)

610
1415
4995

Flux density
compact component
(mJy)

748(101
484 (8)
299 (3)

Flux density
northern trail
(mJy)

173
79

Flux density
southern trail
(mJy)

269
ISO

Total flux

Italy)

1190(15)
713(12)

Total power

(WHz-'sterad"1)

1.4 10"
8.2 10"
3.5 10"
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Fig. 3. Distribution ofthe direction and amplitude (2 mJy per cm) ofthe
electric vector of polarized radiation of N6034 at 1.4GHz. For
reference the l.SmJy total intensity contour is plotted

Hi) The 4995 MHz Map

This map is given in Figure 5. The SW and NW
components are below the noise, but the "head" com-
ponent is now partially resolved. The bulk of radiation is
still coming from an unresolved core (R A < 2", DEC < 6")
containing about 80% of the flux. The remaining 20%
comes from a feature which extends 60" to the North
(P.A. = 7°) and 42" to the South (P.A. = 196°), before
trailing into the noise. Confusion due to the core does not
allow us to measure the E-W width of this component,
but we note that it certainly extends about 11" to the East
of the peak, and that it deviates by about 10° from a
straight line through the core.

We find a polarized flux of 5 mJy at the position ofthe
core, which corresponds to 3 % polarization, at a 4o- level.
The position ofthe electric vector is in the N-S direction.

iv) Spectral Index Distribution

The values of the spectral indexes ao;£ and aj 4 l a j j s
In ^ /C \

- •;—1-~ I were determined in the following way. First

the observations at the highest frequency were convolved
to the lower frequency by means of new Fourier trans-
forms. In order to get a similar synthesized beamsize at
the two frequencies, only spacings which at both frequen-

17° 28' 0 0 " -

17° 24' 0 0 " -

17° 20' 00*-

17° 16' 00" -

17° 12' 00"-

I I ' I I I I
16H01M40S 16H01M20s 16H01M00s 16H00M40S

Fig. 4. The 0.6GHz brightness distribution of N 6034. Contour values
are - 6 (dashed), 4,6.10,18,34.66,130.25Oand 500 mJy per beam. The
shape of the synthesized beam can be seen from the two unresolved
point sources in the field

! I

17° 22 00 — \

17° 21' 3tf -

17° 21' Off —

17° 20 30" -

17° 2 0 ' 0 0 " -

17° 191 30" -

17° 19' 00" -

17" 18' 30"

I I I I I I I i
16H01M20s 16H01M185 16H01M16s I6HO1HKS

Fig. 5. The 5 GHz brightness distribution of N 6034. Contour values are
- 2 (dashed), 2,4,8,16,32,64,125 and 160 mJy per beam. The F.W.H.P.
synthesized beam is plotted in the lower right corner
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Fig. 6. The spectral index distribution aJ:S along the northern (Fig. 6a)
and southern (Fig. 6b) trail of N 60' 4, see text

cies have the same length in units of A were used. The
resulting maps were "cleaned" and "restored" as de-

! scribed above. For the head of the source we obtained
j af.4=0.42±0.02and <xo;2= 0.49±0.04. In Figure 6a and
1 b the distribution of ot£;J along the NW and SW

components are shown. The errors quoted arise from
noise errors and uncertainties in the primary beam
attenuation. One point («=0.45) of the SW component
was corrected since the intensities in the map were shifted
due to remaining side lobes of the head. It is remarkable
that while in the SW component the spectral index rises
slowly from 0.5 to ~ 1.0, in the NW component it is
throughout ~1.0. The average values of the spectral
index for the SW and NW components are 0.60 and 1.0
respectively.

v) The Optical Counterpart

Jaffe and Perola (1975) identified the radio source 1601
+ 17W1 with the elliptical galaxy NGC6034. They
measured a position of the estimated centre of the optical
image of the galaxy: RA = 16h01m16!2, DEC =
17°20'12\ In Figure 7 the field around NGC6034 is
reproduced from a red Palomar Sky Survey glass copy.
The diameter of the bright part of the optical image of the
galaxy is ~ 30". This introduced an error in the estimated
position of the centre of the galaxy of the order of 3". The
difference between the optical position and that of the
peak in the head component at 4995 MHz is - 3" in RA
and +3" in DEC, indicating a positional coincidence
between the radio peak and the galactic nucleus.

The galaxy NGC6034 is an outlying member of the
Hercules cluster (A 2151), which, together with A 2147
and A 2152, form a supercluster with an angular extent
on the sky of ~4°. From redshifts published in the
literature we have calculated a mean radial velocity of
10880kms"1 for A2151 with a three dimensional ve-
locity dispersion of 1087 km s "' (Burbidge and Burbidge,
1959). The radial velocity of NGC 6034 is 10200 km s"'
(Strittmatter et al., 1974), that is 680kms'1 below the
cluster average. The apparent photographic magnitude
of this galaxy is 15.2 (Zwicky and Herzog, 1963), which, at
the distance of 110 Mpc, corresponds to an absolute
Mp=-20.1.

IV. Discussion

i) Wide Angle Tails

This radio source can be classified as a wide angle tail
(WAT). Not many examples of such sources are known
(e.g. 3C465). Recently a certain number have been found
in radio studies of clusters (Vallee and Wilson, 1976;
Owen and Rudnick, 1976). To our knowledge so far no
WAT sources have been found outside clusters of
galaxies. Their morphology is considered intermediate
between the normal doubles and the tail sources (7) like
3C129, and is attributed to a process of interaction with
the intracluster gas through which the parent galaxy is
moving at high speed (^lOOOkms"1), similar to that
which is thought to be responsible for the T sources
[Jaffe and Perola (1973), hereafter referred to as JP;
Owen and Rudnick (1976)]. Unfortunately a systematic
study of the properties of the WAT sources is not yet
available, nor has a detailed model been specifically
developed for the them. In this discussion we shall limit
ourselves to the properties which make this object rather
remarkable: the difference in length, brightness and
spectral index distribution between the North and South
components, and the structure of the "head" at 5 GHz.
First however we comment on the effects of the in-
tergalactic medium.
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Fig. 7. Composite picture of 1.4 GHz (Fig. 2) and 5 GHz (Fig. S) radio emission superimposed on a red Palomar Sky Survey copy of the optical field.
The accuracy of the superposition is ~ 3 "

58



34 E. A. Valentijn and G. C. Perola: Radio Tail Associated with NGC6034

ii) Intergalactic Medium

In the case of the T sources, JP assume that far from the
head, where the width of tht tail stays practically
constant, the internal pressure is balanced by the thermal
pressure of the surrounding medium. If we apply this
concept to the NW-component (Heq=;1.6uG, for an
equal contribution of pressure from relativistic protons
and electrons, in the prominent roundish blob at
R.A.=;16h0r07 !) we find n eT 7&510' 5 , that is the
surrounding plasma needs to have a density at least equal
to 51<T 5 cm- 3 if T=;107K. Since NGC6034 is an
outlying member of A2151, we note the order of-
magnitude agreement between these values and those
deduced for the outer part of rich clusters on the basis of
free-free interpretation of their X-ray emission (e.g. Lea
etal., 1973; Cavaliere and Fusco-Fermiano, 1976). In the
case of the Hercules super-cluster, the faint X-ray
emision detected so far comes from A2147 (Cooke et al.,
1977), and a more sensitive X-ray observation is therefore
needed before a quantitative comparison between the
radio and X-ray properties can be made.

Hi) The Asymmetry of the Source

The SW-component is brighter than the other, and
although the resolution in 8 is rather unfavourable for us
to observe the actual difference in surface brightness, we
estimate that the maximum internal pressure is about 2-3
times larger than in the NW-component. This could be
due to a difference in the thermal pressure around the
two components or to an excess of ram pressure on the
SW-component. The latter explanation can also account
for the difference in length, flux and spectral index. We
shall prove this in the context of the "discrete blob"
model developed by JP for 3C129 and NGC1265, but
only in a partially quantitative way, both because the
observed structure is not as clean and regular as in those
sources, and because the model itself is probably a very
simplified description of the reality.

Let us assume that the two extensions in the S GHz
structure of the front indicate the direction along which
the pairs of blobs are ejected on opposite side. From an
inspection of Figure 7, one can see that the difference in
length of the two 1.4 GHz components cannot be attri-
buted to projection effects, if the two branches are a
symmetrical continuation of those two extensions.
Assume now that the members of each pair are intrinsi-
cally equal, and that the ejection velocity ve makes an
angle /? with the velocity of the galaxy vg which differs
significantly from 90°. Since the velocity of each blob
relative to the medium goes as »=i>oexp(-2t/T), where
the characteristic expansion time 7" should be the same
for two identical blobs (that is independent of v0), the
ratio vjv2 of the velocities of two blobs ejected at the
same moment will depend only on ft and vjvs, and be
constant so long as the ram pressure overcomes the

thermal pressure for both plasmoids. Correspondingly
the internal pressures^ram pressures will be in the ratio
(vl/v1)

2, the blob radii in the ratio (vz/vl)
112 and the fluxes

(due only to the difference in the adiabatic expansion
losses) in the ratio (u2/t>1)"

2""1. From the present
observations it is not possible to identify a pair of blobs in
the two components. However, as a numerical exercise,
let us take a ratio i>,/t>2 = 1.73 (corresponding to 0=60°
and vjvg=\). This gives a ratio of 3 in the internal
pressure and a ratio of 3.7 in the fluxes (with a=0.7),
which compares reasonably well with the ratio observed
between the two "peak" fluxes in the two components.
There is no contradiction with the assumption of a
thermal pressure equilibrium for the main portion of the
NW-component, if the velocity of the northern blobs as
observed now is comparable to the external sound speed.
Moreover, the northern branch is longer, as expected
from this model, because the stopping distance of the
blobs, D=vof2T is smaller by a factor 1.7.

A difference in the spectral index distribution is also
expected. The steepening of the spectral index a in the S-
component can be attributed to radiation losses (syn-
chrotron and inverse Compton). The expansion would
affect very strongly the value of the frequency vc (see JP
for its definition) around which the steepening is
observed. From Equation (8) in JP, vca(r2/r,)~4, so, to
pursue our calculation, when 1415 (MHz)/vc=0.2 in the
SW-component (corresponding to an increase of a from
0.5 to 0.7), it should be 0.6 in the NW-component, and a
about 0.9-1.0. The spectral index in the NW-components
is in fact about 1.0, and stays practically constant along
its length. This independently confirms our hypothesis
that in the NW-component the expansion is now practi-
cally halted. In these conditions, the decrease of vr with
time depends only on the rate of the radiative losses. By
requiring that vc does not significantly decrease along
the NW-component, the radiative lifetime can be de-
duced and it turns out to be 5107 year. Since the
maximum distance from the galaxy along the N-
component is about 150kpc, the radiative lifetime re-
quires a galaxy speed of at least 3000 km s ~'. Such a large
value is typically derived, using the same argument, in tail
radio sources, but there is no evidence, on statistical
grounds, from the measurements of the galaxy redshift,
that such speeds are generally attained (in our case the
radial velocity of the galaxy is only 680 kms" 1 below the
cluster average). This fact suggests (cf. Pacholczyk and
Scott, 1976) that particles continue to be accelerated well
after the ejection, and that this process succeeds to
compensate partially for the losses, and insures the very
long extensions that are found to be detectable in several
tails.

We conclude that the gross properties of the extended
components of this source can be understood on the basis
of a model where the radio emitting material is expelled
from the galaxy in opposite sides and at an angle
significantly different from 90° relative to the galaxy
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speed. The latter point is important, because the ejection
angle is expected to vary at random from source to source
in models where the T and WAT radio sources are
assumed genetically similar to the normal doubles, and
the bifurcation process is thought to take place in the
nucleus of the galaxy, presumably unaffected by the
external flow. Note in this respect that for the two
"symmetric" double tails 3C129 and NGC1265 an
ejection angle of about 90° had to be postulated (JP),
while there are no other objects of this class (T and WAT)
that have been studied so far in sufficient detail.

iv) The "Head"* Component

Finally, we comment on the remarkable structure of the
head as revealed at 5 GHz. Most of the flux in the head is
contained in an unresolved component. Because its
spectral index (a* 0.5) is not that of typical nuclear sources
(a=0), it is not clear whether it comes from a very
compact region or from a volume with size of 1 kpc or so.

The head flux is however a large fraction (about 65 %)
of the total flux of the source and this indicates that the
galaxy is at present in a particularly active phase. It is
remarkable that the two extensions at 5 GHz follow
almost a straight line over about 55 kpc, although they
contain only a tiny fraction of the flux. By comparison,
the front branches of NGC 1265 (Miley et al., 1975;
Riley and Pooley, 1975) contain bright condensations
and show a gentle bending which is already evident on a
scale of less than 10 kpc (without taking into account the
unknown projection effect, however). This suggests that
either the front of NGC 6034 is shielded from the action
of the flow over a scale larger than the main body of the
galaxy, or that the two extensions have a higher rigidity
than in NGC 1265. High momentum per unit mass, but
low content of relativistic plasma, has been postulated
for the relativistic beams, .introduced for modelling of
sources like Cyg A (Blandford and Rees, 1975). In fact we
do not know how the energy is transported outside the
nucleus and how the discrete condensations observed in
the tails are generated. The comparison suggests that the
presence of the bright condensations, as observed in
NGC 1265 to trace the U form of the head, correlate with
a relatively low rigidity and vice versa. In a beam model
this can be related to the process where the highly
directional kinetic energy is randomized into relativistic
particles and magnetic field energy.

Another peculiarity of this source is the sharp bend
between the northern extension of the head and the N-
component. Such a bend is not expected if identical
"blobs' with the same velocity are ejected in succession,
but it can be explained if the strength of the current
activity is larger than the one which led to the extended
branches.

These comments are very qualitative, but their aim is
to draw attention to some aspects of the T and WAT
source phenomenon, which in their complexity seems to
show some hints for a better understanding of radio
source problems.
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CHAPTER 6: THE RADIO LUMINOSITY FUNCTION OF THE HERCULES SUPERCLUSTER AT 610 MHz

Summary

Three WSRT full synthesis observations at 610 MHz of an area comprising the Hercules super-

cluster (A2151 and A2147) yielded the detection of 40 galaxies brighter than m • 17.5 - 18. 28 of

these, which are members or probable members of these clusters, are used to construct the Radio

Luminosity Function (RLF) separately for the elliptical and SO galaxies, (E+SO), and the spiral

and irregular galaxies, (S+I). The results confirm the finding based on the 1415 MHz survey (Paper

II) at a somewhat higher statistical level. The RLF of the (E+SO)'s does not show significant

differences with respect to both other clusters and the galaxies in the general field. On the

contrary the (S+I) galaxies appear to be weaker radio emitters when compared to the Coma Cluster

(PaperIII) and to a sample of nearby galaxies, the difference being especially marked for the very

bright spirals (M < -20).

Keywords: clusters of galaxies, radio sources, luminosity function

I. Introduction

The two Abell clusters A2151 (Hercules) and A2147 are inside the cluster n° 7 in field 108

of the catalogue by Zwicky and Herzog (1963). Extensive redshift measurements (Burbidge and Bur-

bidge, 1959; Bautz, 1972; Tarenghi, 1977; Tarenghi et al, 1977) have proven that the two AbelL

clusters, which appear on the sky at an angular separation of less than 2°, are approximately at

the same distance from us, and that the Zwicky cluster can be considered a "supercluster" with a

mean recession velocity of about 11.000 km sec . The central v-egions (R < 0?6) of A2I51 and

A2147 have been surveyed with the Westerbork radio telescope in the continuum at 1415 MHz (Jaffe

and Perola, 1975, Paper I in this series), and the 9 bright cluster galaxies identified with a

radio source were used (Jaffe and Perola, 1976, Paper II) to estimate the radio luminosity function

of the two clusters, separately for the elliptical and SO (E+SO) and for the spiral and irregular

(S+I) galaxies. In PaperII it was shown that, while the (E+S0)'s have a radio luminosity function

which agrees with both that of the other clusters surveyed at 1415 MHz (Coma, A2197, A2I99), and

with the galaxies in the general field, the (S+I)'s seem to be weaker radio emitters with respect

both to the Coma cluster, and to a nearby sample of galaxies of the same type.

Like the Coma Cluster (Jaffe, Perola and Valentijn, 1976, Paper III), these two clusters have

been reobserved at 610 MHz, where the wider extent of the area surveyed in a full synthesis

(R < 1.6) allows to include a larger number of galaxies and therefore increases the statistical

weight of the results. These observations have been fully reduced, and in this paper we present

the data on the sources identified with galaxies brighter than about m » 17.5. The main purpose

of this paper is to derive from chese data the radio luminosity functions. In Sect. VI comments
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are given on the properties of two strong sources, which have been suggested by Mills and Hoskins

(1977) to be the components of a double identifiable with a member of A2147, but could well be un-

related to each other.

For all the galaxies surveyed which are in the catalogue by Zwicky and Herzog (1963; called

ZH hereafter) we have adopted a morphological classification based on plates taken with the Mayall

4 m telescope and a cluster membership based on redshift measurements (Tarenghi et at, 1978).

Mpc"1).

The distance to the Hercules supercluster used in this paper is 110 Mpc (H - 100 km sec-1

II. Observations and data reduction

The general procedure followed in these observations and in their reduction are identical to

those described in the earlier papers oi this series, and in particular we refer to Papers II and

III. The specifications of the observations at 610 MHz are given in Table I, and the list of cali-

bration sources in Table 2.

Table 1. Observation specifications

Frequency Field Centre (1950.0)

(MHz)

610

610

610

I6h 02° 52?O

17° 53' 0O'.'O

idem

I6k 02™ 03?0

17° 05' 2V.'O

I6h 01 m 13?5

16° 17' W o

Obs. Dates

(year + sidereal day)

75321
75332
76210
76270

75225
75227
75236
752"tl
75251*
75256

73233
73239
732U6
73250
73263
73319

7533U
7601U
76015
76032
76O3U
762?O
76223
7622"i

Shortest/Incremental

spacing (m)

38/18

5V18

5V18

36/18

Table 2. Calibration Sources

Source name

3Cl(8

3CU7

3C39O.1

F.A.

oih »
05 38

1I4 58

(1950.0)

m Ii9?887

••3.503

56.66>t

Dec

+ 32°

kg

71

(1950.0)

1.9

52

20V63

1.2.87

11.17

37.78
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The three full syntheses (4 x 12 ) at 610 MHz are centered the first on A2151, the second

on A2147 and the third in between. The last one served to map the wide-angle tail source associated

with NGC 6034 and described in Valentijn and Perola (1978). The position of the three radio fields

is shown in Fig. 1, which is a reproduction of the distribution of galaxies brighter than m » 15.7,

from ZH. The purpose of this figure is to show the coverage of the two clusters. The useful field

of a full synthesis is limited to a circle with 1?6 radius, due to the primary beam attenuation

08

Figure 1: Radio aovarage at 610 MHz of A214? and AB151. The
distribution of the galaxies brighter than m =15.7
is reproduced from ZH. The outer line represents the
maximum coverage obtained aombining the three full
syntheses. The inner line corresponds to an attenu-
ation factor of 3 with respect to the radio field
centres.
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(its pattern is given in Paper III)• At that distance from the radio field centre the attenuation

is a factor of 56. In Fig. 1 are also drawn the circles where the attenuation is a factor of 3,

which show that A2I47, whose galaxies are spread over a larger area than in A215I, and was there-

fore not properly surveyed at 1415 MHz (Papers I and II), is well covered by the present work.

The synthesized beam has a FWHM of 53" in R.A. and 53" cosec 6 in Dec. The first two side-

lobes have heights -5% and +3% of the central peak, and are located 1.5 and 2.5 beamwidths away

from it. The increments of 18 m in baseline result in a strong elliptical grating ring with semi-

axis 1?56 in R.A.

The effective noise a in the three maps after the cleaning procedure turned out to be 1 mJy

per beam area. The search of the sources was stopped at the 4a level, which should be considered

our completeness limit for "point"sources.

The measurement of the 4 Stokes parameters allowed the production of polarization maps, which

however could not be used properly because of bad interference and of contamination by structures

in the galactic background.

To exploit the improved system noise of the WSRT at 1415 MHz, we also obtained a further

4 x 12 observation at this frequency of A2I5I, with the field centre coincident with the obser-

vation described in Papa: I. However, because of dynamic range limits and errors in calibration

the improvement was marginal. Of the new 1415 sources the two identified with bright galaxies are

detected also at 610 MHz. For these sources (20W9 and 20W12) we give in Table 4 the 1415 MHz po-

sitions, which are supposed to be more precise than those at 610 MHz.

Table 3. 610 MHz parameters of

A2151

(1)

16O1*17W1

1602*17111

16O2*17»2

16O»17UI>

16O3*17W2

1603*171(3

I6o>t+l8wi

915

111.5

15.9

1319

B.7

13.5

392.8

*21Vr

1559*l6ui 6.5

1559*l6V2 35

1600*16V10 22.5

16O1*15W1 160.14

buy)

(3)

1190
±15
114.2

2.0

16.1
1.0

13149
25

6.9
1.5

13.8
1.0

673
t

U2
10

2ll.3
1.1

192
6

~"'15
"610 0 -PA

(M (5)

0.61 510",-1

±.03
-0.16

.03

0.66
.Hi

0.63 GO":,90°
.03

0.86
.30

0.53
.111

0.19 500",-

cluster radio galaxies detected at 1415 MHz

IC GUU) Cal. »p Kotu

naac type

(6) (7) (6) (9)

II K6O3"i E 15.2 Hide angle ta i l eource, aee Valentijn m l

Perole (197S)

II K6040B so 15.7* In double tyatea vith tpirel

I 16OI1IA B 15.3* In double tyttea with an SOvl6*-l6?5.
Radio lource could be cither galaxy

II »60li7 E 15.li 4C17.66, tee Jaffe and Ferola (197M

I IC1162 SOp 15.2 Slightly confuted by nearby veak aourcet

III IC1185 Sa 15.1 Clauiried E in Pap.II

II K6061 E i ; . o Hide angle t a i l aource (tee u p ! .
Hew flux at 1W5 HKz: U6;B aJy

0.3
.a

0.66
.07

60",10°

65",90°

E 16.5* Confined by nearby source, flux very
uncertain

E l>t.9 Slightly confuted by nearby nourc«. The double
atructure i s evident *t llil5Mte, see P*p.I

Zvl0a-82 E 15.5

I .Anon

II ZV1O6-73

I

III Anca 16.5* Double radio touree, tee Pap.I for the aap
at H15 m i
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III. The cluster galaxies already detected at 1415 MHz

In Paper II the galaxies brighter than m - 17 detected in the 1415 MHz survey are listed with

their measured redshift. All but one (1601+I6W3) are cluster members, and these are listed again

in Table 3 along with the radio parameters at 610 MHz. In Col. 2 the map flux, that is the flux

uncorrected for the attenuation, is given. For the extended sources a numerical map was produced

and the flux determined by integration over this map. The sky flux is given in Col. 3, along with

che uncertainty. This was obtained by combining the estimated error in the map flux and the error

in the attenuation factor, which was taken to be IORJJ, where R is the distance from the field

centre in degrees. A probable error of 5% in the absolute flux density scale should be added to

the uncertainty reported here. In Col. 4 the spectral index a between 610 and 1415 MHz and its un-

certainty are given. For the resolved sources the maximum extension, and its position angle when

the source is elongated in one direction, are reproduced in Col. 5. In A2151 two sources are well

resolved, namely I6OI+I7WI and 1604+IBW1. They are of the wide-angle tail type: a multifrequency

analysis of the first is published in Valentijn and Ferola (1978), a similar analysis for the

second will be published later (but see the 610 MHz map in Fig. 3). The structure at 1415 and 5000

MHz of the strongest source in this cluster, I602+17W4, is discussed in Jaffe and Perola (1974).

At 610 MHz the beam is slightly broadened in a way consistent with the size nd structure of this

source as determined at 5000 MHz. The two extended sources in A2147 (1559+16W2 and 1601 + 15W1) are

close doubles at 1415 MHz, and the extension measured at 610 MHz is consistent with the one deter-

mined at the higher frequency.

The identification class in Col. 6 (as defined in Paper I) is the one determined at 1415 MHz,

where the positional accuracy is better. The position of 1603+I7W3 determined at 1415 MHz with the

new observations confirms that its identification with IC1185 is rather improbable (IC III).

The N6C and IC catalogue numbers in Col. 7 are assigned according to Corwin (1971). The ZH

galaxies not in those catalogues have been assigned the sequential number in ZH field number 108.

The morphological classification (Col. 8) of the ZH galaxies is somewhat different from that given

in Paper II. The only change that could matter for the construction of the Radio Luminosity Function

(RLF) concerns IC1185, from E to Sa; this galaxy however was not and is not used for that purpose

because of its IC III. The photographic magnitudesm in Col. 9 are either from ZH, or have been

estimated by us on the blue print of the Palomar Sky Survey (see Paper I; these magnitudes are in-

dicated by an asterisk, and are affected by an uncertainty of + 0.5). Two ZH galaxies (N6040B and

N6041A) are in a double system, and therefore we had to subtract from the ZH magnitude the esti-

mated contribution of their companion. Note that the SO companion of N6041A could also be identi-

fied with the same radio source, on the basis of the positional error at 1415 MHz, and that we

have chosen the brighter component of the double for the construction of the RLF.

IV. New identifications at 610 MHz

For all radio sources found down to the search limit in the three 610 MHz syntheses an optical

identification was tried on 48" Palomar Schmidt photographs, and those which were identified with

galaxies brighter than m « 17.5 - 18 are listed in Table 4. These sources are divided in two groups
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Table A. 610 MHz radio sources identified with galaxies brighter than m -17.5

Holl or A3131 l

.,(1950.01 •ywso.ot »u>

(1)

ion

aota

(3)

W i t
9<M

15 59 11.3

» n ai.s
U 39 50.T

If 02 30.5

if oi n .o

If <K J9.7
1( 0? kj.9
16 0] 00.1

(k)

k.o

19 09 « .9 k.o

IT 31 18.k k.J

17 21 39.3

17 33 20.1

IT 00 kT.S

1.0

(5)
I0.T
«1.7
lk.1
3.7
1.7
a.i

u.a
i.a

k.k

$2O3.fIB k3 3O.kl

18 kk 2f.71
17 kk ok.a k.a

100", JO"

20119 If 03 19.1 IT »3 39.9 k.l

3ono*
20H10»

10VU

20V12

10W13

i t 03 ss.k
If Ok 00.5
It Ok 3».k

It Ok 33.0

1( 05 25.0

17O2 0 3 . S » M . ,
IT 02 10.l)
IT 3T 38.0 5.3

IT kf 3 1 . 1

ia 3f n.o

5.5

5.3

k.3
o.a
k.3
1.0

3O.f 75".
5.0
T.3
1.0

10.5
3.0

(arcnc)

(7)

13.5

- 5 . 8

-io.a

- a.T

6.3

75.k

10.0

- 3.0

20.6

lO.k

l.k

-k.k

IC

(miael

-37.7

1.0

-Jf.B

k.3

-lT.k

32.0

35.6

17.5

-is.k

- 5 . 1

- k.2

( irot i ' l

19)

6.6i22.1

Cal
DIM

(11)

Cal.
«•. tyi

k.UlS.k

6.5.21.5

6.W0.5

6.1x20.0

3.7«7.9

5.3117.3

2.9x9.5

5.3x16.5

(13) (13)

I S 17*

i a is.a*

I 801 17.5*

I II IT.3*

I ZolOS-loB He 15.T

I ZU08-10T H I D 15.T

12 11

I ICUB1

III

I KOt-lH

I 9

1 Ml

1

5>

17.5"

lf.3*

13.7 IM

17.5*

15.7 !•»

If*

•claim Intleulu- pUn

Ooukl* n d i * Muret ( • » Mt )
n i r ai.3

u <«u< vin icmtlso). miiti
MuurX u 1115 m . • • l . i l . 3 .
Doubl* radio Boureo (»t« Mpl riui ratio «l.i .
for •lttrnuivc idMtificuion of ecc^oscat*
H« ctptioo, to ••#.

Foiitioo. atownd at Ikl5 Mtk
•• O.6t.3.

30Wlk

2OU15

2Wlf

a«i7

2OV18

20U19

20V20.

sonot

301122

2OV23

JOMk

201125

20U26

2OK7

201128

2OK9

3W3O

KM31

2W31

2OW33

15 56 59.9

19 38 K. I

15 5B 58.9

15 59 "5.8

15 59 31.0

15 59 3I.k

13 59 2!.k
13 39 29
15 59 J».k

15 59 ks.o

16 00 02.f

16 00 27.1

16 01 03.5

16 01 U.f

16 03 01.7

If 01 If .k

If 03 k2.7

11 03 13.3

If Ok CJ.2

If Ok 09.3

If Of 53.1

If 36 03.7

If 30 13.8

15 kf 30.5

If 31 3k.k

If 3k 3k.3

1C 37 Of .2

15 3k 03.9 1
15 32 2k |
15 51 11.0

If 3k 31.2

If 29 U . f

If kB 03.)

16 35 Ok.9

15 ka 10.9

If 52 Ol.f

If OBk»

If Sf 3f .1

If 33 51-1

13 k8 M.k

15 k9 03.k

If 33 3'.5

k9.6

17.1

16.k

lk.7

7.5

f.a

2k.3

3.1

7.3

10.6

k.O

3.9

T.5

C.k

5

7.a

71.3

3.f

5.3

7.3

216.9
9.3

83.1 50". 90"
5.0

37.9 130",170"

21.6
1.1

11.3 90". 20"
1.1
9.k
1.0

71.k 115"t130a

3.0
5.1
1.3
9-f
0.9

ll.k
O.B
T.3
1.6

1*. T
1.2
6.8
1.1

I

6.3
1.1

Kk.k 50". *>•
T.I

10
2

15.5
2.1

S

r u n or uikr tim -u*>

-0.9

-5.k

k.3

5-9

-11.!

k.2

31.T

- 3.T

1.7

f . l

- 2.6

-12.2

-l .<

- 6 . 6

- J

- 3.1

k.3

2.2

-13.0
- 9 . 1
- 1.1

- 2 . 1

9.8

31.9

-a.k

• !1.2

- 7 . k

3f.k

-29.2

- k . 9

- 8 . 3

a.a
-12.k

7 ~

-15.0

a

7.3

- l . f

k.a

7.3
3k.a
3.9

1.5x1.1
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according to whether they fall in the A2151 or in the A2147 field. The two fields are rather arbi-

trarily defined as above and below Dec. = 17°.

Col.s 2 and 3 give the 1950.0 position. The r.m.s. position error in R.A. a^ is given as a

function of map flux in Fig. 1 of Paper III- Note that the error in Dec. o, is larger by the factor

cosec <S. The radio position error is the dominant contribution to the radio-optical combined error

in Col. 8. The map and sky fluxes with the estimated uncertainty (Col.s 4 and 5) have been obtained

as described in the previous section. Two sources found by the search program, but with Sm < 4

mJy (20W21 and 2OW3I) are included in this table because of their interesting identification, but

will not be used to construct the RLF (Sect. V) because their flux density is below the formal

com leteness limit for unresolved sources. For the resolved sources the maximum extension and its

position angle are given in Col. 6. Among these there are three close couples which are tentatively

considered double sources (2OW7.IO and 20). The maps of the doubles and of the well resolved sour-

ces are presented in Fig. 3. For the unresolved sources an upper limit of 100" (Sm / u ) ~ 5 can be
m op

placed on the extension in R.A. (the limit in Dec. is larger by cosec 6).

The optical positions were measured partly with the XY measuring machine of the ROUB group

in Bologna on a IllaJ plate kindly lent to us by F. Bertola, and partly with a similar measuring

machine at the Leiden Observatory on a glass copy of the Palomar Sky Survey. The measuring errors

are comparable for the two instruments, and are in the order of 1 arcsec. Col.s 7 and 8 give the

difference in radio and optical position, and Col. 9 the combined radio-optical error. As in Paper

I the identifications are subdivided in three classes (Col. 10). IC I include the unresolved sour-

ces satisfying the 3a criterion:

<"o-V2 , <*o - V 2 , ,
2 2
o o

where a is the estimated error in the optical position (I arcsec). The IC II in this table are

extended sources which either have the brightness peak within 3a of the optical position, or ex-

tend to cover the optical image. The double 2OW7 is also considered IC II. These two classes con-

tain the sources whose identification is considered certain. The uncertain cases are considered

IC III. In this table there are two such cases, the "doubles" 20W10 and 2G, for which alternative

identifications of at least one of the components are acceptable (see captions to Fig. 3), while

the proposed identifications are rather off the line joining the two peaks. For Col.s 11-13, see

in Sect. Ill the comments on the corresponding columns in Table 3. The morphological class of the

galaxies not in ZH was assigned after inspection of the red and blue glass copies of the Palomar

Sky Survey and partly with the aid of more adequate photographic material (M. Tarenghi, private

communication). The information based on redshift measurements about the membership to the two

clusters (Col. 14) is complete for the ZH galaxies, but is limited to only four of the other

galaxies (M. Tarenghi, private communication). Of those with no redshift measured we shall tenta-

tively consider cluster members the galaxies with m < 17 , and use only these for the aonstruat-

ion of the RLF.

Since the identifications are based on positional coincidence, it is important to estimate

the number of them in Tables 3 and 4 which could be due to chance associations. To this purpose
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Figure 2: Finding charts for all the identifications in Table 4. Reproductions ave courtesy of
Palomar Sky Survey - National Geographic Society.
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Figure 3 The 610 MHz radio maps of the extended sources. The crosses indi-
cate galaxy positions. In the map of 201/16, the asterisk indicates
the position of the strong source 1559+15W1 (4C+15.52) subtracted
from the map (af. Section VI). Coordinates of alternative identi-

ications in S0W10: (b) 16^03^55^7, 17°02'5'.'ls (c) lBh03m59fl,

17°O2'1V2. 20W20: (b)
°

(a) 15h59m27!?2,
15°33'541'9. Contour levels are: 2, 4, 6, 10, 20, 40, 80, 160, 320
mJy/beam (map flux, wicorreated for attenuation).

Beam area: 1.6 10~ sterad.
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Figure 3 (continued)

we have proceeded as in Paper III, taking care of the non uniform distribution of the galaxies in

the clusters and of the radio sources in the radio fields (the latter being due to the radial de-

pendence of the attenuation). We have done this separately for the galaxies brighter than m -

15.7 (the ZH galaxies) and for the galaxies with 15.7 < m < 17* (on the basis of the counts des-
P ~

cribed in the next section). We obtain for the unresolved sources (the majority) that only 0.5
galaxies with m < 15.7 and 1.5 galaxies in the fainter group are expected to be included as i-

dentifications in Tables 3 and 4 because of a chance coincidence. This means that the incidence

of spurious identifications is of order or less than 10%, and should not influence significantly

the RLF that we are going to derive.

Finding charts of all identifications in Table 4 are reproduced in Fig. 2.

V. The radio luminosity functions

To test whether the galaxies in a cluster have a radio power distribution consistent or not

with that in other clusters or in the field , it is convenient to construct a fractional biva-

riate radio luminosity function (BRLF), which represents the fraction of cluster galaxies per

interval of radio power, as a function of the absolute optical magnitude (see Papers II and III,

and Auriemma et al, 1977). Since ellipticals and spiral galaxies have different radio properties,

we subdivide the galaxies in two groups, the ellipticals and the SO's (E+SO), the spirals and

irregulars (S+I).
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Table 5. Sources identified vith E or SO cluster meml-ers and probable members with

m -IT (identification classes I and II)

Source

16O1+17W1

1602+17W1

1602+7W2

1602-U7WU

16O3+1TW2

l6Olt+l8Wl

20W9

20W13

1559+lfitfl

1559+16WS

20W16

20W22

20W23

20W26

20W31

20W32

Galaxy

N6O3U

N6Ol)OB

N6OI1IA

N6Oll7

IC1182

N6O61

1C1181

Anon

Anon

ZvlO8-73

2vlO8-B2

ICII61

ZwlOB-66

ZwlOB-75

Anon

Anon

ZwlO8-lli7

l °8 p6l0
(WHz-1)

2li.21

23.19

22.3><

21..26

22.09

23.97

81.77

21.98

22. U

22.76

22.52

22.72

22.12

22.23

22.214

22. lU

22.33

A2151

-20.1

-19.6*
-20.0*
-13.9
-20.1
-20.3
-19.6*
-19.3*

A2H7
-18.8*
-20. ll

-19.8
-20.1
-19.6

-20.7
-19.3*
-18.3*
-20.3*

r.a. max
(Kpc) (Kpc)

280

< 5

275

33

71

Emission l i n e s

NEL

EL

NEL

NEL

EL

NEL

NEL

MEL

NEL

NEL

NEL

NEL

<20
<29

The BRLF has been determined in the way described in Paper II, which requires counting the

galaxies in circles of increasing radius about the radio field centres. The counts were done in

two steps. The first consisted in counting the cluster galaxies in the ZH catalogue, assumed

complete down to m 15.7, which corresponds to M = -19.6, if an interstellar absorption of

0.1 is included. The galaxies in double and triple systems which appear as single entries in ZH

have been counted individually, and their magnitudes were estimated by us. The second step was to

count the galaxies in the interval 15.7 < m < 17 on a 4 x enlargement of the blue glass copy

of the P.S.S. For the magnitudes we used the scale adopted in Pajer I. The background contamination

was determined on the basis of 5 galaxies per square degree down to m = 1 7 {of. Oemler, 1974).

The uncertainty due to our magnitude estimate and to the correction for the background can be

rather serious. However we estimate that it should not exceed 50%, by comparison with the optical

luminosity functions in Oemler (1974) and Krupp (1974).

We did not attempt a detailed morphological classification of the galaxies fainter than 15.7,

and assumed that the proportion of (E+SO) galaxies found among the ZH galaxies remains the same

down to m » 17 , corresponding to M » -18.3. This proportion in our radio fields is practically

identical for A2151 and A2147, and is equal to ̂  50%. He note that the proportion of bright (E+SO)'s

in A2I47 is much larger in the circle R < 0?6 around the field centre, which was surveyed at 1415

MHz, and close to the value of 80% adopted in Paper II.

a) The BRLF of the (E+SO) galaxies

In Table 5 are listed the sources identified with (E+SO) cluster members and probable cluster
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numbers with m < 17 (IC I and II only), along with the radio power, the optical absolute magni-

tude, the maximum physical extent or the upper limit in R.A., and a note on the presence of

emission lines in the optical spectrum (EL = yes; NEL = no). Except for 20W31, whose map flux is

below the completeness limit, these sources are used to construct the BRLF, which is presented in

Table 7. For each interval of radio power and of optical magnitude we give the number of detected

galaxies over the number of galaxies that could have been detected if they had P g l Q in that inter-

val. There is only one galaxy brighter than -21 (in A2I47), and this was not detected. The first

two intervals of optical magnitude are very unequal, but we preferred for the sake of homogeneity

to keep the ZH separated from the rest. At the bottom of the table there are the integral values

of the BRLF above the minimum detectable power, log P6iQ = 21.76 (radio power in WHz ), for the

two clusters and for the (E+SO) galaxies in general (estimated from Auriemma et al, 1977). Despite

of a fairly good agreement among the three sets of integral values, we note that, while the

galaxies brighter than -19.6 in A2147 are confined in power below log P » 23, in A215I their power

distribution reaches log P - 24.5, and this conforms better to the behaviour found for the (E+SO)

in general (Auriemma et al, 1977), whose RLF is rather flat up to log P » 24.5. The statistical

significance of this difference is however very limited, and because of the wide range of powers

that elliptical galaxies can attain in their radio emitting phase(s), it can be easily attributed

to a statistical fluctuation.

b) The BRLF of th2 (S+I) galaxies

Table 6 contains the same information as Table 5, for the (S+I) galaxies in IC I and II.

Except for 20W21, these are used to construct the BRLF. As in the previous papers of this series,

we have applied to the spirals in ZH, detected and not, a correction for internal absorption,

using the relationship between the correction and the apparent axial ratio given by Holmberg (1958).

The axial ratios have been measured on the P.S.S. blue print. In Table 6 the corrected magnitudes

are given in parenthesis. Because of the large uncertainty on the magnitudes estimated by us, this

correction was not applied to the spirals not contained in ZH. This implies that some of the

galaxies counted in the interval -18.3 > M > -19.6, including possibly I or 2 galaxies (in this

magnitude interval) detected in radio, can be intrinsically brighter than -19.6. Therefore the

estimates of the BRLF (Table 8) in this interval are also affected by this uncertainty. However,

this should have no consequence for the estimates in the brighter intervals, in particular the

interval (-19.6, -20), because the BRLF is given in fractional form and is therefore unaffected

by the incompleteness in absolute magnitude of the ZH sample, in that the detectability in radio

of a spiral galaxy should not depend on its inclination.

By comparing the two BRLFs in Table 8, it is apparent that there are no significant differ- '

ences between the two clusters. In particular they are both characterized by a low fraction of '

radio emitting spirals among the bright (ZH) galaxies. This confirms the finding of Paper II con-

cerning A2151 and extends its validity to the whole supercluster. In Table 9 the integral values \

of the BRLF of the two clusters are compared with the results obtained for the Coma Cluster (Paper

III) and for a sample of nearby "field" spirals. The "field" RLF was derived from a study by

Cameron (1971a, b) in the way described in Papers II and III. We refer the reader to Papsr III for

the difference between extries (a) and (b), the first obtained without and the second with a
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Table 6. Sources identified with S or I cluster members and probable members with

m < 17*(identification classes I and II)

A2151

Source

20M1

20W2

20W5

20W6

20W8

20W11

20W12

20W17

20W18

20W19

20U21

20W28

20W29

Galaxy

Anon

Anon

ZW1O8-1O8

Zwl08-107

Anon

Zvl08-15li

Anon

ZwlOS-58

Z«106-6lt

Anon

Anon

Anon

Anon

l 0 « p 6 l 0
(WHz-1)

22.17

22.29

21.80

21.80

21.77

22.00

21.98

22.1i7

22.19

22.11

21.8U

22.10

22.06

MP

-18.3*
-19.5*
-19.fi (-19.7)
-19.6 (-19-9)
-18.8*
-19.6 (-19.7)
-19.3*

-20.0

-19.7 (19.8)

-19.3*

-19.3*

-18.3*

-19.3*

r . a
(Kpc)

<27

<27

<27

<26

<27

<2ll

<25

<1U

<21

<31

<25

<20

1 Optical Spectrum

EL

NEL

HEL

EL

U9: NEL

Table 7. Radio Luminosity Function of the (E+SO) galaxies

A2151

-19.6<Mp<-l8*3 -20<Mp<-19.6 -21<Hp<-20

A2lll7

-19.6<Mp<-l8*3 -20<Mp£-19.6<Mp<

(WHz-1)

21.76-22.10

22.10-22.50

22.50-22.90

22.90-23.30

23.30-23.70

23.70-2ll.10

2lt.10-2U.50

l o g P 6 l 0 »21.76

These clusters

Aurienma et al
(1977)

1/ 61

0/ 82

0/ 95

0/UO

0/110

0/110

0/110

.O2±.O1

.03

1/ 9
0/llt

O/lll

1/16

0/18

0/18

1/18

°-<o?
0 .2

1/9

1/9

0/9

0/9

0/9

1/9

1/9

O.Ml±.22

O.U

0/ 80

2/105

0/125

0/130

0/130

0/130

0/130

O.02±.01

0/12

1/llt

1/15

0/16

0/18

0/18

0/18

°-<ot

0/ 7

2/12

2/12

0/lU

0/15

0/15

0/15

O.33±.l

Table 6. Hsdio Luminosity Function of the (S*I) galaxies

A2151 A21U7

l o g P 6 l 0
(WHz-l)

21.76-21.90

21.90-22.10

22.10-28.30

22.30-22.50

22.50-22.70

22.70-22.90

-19.6<MpS-l8T3

1/ltO

1/61

2/73

0/82

0/94

0/95

-20<M S-19.6

2/10

1/lU

0/15

0/17

0/18

0/18

-21<M £-20

0/5

0/7

0/7

0/8

0/6

0/8

-19.6«M s-18.3
P

1/ 50

1/ 81

a/ 97

0/107

0/115

0/125

-20<M <-19
p

0/ It

0/12

l/ l l l

0/lli

O/ll»

0/15

.6 -21<Hp<-

0/ 3

0/ 8

0/10

1/12

O/lU

0/lU

logP 6 l 0 >21.76 O.O7±.O3 O.27±O.l6 <0.2 O.O5±O.3 0.07
+.06
-.03
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Tab.ie 9. Comparison of integral RLP's of (S+I) galaxies for loftf>-,rt >21.76(WHz"1)
610

AS151 A21U7 A2151+A21U7 Coma Field

(a) (b)

-21<M <-20 <0.2 0.08**_I Q.Q5*'z1l 0.1*5* 0.6l±.ll 0.59+.16
P ~«03 .03 —.10 yss—'^v

-20<M <-19.6 0.27±.l6 0.07+"°^ 0.22+.H
p ~»03

-20<M s-19 O.U9+"" 0.06+-°| O.35*.O7
P -.09 -.02

-19.6<Mp<-l8*3 O.O7±.O3 O.O5±.O3 0.06±.02

-19<M <-l8 O.39±.17 <0.08 <0.05

magnitude correction of oi^. The second choice is believed to be more consistent with the ZH

magnitude scale.

With respect to Coma, the spirals in the Hercules supercluster appear to be weaker radio

emitters, especially in the brightest and the faintest of the three magnitude intervals. The

comparison with the field is rather tricky, mainly because of the unsatisfactory situation with

regard to the homogeneity of the magnitude scales adopted. In the faintest interval there is a

fairly good agreement; in the middle one the percentage in Hercules is within the uncertainties

of both choise (a) and (b), although these two are rather inconsistent with each other; in the

brightest interval Hercules is clearly deficient with respect to the field. Our estimate of the

expected number of detections among the ZH galaxies brighter than -20 is 7.6 ± 1.4, and 7.3 ±2.1,

according to choice (a) and (b) respectively, against only I galaxy detected.

Despite of all uncertainties, there is an indication that the deficiency in the strength of

the radio emission in the Hercules spirals (at least the very bright ones) with respect to Coma

and the "field" might be due to intrinsic differences, rather than to a statistical fluctuation.

Since a general discussion on the radio-optical properties of spirals in clusters is in preparation

and will include also the other clusters in this survey, here we limit ourselves to the following

points.

In Paper III it was stressed that 90% of the (S+I) detected in Coma have emission lines in

their spectra at various degrees of intensity, compared to at most 65% of the galaxies of this

type surveyed at 610 MHz. This indicates the possible existence of a correlation between the radio

power and the presence of emission lines. For the Hercules supercluster a complete information

on the optical spectra is not available to us, but we like to draw attention to the fact that only

2 of the 5 ZH spirals detected (see Table 6) show some evidence of emission lines. This suggests

that the deficiency of radio emitting spirals might be connected with a lower proportion of

emission line spectra in the (S+I) galaxies of Hercules with respect to Coma.

Because of the small number of detections, it is impossible to make a meaningful statistical

test of whether their spatial distribution is or is not the same as that of all galaxies. We

mention however the rather striking fact that none of the (S+I)'s detected in A2151, except the

faint galaxy associated with 20W8, belongs to the region where the galaxy density is highest and

a large fraction of the (S+I) galaxies are concentrated.
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VI. Comments on a hypothetical double source in A2I47

The sources 1559+I5W1 (4C+I5.52) and 1600+1SW2 (4C+15.53) are the strongest in toe field of

A2147. According to Mills and Hoskins (1977) they are the components of a double identified with

a bright cluster galaxy. Let us first consider them as two independent sources.

At 1415 MHz 1559+15W1 is not resolved, but because of the strong attenuation nothing can be

said about its extension (see Paper I). At 610 MHz the map after subtraction of a point source at

the position of the peak is shown in Fig. 3 (map of 20W16). There is no sign of extension, unless

- 16* 00' 00" -

- 15° 56'00" -

- 15*52' 00" _

- 15°48' 00" _

1600 • 15 W2
16H00M30S 16H00M l0S

SIS MHz

Figure 4: Maps of 1600+15W&. To the left: 1415 MHz map; middle: 1415 MHz map convolved with
the 610 MHz beam; to the right: 610 MHz map. Contour levels axe: 2, 4, 6, 10, 20,
40 eta mJy/beam (map flux unaorreated for attenuation); the 2mJy contour is left
out from the 610 MHz map. Beam areas are O.S and 1.6 x X0~ stevad at 1415 and
610 MHz respectively.
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the two weak sources to the north-west (20W16 identified with XC1161) and to the north-east are

considered appendices of the strong source itself. The peak flux at 610 MHz is 1536 ± 39 mJy,

which combined with the flux at 1415 MHz of 560 ± 70 mJy given in Paper I yields a spectral index
1415

a . = 1.20 ±0.18. Within 3a of the position of the radio peak there is no optical counterpart.
610

The source 16O0+15W2 appears very extended at 1415 MHz. The full resolution map at this fre-

quency is given in Pap. I and is also reproduced in Fig.s 4 and 5. The structure of this source

is atypical, it appears as a roundish body with a brightness gradient which is steeper toward the

eastern side. Low brightness extensions to the west and to the south-east appear more clearly on

the convolution of this map with the 610 MHz beam in Fig. 4. A comparison with the 610 MHz map

given in the same figure shows that the structure of the source is essentially the same at the

two frequencies. Unfortunately on the latter map the low brightness extensions are badly affected

by sidelobes. The total flux is 1617 ± 30 mJy at 610 MHz and 887 ± 40 mJy at 1415 MHz, and the

spectral index between these two frequencies is 0.71 ±0.02. It should be noted however that the

spectral index appears to vary across the source, and is steeper on the eastern side (0.90) than

on the western side (0.60) of the main body. The optical identification is very doubtful, because

there are several candidates under the radio contours, none of which is close to the radio peak.

In Paper I an IC III was assigned to the object (m = 17.5) closest to the peak. An interesting

possibility is the identification with the bright (m - 16) elliptical galaxy touched by the

north-east contours (object A in Fig. 5), which is probably a cluster member. One should then

consider this as another example of a radio source with the main body of the radio emission

greatly displaced with respect to the optical counterpart. Typical cases with a marked displacement

found in clusters are the radio tails, but in these sources generally the brightness distribution

indicates more clearly the connection with the galaxy, and often a component of the source appears

very close or coincident with it. Moreover the spectral index in these sources tend to increase

away from the galaxy, while in this case we have an indication of the opposite. A future higher

resolution observation at 5 GHz will hopefully help to clarify this association: the detection

of a flat spectrum nuclear source will be an important indication in favour of the association.

The situation when these sources are, according to Mills and Hoskins (1977), considered

components of a double is illustrated in Fig. 5. They propose as identification the double galaxy

indicated with the letter B. This is the system ZwlO8-67 of m = 14.6, composed of an SO (the

brighter of the two) and a S galaxy. This system is well aligned with the two radio peaks, but is

is twice as far away from the western component than from the eastern one. The galaxy itself is

undetected, and one can place upper limits of S,.. = 7 mJy and S.^., • 50 mJy. Another candidate

to the identification could be galaxy C, which is detected at 610 MHz (but only at the 3a level,

source 20W21). This galaxy is closer to the radio centroid than the previous one, but is rather

off the line joining the components. Moreover its optical morphology (a blue irregular) makes its

association to an extended strong radio source very improbable. There is no trace on the map of

radio emission bridging the two components across a galaxy. Together with the great morphological

dissimilarity between the two sources, these considerations make the hypothesis that they are re-

lated to each other and to a cluster galaxy rather doubtful. It is interesting to note that the

angular separation of the two "components" is about 20 arcmin, which would correspond to a pro-

jected physical separation of 660 kpc at the distance of Hercules. This source would therefore
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be one of the extremely few aligned doubles of very large extent found in clusters (of. Lari and

Perola, 1977; Rudnick and Owen, 1977).

We conclude that the evidence in favour of the "double" hypothesis is very weak, and that

the two sources could well be background. However the identification of 1600+15W2 with the bright

E galaxy is rather suggestive, particularly because thd peculiar morphology of the source could

find an explanation in the interaction with the intracluster gas.

Concerning the RLF of the (E+SO) galaxies, the inclusion of the strong source I600+15W2

(log P g l 0 - 24.4) would make the power distribution in A2147 more similar to that in A2151, with-

out significantly change the integral values.

VII. Conclusions

The results concerning the Radio Luminosity Function at 610 MHz of the galaxies in the Her-

cules supercluster (A21S1 and A2I47) confirm at a somewhat higher statistical level those obtained

in Paper II from the survey at 1415 MHz. Namely we find that:

a) the elliptical and SO galxies have a RLF which is consistent with the one found in other clus-

ters and in the general field. The difference in the distribution of radio power between A2151

and A2147 is not statistically significant, and would be reduced if the identification of 1600+15W2

with a bright elliptical (object A in Fig. 5) were accepted.

b) the spiral and irregular galaxies show a deficiency in their radio power with respect both to

the Coma Cluster (Paper III) and to a sample of nearby galaxies. This deficiency is especially marked

for the very bright galaxies (M < -20). It is rather surprising that this type of galaxies are

weaker radio emitters when members of a spiral rich cluster like Hercules compared to those be-

longing to Coma, a spiral poor cluster.

A general discussion of the radio properties of the spirals, in connection with the morpho-

logical type of the cluster, and with their intrinsic properties, like the Hubble type, the colour

and the presence of emission line in the optical spectra, is in preparation and will include the

other clusters in this survey.
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CHAPTER 7: THE INTRA CLUSTER MEDIUM OF THE HERCULES SUPERCLUSTER

Summary

Available data relevant to the presence of the intra cluster medium (ICM) in the Hercules

supercluster are reviewed. Some optical and X-ray properties are summarized.

An identification of the X-ray source (2A1600+I64) with the cD galaxy in A2I47 is proposed.

A new Westerbork 1415 MHz observation of the wide-angle tailed radio source associated with NGC

6061 is presented and the apparent morphology of this source is discussed applying the indepen-

dent blob model of Jaffe and Perola (1973) with a non-perpendicular ejection angle. From these

considerations one component (f + g) of the source was found likely Co be thermally confined by

the ICM and a lower limit of the product of the density and temperature of the ICM surrounding

this source of pr? > 3 10~ (10 K cm" > is derived.

A discussion is given of the uncertainties and selection effects inherent in the derivation

of magnetic fields (and hence of parameters of the ICM from equipartition arguments).

Finally, combining optical, radio and X-ray data a rough sketch is presented of the ICM in

the Hercules supercluster.

Keywords: inter galactic gas - superclusters - head-tail radio galaxies.

I. Introduction

In this chapter some aspects of the Hercules supercluster (A2151 - Hercules cluster, A2147,

A2152) relevant to the properties of the intra cluster medium (ICM) will be discussed. The optical

properties, data on wide-angle tailed radio sources and the X-ray source will be used to build a

rough picture of the ICM in this supercluster in the light of the present data. This study is con-

centrated on the A2ISI and the A2I47 part of the supercluster, since no radio and X-ray data of

A2I52 are available.

II. Optical properties

In Figure 1 the galaxy distribution of the Hercules supercluster is shown (taken from Shane,

1976) and the nominal centres of the three Abell clusters A215I, A2147, and A2152 are indicated.

From an extended spectroscopic study Tarenghi et al. (1978) confirmed, that the recession velo-

cities for the three Abell clusters are not very different from each other (< 900 km s" ) sugges-

ting that these three clusters can together be considered one supercluster. Tarenghi et al. (1978)

observed quite similar velocity dispersions for the three Abell clusters (1965, 1937 and 1741 km

s" for respectively A2152, A2I47 and A2I5I). Using 4 m telescope plates Tarenghi et al. (1978)

also classified the morphologies of all Hercules supercluster galaxies present in the Zwicky cata-

logue. They found quite similar fractions of spiral galaxies in the three Abell clusters
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TABLE 1 - 1415 MHz parameters of NGC 6061

Component

a

b

c

d

e

f |

g 1
h

i

j

total

size

arcseconds

(RA x Dec)

58 x 100

48 x 63

105 x 113

Slfl5

(mJy)

207

44

22

22

54

15

10

6

12

29

449 ± 8

01 610

0.17 + .03

0.58 + .04

0.68 ± .06

0.74 ± .06

0.42 ± .03

0,70 + ,09

0.82 ± .13

1.01 ± .21

0.72 + .11

0.38 ± .05

0,49 ± .08

Polarization

(Z)

2

10

17

3

12

20 j

1
-
-
-

eq

(G)

1.5 10

2.1 10

-6

-6

1.2 10-6

picm T7

(I07 cm"3 K)

4.10

9.10

r5

-5

3.10
-5

• •••

* • ! • '

Figure 1: The 90% confidence level error box

from Ariel V (2A) and UHURU obser-

vations (4U) of 2A 1800 + 164

(= 4U 1601 +15) superimposed on a

smoothed galaxy distribution (number

of galaxies per square degree, taken

from Shane; 1976). The nominal centres

of A21S1 (+), A21S2 (X) and A2147 (X)

are indicated. The region of overlap

of the two X-ray error boxes coincides

with the centre of A2147 where a aD

galaxy is located. The black dot and

triangle indicate the position of the

tailed radio galaxies NGC60Z4 and

NGC6061 respectively. The white

triangle indicates the position of

the extended radio source 1600 + 1SW2.
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Figure 2a: Total intensity 1415 MHz map of the wide-angle head-
tail galaxy 1604 + 18W1 (NGC6061). Contour values are
-2 (dashed), 1, 2, 4, 8, 16, 32, 64 and 125 mJy/beam
area. The FWHM synthesized beam size and the linear
absolute scale are indicated in the lower right oorner.

Figure 2b: The distribution of the vector polarized
intensity at 1415 MHz across 1604 + 18W1.
The data are not corrected for Faradatf
rotation. For reference two total intensity
contours from figure ka are included.



The only significant difference found between A2151 and A2147 was a somewhat lower fraction of

elliptical galaxies in the former (12%) compared with the 23% found in A2147. In velocity dis-

persions and galaxy contents A2I47 and A2151 are thus very similar. There are however two real

differences between them: the projected galaxy density in A2I51 is a factor two higher than in

A2I47, (Shane, 1976) while A2147 contains a cD galaxy (Oemler, 1976): ZwlO8-73 (RA - 15h59m56?95,

DEC « 16°9'30?6).

III. Radio properties - NGC6061

The problem of the radio luminosity function of the spiral + irregular (S+I) galaxies of the

supercluster has been presented in Chapter 6 (Paper IX) and will not be discussed further here

although it could well be connected with the presence of the ICM. There it was suggested that the

relative faintness of the radio emission of the spirals in the Hercules cluster compared to the

Coma cluster spirals might be connected with a lower proportion of emission line spectra of the

Hercules S+I galaxies. Spectral data of Hercules galaxies are however not yet available.

In the 610 MHz survey of the supercluster (Chapter 6) no evidence was found for extended low

brightness radio emission associated with the supercluster.

More information about the ICM in the supercluster can be derived from the extended radio

galaxies present in the Hercules cluster. The properties of the HAT associated with NGC6034 have

been extensively described in Chapter 5 (Paper V). Assuming a pressure equilibrium between the

internal magnetic pressure and the thermal pressure of the surrounding medium a lower limit was

found for the product of the density and temperature p. T ? > 5 10 (10 cm K) of the ICM

surrounding this galaxy. In Chapter 6 (Paper IX) maps of the extended radio source 1600+15W2 have

been presented. In the discussion of this object it was pointed out, that the source might be

connected to the bright elliptical galaxy located nearby the radio source. In this case the

roundish radio component displaced from the parent galaxy is likely thermally confined by the am-

bient ICM and from its equipartition magnetic field of ^ 6 10~ G a lower limit of p. T_> 8 10~

rj o icni /

(10 K cm ) can be derived. This value can increase if the source appears to consist out of

several components.

In this section some data are presented of a second WAT in the Hercules cluster identified

(Jaffe and Perola, 1976) with elliptical m =15.0 galaxy NGC6061. A value of p. T? for the

surroundings of this source will be derived. A 610 MHz map and data of 1604+18W1 (NGC6061) are

given in Chapter 6 (paper IX). Figure 2a shows the results of a WSRT 1 x 12 1415 MHz observation

with the field center directed on NGC6061. (a =0.4 mJy/beam; FWHP beamsize 24" x 76").

Central component a coincides with the nucleus (positional uncertainty ^ 10") of the optical gala-

xy. Two trails emanating from the galaxy form a typical WAT configuration and are slightly re-

solved in the north-south direction. The distribution of the 1415 MHz amplitude and direction of

the electric vector of the polarized radiation is shown in figure 2b. Two of the total intensity

contours from figure 2a are included for reference. Some parameters for the components of the

source are presented in table 1. These parameters follow trends similar to those for other head-

tail radio sources. We will limit the discussion on this source to a few short comments (a 5000

MHz map is in preparation).

The extension connecting components a and g is presumably an instrumental residual (remnant
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Figure 1: The beat fitting locus of the tail of NGC 6061 derived from equation 1.
The symbols are defined in the text. The characteristics of the fit ave
an ejection angle 3 - 60° and a ratio of ejection velocity to galaxy
velocityV./Vg = 2. Projection effects .gee neglected in the fit.
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of a grating ring).

Components i and 3 are presumably unrelated background sources; they are unresolved and have

normal spectra.

The nature of component h is unclear. Probably it is connected with the northern trail: it

is slightly resolved; there is a bridge of faint emission cowards the northern trail; its spectral

index is steep (1.0).

The low polarization percentage of component d is exceptional at its particular location, the

end of the trail. The component contains an unresolved source which is either an unusual compact

feature of the trail or an unrelated background source.

The distribution of the electric vectors in the northern trail strongly indicate a projected

magnetic field orientated along the direction of the trail.

In Chapter 5 (paper V) the pattern of the trails of NGC6O34 was qualitatively explained by

applying the independent blob model of Jaffe and Perola (1973) but introducing a non-perpendicular

ejection angle $ between the direction of motion of the parent galaxy and the original ejection

direction of the blobs. Jaffe and Perola (1973) derived the orbit equation in an x-y coordinate

frame fixed to the galaxy (eq. 6). Introducing a variable ejection angle this equation becomes

V

V D T T s i n e V+V cosB
g ° J L |X = D _ l n _ _ + y _ J L _ | _ _ (1)
0 (D ̂ sin B)-y e

o

with V the galaxy and V the ejection velocity, V Q =/ V + Vg + 2V V cos 6 is the initial velo-

city of the ejected blobs, and D the stopping distance. Note that the definition of 6 differs

from the one used by Jaffe and Perola; the x-y coordinate frame is similar, see also figure 3.

After normalizing the two opposite trails to respectively D. = 1 and V = D. -22. one can evaluate

eq. (1) as a function of V /V and g. o l

In Figure 3 a solution is drawn with 6 = 60° and V = 2V . This solution does not take into

account projection effects and is not unique but it was chosen since B = 60 solutions did best

represent the curvature and orbits with lower ratios of V /V resulted, after scaling to the ob-

servations, in stopping distances that are too long. The fit illustrates that basically the a-

symetric shape of the tail can be understood as the result of an ejection angle different from 90°.

The stopping time T when the blobs reach their maximum expanded size, which is the same for two

identical blobs (independent of V ) is also indicated in Figure 3. It can be seen that components

g and / are expected to have attained their maximum expansion while the blobs of the southern

trail should still expand. The southern trail is indeed more compact than the northern. However,

the southern trail is expected to be longer than the northern, which is not observed. This incon-

sistency cannot be removed by introducing different V /V ratio's or g's and can only be explained

as the result of a projection effect. Note that for a WAT, projection can easily have an effect

very different for the two different trails.

In Table I the equipartition magnetic field values of components a, d and f + g are given

(same assumptions as in Chapter 5, paper V) together with the derived values of p. 1 if they

are thermally confined by the surrounding medium. From the discussion above it is clear that es-



pecially component f + g is most likely dominantly thermally confined and so the value of p. T ?

> 3 10~ (10 K cm" ) derived for it should be considered the best.

Several authors derive the density and temperature of the ICM in clusters by assuming pressure

equilibrium for extended radio sources using the equipartition magnetic field strength (H ) to

derive the internal pressure. We stress here, that some assumptions and selection effects are

inherent in the determination of H and hence P^cm
 T

7 • In relaxed extended radio sources the

magnetic energy is indeed expected to be approximately equal to the total particle energy (equi-

partition). In this situation the lower limit on the derived product of p. T ? would be equal to

the real value. As long as the production mechanisms of the synchrotron electrons is unknown the

uncertainty of the energy ratio (n) of the heavy particles to the electrons introduces an uncer-
2/7 4/7

tainty of a factor ^ (n ) in H and hence of a factor vi in the product p. T_ . So indi-

vidual determinations of p. T- are uncertain by a factor of order ten.
lcm 7 *

Besides this it is important to realize that the instrumental properties (resolution and

sensitivity) of radio telescopes put a narrow range on "detectable H " and hence on p. T-.

For instance for the WSRT operating at 610 MHz and observing a 100 Mpc distant cluster the surface

brightness sensitivity (B.. ) puts a lower limit on a detectable H > 2.10 G. On the other

hand bright hot spots with intrinsic high H are generally only slightly resolved and the solid

angle of the synthesized beam has to be used to calculate a lower limit on their H . In practice

this is the reason why at 610 MHz radio sources are observed to have a surface brightness in the
2/7

range between B l i m and ^ 200 times B ^ . This results in maximum detectable Hg a factor (200)
higher than the minimum detectable H . Hence WSRT observations select equipartition magnetic

-5 -7 e" -4 -7
fields in the range 10 - 10 G and so derived p. T_ values will ly in between "v 10 - 5.10

-3 7 -3 -6 -3 7 m

(cm 10 K) and % 2.10 - 6.10 (cm 10 K) for respectively a = 1.2 and a • 0.8 radio sources.

With significantly different radio telescopes one can expect to find higher equipartition fields

due to the improved resolutions (VLBI technique and VIA instrument) and probably also lower fields

because of better surface brightness sensitivities. From all this it should be clear that derived
values of p. T_ should be treated with caution.

lcm /

IV. X-rays properties

Cooke et al (1977) reported the association of the Ariel V X-ray source 2A1600+164 with the

southern part of the Hercules supercluster (A2147). In Figure 1 Cooke et al's figure is reproduced

but now also including the 90% confidence errorbox of the UHURU satellite observation of the same

source (4U160I+I5, Forman et al preprint). The region of overlap between the two error boxes is

quite small and is rather indicative of a positional coincidence of the X-ray source with the no-

minal centre of A2147 where also the cD galaxy Zwl08-73 (the brightest galaxy of a short chain of

ellipticals, Arp 324) is located. It is not yet possible to distinguish whether the X-ray source

is one or a combination of the following configurations:

i) A very extended (> 1 Mpc diameter) diffuse source associated with the total A2I47 cluster and

positioned at its nonr'"al centre.

ii) An extended source associated with a gaseous halo around the cD galaxy,

iii) A point source centred on the cD galaxy.
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The reported X-ray flux of 2AI600+164 is Fx<2 - 10 KeV) = 4 ± 0.5 1 0 ~
U erg cm"2 s'1

corresponding to L = 5 10 erg s . Forman et al (preprint) quote F (2 - 10 KeV) = 7.3 10
-2 -1 x ^

erg cm s which is almost a factor two different from the value given by Cooke et al (1977).

Using the Point Sununation Technique Cooke et al found an upper limit for X-ray flux of A2151

of at least a factor 3 lower than their quoted flux of 2A1600+164.

Mushotzky ei al (1978) reported results of thermal bremsstrahlung fits to their 0S0-8 X-ray

data (2 - 20 KeV ) of 20 clusters. For 2A1600+164 they found kT = 7.2 + 1.4 KeV. Mushotzky et al

also tried power law fits to their spectral data which in the case of 2A1600+I64 resulted in a
2 2

X . of .60 (per degree of freedom). This value is only .07 higher than their x value of the

thermal fit and does not exclude an Inverse Compton origin of the X-rays. However in the next

section we shall show that the Inverse Compton mechanism is unlikely on the basis of radio data.

V. Discussion

In the following discussion it will be assumed that the X-ray source has a thermal origin.

This is not only because of the Fe-line emission found in 8 out of the 20 clusters studied by

Mushotzky et al (1978) but also because of the absence of strong radio emitters inside the region

of overlap of the two X-ray error boxes. In the VJesterbork 610 MHz survey none of the radio

sources in the reduced error box has a flux density S > 50 mJy. Also no low surface brightness

radio components (S > 3 mJy/beam) were found in this area. (A very extended, low brightness

component was detected, but because of its high polarization percentage it is believed to be of

galactic origin, see also Ch. 4, paper VI). From the upper limit of the radio flux density and

the actual X-ray flux density, one can compute the corresponding limit to the ratio of the syn-

chrotron to Inverse-Compton (IC) volume emissivities. Assuming the X-rays to be the result of

IC scattered microwave photons of the same population of electrons which emit synchrotron radia-

tion we calculate the magnetic field strength that is implied by this ratio (see Felten and

Morrison, 1966 and Chapter 5, paper VI). If we take a spectral index of the radio source of 0.9

and a black-body temperature of the microwave background of 2.7 K we obtain a value of the magne-

tic field (H) inside the X-ray/radio source of 7.10 G. Since the radio flux is an upper limit

this value of H should also be regarded as an upper limit while the higher X-ray flux reported j

by Forman et al will decrease the quoted value of H. This value of H is so low that the IC mecha-

nism can be ruled out as the origin of the X-rays. Note that in Chapter 5, (paper VI) H was de-

rived to be > 10 G in the central region of the Coma cluster.

Mushotzky et al (1978) found positive iron emission line detections at the 90Z confidence

level in eight out of the twenty clusters investigated, while all twenty cluster spectra (except c

possibly Virgo) were found to be consistent with a constant iron abundance of roughly half j.'

the solar value. These large iron abundances strongly support cluster evolution models

where the hot gas of the ICM is ejected from cluster galaxies either by ram pressure stripping ]

(Gunn and Gott, 1972; Yahil and Ostriker, 1973; Lea and de Young, 1976) or by tidal inter-

actions (Spitzer and Baade, 1951; Richstone, 1976; Hickson et al, 1977). Indeed both Bahcall

(1977) and Melnick and Sargent (1977) find lower fractions of spiral galaxies in clusters

which have higher X-ray luminosities indicating that stripping may be able to sweep the

gas from spiral galaxies (and changing them into SO's or may be ellipticals) while at the
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same time the escaped gas may produce the X-rays.

Now we consider how this scheme might apply to A2147 and A2151 which we assume to have simi-

lar ages. Both clusters have similar dispersion velocities but A2151 has twice as high a galaxy

density as A2I47. One would expect therefore a higher rate of stripping in A2151 and consequently

A2151 should contain a more luminous X-ray source and a smaller fraction of spirals. The observa-

tions do not support this picture at all. The spiral content of both clusters is similar and the

X-ray luminosity of A2147 is at least three times higher than that of A215I. Although the basic

scheme of cluster evolution as summarized above might be correct, it cannot explain the A2151/

A2147 complex without introducing a very significant effect due to the presence of the cD galaxy

in A2147. This leads me to suppose that the A2147 X-ray source and its hot gas are connected with

a gaseous halo surrounding the cD galaxy (excluding configuration i). In support of this it may

be pointed out that Schnopper et al (preprint) have reported an X-ray source coincident with a cD-

galaxy at the core of the cluster A478 and Gorenstein et al (preprint) have presented high

resolution X-ray observations of a IS' radius halo surrounding H87. Further, Jones and Fonnan

(1978) found that Bautz-Morgan class I clusters have a much higher probability {y 73Z) to be X-

ray clusters (with the sensitivities of the UHURU and Ariel V detectors and D < 4) than any other

Bautz-Morgan type (< 30%). The authors point out that this might be connected with the correlation

between strong X-ray luminosity and Abell richness they had noted.

Altogether, we feel that there is evidence of a class of X-ray sources associated with cD

galaxies, the source in A2147 being one example. Cowie and Binney (1977) presented a model based

on the assumption of a steady flow of mass ejected by cluster galaxies to the centres of the

clusters. Having reached the core of the cluster the gas radiates its energy and accretes onto

the central massive galaxies. Analysing the three-energy-band X-ray brightness distribution data

of M87, Gorenstein et al (preprint) concluded that for a hot gaseous halo surrounding M87, in

hydrostatic equilibrium, only temperature profiles T ^ r a with positive a (r = distance from the

galaxy centre) could match their observations. They point out that this is just what one would

expect from the Cowie and Binney model where, due to the high gas densities in the central

regions, the radiative cooling time can be shorter than the cluster lifetime (the gas may fall

freely to the centre). Matthews (1978) applied a similar concept to the X-ray observations of

M87 and assuming a hydrostatic equilibrium and isothermality of the gas he has calculated

several models with different mass distributions for the dark matter of M87 and compared the

resultant expected X-ray brightness distribution with the one actually observed. From these
14calculations he derived a total mass of M87 5 10 M in order to confine the X-ray source.

©

Even a simple application of the virial theorem to the hot gas surrounding M87 yields a galactic

mass of ̂ 2-3 10TM . The bulk of this mass should be present in a dark halo.

Now we return to the cD galaxy in A2147 (Zwl08-73). Oemler (1976) has performed low surface

brightness photometry down to 28 mag arcsec of both this galaxy and M87, yielding limiting

radii of 239 and 79 kpc respectively. Further he determined the integrated absolute visual mag-

nitude of Zwl08-73 to be -22.93, which is 0.9™ brighter than his measurement of M87 (all para-

meters stated converted to H » 100 km s Mpc" ). For a mass to light ratio of 20 the optical

luminosity of Zwl08-73 corresponds to a galactic mass of\>3.10 M . If we now assume that an iso-

thermal hot gaseous halo surrounds Zwl08-73 and use the virial theorem of the hot gas bound to
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this galaxy, using T = 8.4 10 K (Mushotzky et al, 1978), we find that a galactic mass in excess

of 10 MQ is needed inside a radius of 250 kpc to bind the X-ray emitting material to the galaxy.

Although the presence of a X-ray emitting gaseous halo around Zwl08-73 is not yet observationally

established, we are lead to suggest the following tentative picture of the ICM in the Hercules

supercluster. A hot intracluster gas liberated from cluster galaxies and hence with an initial

temperature equivalent to the velocity dispersion of the cluster galaxies of "v. 1.10 K pervades

the whole supercluster. In the northern part of the supercluster (A215I) the observations of WATs
-6 —3

show that this gas has a low number density of "u 4.10 cm (uncertainty of a factor 10). In

the southern part of the supercluster (A2147) the gas has accreted around the cD galaxy and must

have a mean density of ^ 2.10 (—^*~) c m in order to account for the X-ray intensity where

K

R is the radius of the gaseous halo. This density is also in agreement with the derived lower

limit of Picnl Tg > 8.10" (10 K cm" ) for the surroundings of 1600+15W2, which could be located

inside the gaseous X-ray halo. The temperature of this gaseous halo should also be ^ 1.10 K and

could be regulated by the accumulated energy of inflowing material and thermal bremsstrahlung

cooling at the dense centre of the source (Cowie and Binney, 1977).

Recently Forman et al (1978) reported some evidence of large X-ray haloes in eight clusters.

Although their result needs confirmation, especially because of the small signal to noise ratios

involved, we will calculate schematically how the expected X-ray luminosity of the gas in the

Hercules supercluster compares to the values quoted by Forman et al (1978). Forman et al deduced
43 —1 43 —1

X-ray halo luminosities in the range 5 - 65.10 erg s (mean L x (2-10 KeV) = 25.10 erg s ).

The mean core radius was found to be 4.1 Mpc. We model the volume of the Hercules supercluster by

a cylinder (length 1, radius r) with the symmetry axis crossing the centres of A2147 and A2151.

We firstly choose its dimensions corresponding to the apparent projected distribution of the

galaxies in the supercluster (figure 1): 1 = 7 Mpc, r = 2 Mpc. Since the axis of the cylinder in

the three dimensional space probably makes an angle not perpendicular to the line of sight we

adopt an unprojected length of 1 of 11 Mpc. This value cannot be much more, otherwise the Hubble

expansion would give rise to larger differences between the mean recession velocities of the

different galaxy condensations of the supercluster. Now taking T

the total X-ray luminosity of the Hercules supercluster would be

8 —6 —3
different galaxy condensations of the supercluster. Now taking T = 10 K and p. = 4.10 cm

Lx (2 - 10 KeV) = 6.2 10
41 (-j^-) ( ^ i-j^-)* ( - ^ ) 2 erg s'1 (2)

and the total mass corresponding to this low density intergalactic gas component would be ^ 10 M .

This luminosity is a factor of 100 lower than the lowest luminosity of cluster X-ray haloes as

claimed by Forman et al (1978). Our estimate of the mean p. is however uncertain by a factor of

ten. If the mean density of the ICM of the Hercules supercluster is taken a factor of ten higher
-5 -3

(y 4.10 cm ) than our estimate, then the resultant X-ray luminosity would be comparable to the

faintest X-ray halo claimed by Forman et al (1978).
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CHAPTER 8: A 610 MHz SURVEY OF EXTENDED RADIO EMISSION FROM 8 ABELL CLUSTERS

iry

Results are presented of HSRT 610 HHz observations of 8 Abell clusters (A567, A610, A690,

A695, A1190, AI667 and A2022). For the head-tail galaxy B2 1502+28 in A2022 observations at 1415

HHz were also carried out, providing the spectral index and polarization distribution along the

two trails of this source. The variation of these parameters is interpreted as evidence of elec-

tron acceleration in the trails.

Identifications are presented together with finding charts reproduced from the red FSS plates

(A567, A6I0) and from plates taken with the Loiano (Italy) telescope (for the other six).

The survey was intended to search for steep-spectrum extended radio components like cluster

radio haloes and head-tail radio galaxies. Radio haloes of the Coma C type (paper VI) have not

been detected. Higher resolution 1415 HHz observations of all these sources by Lari et al (1978)

are used to determine spectral indices and morphologies. In A610, A16O9 and AI667 complex struc-

tures have been mapped which presumably are remnants or components of head-tail galaxies. The B2

radio sources in A567, A690 and A695 have a wide-angle tail morphology while the B2 sources in

AI190 and A2022 have narrow angle tail structures.

Keywords: Head-tail galaxies - clusters - cluster radio haloes

I. Introduction

A recent study at 1415 MHz with the Hesterbork Synthesis Radio Telescope (HSRT) of B2 radio

sources (21° < Dec < 42°) located within Abell clusters with distance class D < 5 provided high

resolution maps of 76 radio sources in 63 clusters (the HC 105 project, D.E. Harris, C. Lari,

J. Vallee and A. Hilson). These maps were obtained using the short cut technique (̂  j hour ob-

serving time per field). Some of the statistical results from this study were summarized by Lari

and Perola (1977). Of the 63 detected Abell clusters we have selected a sample of 8 clusters which

showed an extenstion > 40" (i.e. twice the beamsize) at 1415 HHz. For the objects of this strongly

selected sample, sensitive observations with the HSRT at 610 HHz were carried out.

The primary aim of this project was to search for very extended low brightness steep spectrum

radio components such as radio haloes and head-tail galaxies. Let me define a radio halo in a

cluster of galaxies: a diffuse radio component which cannot be identified with a single cluster

galaxy and is not directly recognizable as a component of a head-tail or double radio source.

Since all the known radio haloes (A2256, Coma C, A2319 and A1367) are located in clusters which

contain head-tail radio sources and other active radio galaxies the selected clusters with known

extended radio components were thought to be good candidates to search for such radio haloes.

Typically the radio haloes have linear sizes of 1 Mpc and flux densities of t> 1 Jy (at D » I).
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This ioplies that even if they were located in a D - 5 cluster the HSRT would resolve then and

the distance independence of the surface brightness would result in signal to noise ratios coo-

parable to those for more nearby radio haloes. Moreover the angular sizes would lie in such a

range that almost all the interferoneters of the WSRT would individually detect the sources and

the observations would not suffer the problems due to the nissing shortest spacinjs which generally

affect the observations of nearby cluster haloes (i.e. Coaa C, Valentijn 1978 - paper VI).

Obviously at greater distances the angular separations between different radio components in

a cluster decrease and high frequency observations are needed to resolve and identify discrete

components. For this we have used the WC105 data (kindly provided by C. Lari) and for some clus-

ters the 269S and/or S400 MHz observations by Rudnick and Owen (1977) and Owen et at. (1977).

For A2022 an additional I x 12 hour WSRT observation at 1415 MHz was carried out.

In order to deternine the optical norphology of the cluster galaxies (a typically fainter

than 15 ) photographic plates were made of 6 clusters using the Loiano (Bologna, Italy) 60 inch

telescope.

The results of the observations are presented in this paper. In a separate paper (Valentijn,

1979) the head-tail sources detected in this survey will be added to a sample of known head-

tails and the distribution of some intrinsic parameters of this sample will be discussed. A value

of H » 100 km s" Mpc~ is used throughout this paper.

II. Observations and data reduction

The operation and data reduction of the HSRT are extensively described by Hogbom and Brouw

(1974) and van Someren Greve (1974). Basically the data reduction was similar to previous papers

of this series (Jaffe et at. 1976 - paper III; Valentijn et at. \<yil » paper IV and Valentijn and

Perola, 1978 - paper V).

In table 1 the observation specifications are listed. The observations carried out at 610

MHz during the summer of 1976 were of extremely good quality and generally achieved a dynamic

range of i« 28 dB. No interference was noted. Due to this good dynamic range the actual r.m.s-

noise on the maps cleaned with the synthesized beam pattern was near the theoretically expected

system noise of 1.5 mJy/beam. Besides the total intensity naps, linear polarization maps were

made. Except for one component in A1609 no significant (> 3%) polarization was detected at 610

MHz for any of the sources presented in this paper.

All the figures and derived parameters in this paper are from the "cleaned" maps restored

with the central positive peak of the beam pattern and are corrected for the primary beam atte-

nuation.

III. Results on the cluster radio sources

i. General

In table 2 the results of the 610 MHz observations together with the identifications for the

B2 radio sources with suspected cluster galaxies are presented as follows:

Columns 1, 2 and 3: The Abell cluster name, Distance and Richness class.
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TABLE I - Observation specifications

Bandwidth - 4.0 MHz
Observing time - 12.0 hour pet- field
Baselines - - 54(72)1422 meter
Number of interferometers - 20

Uuster

A 567

A 610

A 690

A 695

A1I90

A1609

AI667

A2022

A2022

Observing

date

76284

76286

76278

76285

76211

76207

76208

76209

77185

field centre (1950.0)

RA

6h58Tn53?7

7 56 14.5

8 36 14.2

8 38 05.7

11 08 52.7

12 43 S2.0

13 00 53.8

15 02 15.0

15 02 15.0

Dec

33°O2'36'.'O

27 17 06.0

29 02 12.0

32 35 53.0

41 00 00.0

26 42 42.0

32 06 36.0

28 56 00.0

* 28 50 00.0

noise r-ii.s.

mJy/beam

1.5

2.0

2.1

1.8

2.3

2.0

2.0

2.4

0.8

H.P. beam size

arcseconds

51 x 94

51 x 112

51 x 106

51 x 95

51 x 78

51 x 114

51 x 96

51 x 106

22 x 46

frequency

(MHz)

609.5

60S.5

609.5

609.5

609.5

60S. 5

609.5

609.5

1415.0

Column 4: The B2 name of the radio source.

Column 5: Indication of the location of the different components vith respect to the centre of the

radio source. Because of the relatively large beam size at 610 MHz different components are often

blended and the definition of the areas of the components are in those cases arbitrary. They are

however useful for presenting the overall brightness- and spectral index distribution of the

source.

Columns 6 and 7: The positions of the centroids of the different components together vith the es-

timated r.m.s. position uncertainties. For the resolved components the positions were estimated

from contour maps while for the unresolved ones the results of a Gaussian fitting routine ("Search

program") are given.

Column 8: The 610 MHz flux density of the components together with the estimated uncertainties due

to effective noise and instrumental gain instabilities.

Column 9: Spectral indices (S « v~a) for components detected both at 1415 MHz (WC105 project,

Lari et at. 1978) and 610 MHz. The 1415 MHz observations were convolved to the 610 MHz beam size

after deleting data taken at the longest baselines.

After cleaning and restoring the convolved maps the integral spectral indices of the conpo-

nents were determined, taking only those positions where the detected flux exceeded 3 times the

actual noise level at both frequencies. The 1415 MHz maps were obtained using several short ob-
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Table 2. 610 MHz parameters of B2 radio sources in 8 Abell clusters and optical data of the identifications
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servations (per field 5-7 observations of 10-5 minutes duration each). The effective r.m.s. noise

level here was 8 mjy/beam except for the map of A567 which had an effective noise of t> 20 mJy/beam.

Since the short observations provide an incomplete coverage of the u-v plane thay can miss some

flux of extended components. The observations however, were well spread over a wide range of hour
1415angles-and the effect of the missing flux on a is considered to be veil within the quoted

1^15
errors. As a test a for the A2022 head-tail radio source was calculated both from the 14!5 MHz

610

short observations and from a full 1 x 1 2 hour 1415 MHz observation. The differences between the

a derived in these two ways nowhere exceeded 0.1.

Columns 10, 11 and 12: Optical objects found in the vicinity of the radio source. The optical

identification was carried out on the Leiden X-Y measuring machine (accuracy •». 1") on red Palomar

Sky Survey (PSS) glass plates. For each radio component the area covered by its lowest significant

contour was searched for optical candidates. For the most likely identifications (either the

brightest galaxy or a galaxy very close to the peak of the radio component) the positions are

given in columns 10 and II. The estiiaated visual apparent magnitude mv (uncertainty ^ 0.S) and

classification of the galaxies together with remarks on other, nearby optical objects are given

in column 12. Since most of the detected components were resolved, no strict identification cri-

terion could be applied. We define an identification class I for those galaxies coinciding with

the peak of a source component and class II for galaxies covered by the 610 MHz contours but not

satisfying I.

Column 13: For five clusters a redshift measurement of only one (generally the brightest) cluster

galaxy was available. For the remaining three clusters an estimate of their recession velocity

was made using Corwin's (1974) relation. These estimates and the derived absolute parameters in

columns 14, 15, 16 and in the text are marked with an asterisk.

Column 14: The absolute monochromatic radio power of all components together, obtained using the

radial velocities from column 13.

Column 15: The maximum detected projected overall linear size of the radio sources.

Column 16: The absolute photographic magnitude of the most likely identifications, using B-V -

1.15 for ellipticals and taking A and A. to be respectively 0.18 and 0.25 times cosec (|b| - I).

The K-correction from Oke and Sandage (1968) is applied. The letter in parentheses gives which

of the galaxies in column 12 the magnitude refers to.

In figures 1 and 2 the radio maps and finding charts of the optical fields are presented.

The 610 MHz map of A2022 is included in figure 3. For A567 and A6I0 enlargements of the red PSS

glass plates were used while for the remaining 6 clusters the optical field is reproduced from

the photographic plates obtained with the Loiano telescope using Kodak 098-04 plates and a GG 455

filter. (Effective bandwidth 5000-7300 A"; exposure time "v 60 minutes; limiting magnitude m T. 19.5).
_i v

The small plate scale (i 1678 mm ) together tith the 1" seeing at Loiano at the time revealed

the structures of the galaxies in greater detail than the plates of the PSS.

ii. Individual clusters

A567

A567 has a galactic latitude of 17° and is difficult to recognize on a PSS plate. Zwicky and Her-

zog (1963) classified the cluster as medium compact and medium distant with a population
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Figure 1: The WSRT 610 MHz maps of the BS sources in seven of the observed
clusters. Crosses refer to optical objects also indicated in figure
2 and listed in Table 2. Some unrelated radio sources are visible
on the maps. The FHHP beam size is skoum in every map separately.
Contour values for A567, A610, A89S, A1609, A1667 are 3, 6, 12, 24,
SO, 100, 200, 400 mjy per beam; for AU$0 idem but without the 3 mJy
per beam contour; for A690 they are 9, 18, 36, 7S,, ISO, 300, 600,
900 nJy per beam.
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Figure 1 (continued)
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(m. .. • 3 > m > m. . . ) of 163 (ZwO658.7+3300). The two B2 radio sources detected are
Brightest p brightest

both located inside this cluster.

B2 0658+33A

This source coincides with a concentration of galaxies which is probably in the centre of the

cluster. At least 6 galaxies are located within its radio contours. The proposed identification

is with galaxy a, the brightest in this area, whose position coincides with the centre of the

radio emission (Class I).

B2 0658+33B

This source is at 9' (y 900* kpc) distance from B2 0658+33A. At 1415 MHz its west component is

resolved into three unresolved components (Lari et at. 1978) one of them being identified with

the brightest cluster galaxy (g); another corresponds in position with galaxy k. The 1415 MHz

map of this field was strongly confused because the two B2 sources were located on each others
1415

grating rings. For this reason the <X ,. of the individual components are rather unreliable. If
1415

we consider the total flux of all the components together then we find a R1 = 1.1 ± 0.1 and
610 oXO

a , " « 1.0 ± 0.15 where we used the B2 flux at 408 MHz corrected for resolution (Lari et at. 1978).

This radio source is most likely a wide-angle tailed radio galaxy associated with galaxy g because

i) galaxy g is positioned at its centre; ii) except one 1415 MHz west component the other compo-

nents have no optical candidates; iii) the identified 1415 MHz west component (galaxy k) falls

outside the trail of the source and is probably a second radio galaxy; iv) the 1415 MHz maps from

Lari et at. (1973) show a misalignment between the galaxy position and the radio components.

No evidence is found at 610 MHz for the presence of a radio halo.

A610, B2 0756+27

The Abell cluster is located behind the rich nearby open cluster ZwO752.9+2833. The galaxies of

the two clusters can be separated using their visual magnitudes. The magnitudes of the Zwicky

cluster galaxies fall in the range 13.5 < m < 15, while the brightest galaxies of A610 (galaxies

a and/) have ra » 16. Both at 610 MHz and at 2695 MHz (Owen et at. 1977) none of the peaks of the

detected components coincides with the position of an optical object, apart from the south east

component which has a m • 17.5 red galaxy near its centre. Galaxy a is the most likely identifi-

cation (optically brightest, giant elliptical, positioned near the centre of the radio source) in

which case it would be a normal double radio galaxy. The total spectral index of the central +
1415

east + west components a g. - 0.65 ± 0.15. The south-east component is interesting; it was not

detected before and has an irregular appearance without a well defined peak. Its angular size is

1 3.5' (250 kpc) and it has a low surface brightness (6 to 25 mJy/beam). The lower limit on its

I . spectral index is 0.8. The component could be a radio halo, however, also regarding its linear

size it could be a head-tail radio source associated with one of various nearby elliptical galaxies.

A690, B2 0836+29

The 2695 MHz observations of this source (Owen et at. 1977) shows the central component to be co-

incident with a mv • 14.5 giant elliptical galaxy (galaxy a). This is an outstanding cluster gala-

xy, being 2 and I magnitudes brighter than the next brightest galaxy within a projected distance

of 0.5 Mpc and 2 Mpc respectively. Some of the fainter galaxies are located inside the radio con-

tours, but all are far from the centres of the various components. Together with the fact t^at the
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Figure 2: Finding charts reproduced from red PSS glass plates (AS67 and A610) and from Loiano
(Italy) plates (A690, A69S, A1190, A1609, A1667 and A2022).
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A1190

Figure 2 (continued)
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Figure 2 (continued)
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spectral index steepens with increasing distance from the galaxy, this provides the evidence that

the radio source is a wide-angle tailed radio galaxy. Considering the south-west components, the

sharp angle between structures nearby and further off from the galaxy can not he. explained as a

projection effect. Such a trail would however be expected if the angle between the ejection velo-

cities of these components and the direction of motion of the parent galaxy is smaller than 90°

(see paper V).

A695, B2 0838+32A

The central component of this source is identified with the bright elliptical galaxy a. The west

component has a spectral index of 0.7 and is displaced 70 kpc from galaxy a. Although galaxy b

could be a weak radio emitter, responsible for some of the emission detected at the very south

of the source, both the western and southern component are evidently associated with galaxy a.

This would classify this radio galaxy as a wide-angle tail.

A1190, B2 1108+41

This cluster is a condensation (ZwliO9.2+4111) within a very extended (> 2°) galaxy cloud (Zwllll.

3+4051). Two giant elliptical galaxies a and a are located at its centre, (a) is identified with

the northern component of the radio source. Rudnick and Owen (1977) mapped the source at 2695 MHz

and resolved the northern component into a typical narrow head-tail configuration.

The southern component is intriguing. The identification with elliptical galaxy b is uncer-

tain since this galaxy lies 25" away from the peak of this component. Its high spectral index

(1.25) and its diffusi nature indicates that this source is a component of head-tail galaxy a.

The north-south orientation of the trail as found by Rudnick and Owen indeed supports this pic-

ture. The largest projected distance from the parent galayv wculd then be 210 kpc.

A1609, B2 1243+26B

The cluster is catalogued by Zwicky and Herzog (1963) as Zwl243.4+2658, a medium distant medium

compact cluster with a population of 188. Its radio morphology is extremely complex and probably

a superposition of several active radio galaxies. The total projected linear size of the radio

source is almost 1 Mpc. The most reliable identification is the coincidence of elliptical galaxy

a with the west component. Lari et at. (1978) resolved this component into a bright core with ex-

tensions to the east and west. To the south east of galaxy a a flat spectrum (a < 0.6) unidenti-

fied component was detected at 610 MHz. The bright central radio source is displaced by 40" from

the first ranked cluster galaxy a, making the identification rather uncertain. This component was

found to be 67. linearly polarized with an electric vector hiving a position angle of 60 . The na-

ture of the northern component is also uncertain. It could be a head-tail source associated with

galaxy d, or it might also be a superposition of several unidentified unresolved radio sources.

Except from the emission north of declination « 26 50' all components of the source have normal

(0.7 < a < 0.9) spectra. In view of the large linear size of the source this implies that either

several individual galaxies are contributing to replenish the source with fresh particles or that

in situ particle accelaration takes place over large volumes. Besides this, a hot and dense
-4 ~3 7

^cicmT7 * 10 c m 10 R) I C M pervading the cluster is needed to confine the components and to

avoid rapid steepening of the spectral indices due to adiabatic expansion. This hot gas might be

expected to be a strong X-ray source. In principle the morphology of the radio structures found
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in this cluster fits the definition of a cluster radio halo.

AI667, B2 1300+32, I300+32H4, 1300+320

A1667 which has a Zvicky number Zwl300.4+3213 is a distant and compact cluster. The nature o£ the

radio source is unclear. Katgert ei al. (1973) observed the source at 1415 MHz with the WSRT. ih»v

resolved the "central component" into an equal double. Since the cleaning procedure was not avail-

able at that time the negative sidelobes of the two components suppressed the flux density of each

other. The corrected 1415 MHz flux of the central component is 300 mJy. Owen et al. (1977) observed

the source at 2695 MHz and resolved both components of the double. None of the peaks of the compo-

nents coincides with the position of a galaxy. Galaxy a however is situated in between the two

components and it is most likely the identification. A second mv - 18 galaxy (<?} is located on an

extension of one of the components of the double. The 610 MHz extensions found to the west are in-

teresting. The west component has an a „ of 0.95. They are either associated with galaxy b

(n>v * 18) or form a radio trail with a being the parent galaxy. In the latter case galaxy a should

have a very high peculiar velocity, since the maximum projected linear size of the source is

-v 700 kpc.

fx rfo/af 15V10* isVoo' fi*' ^ * * 'rfofio*' 1̂ 02*20*' reWw*' isVoo* rfozV isfofaf isVw* isVoo*
Figure 3: The 610 MHz (left) and the 1415 MHz (centre) total intensity maps of B2 1502+28 in A2022.

The 1415 MHz polarized flux together with the directions of the electric vectors are shown
in the right figure. Contour values are at 610 MHz:2.5, 5, 10, 15, 25, SO, 100, 200 and
400 mJy/beam; at 1415 MHz: 1, 2, 4, 8, 16, 32, 64, 125 mjy/beam; polarized flux at 1415
MHz: 1, 2, 4, 8, 16 mJy/beam.

A2022, B2 1502+28

Besides the 1 x 12 hour observation at 610 MHz and the short observations at 1415 MHz (WCIOSjaIxl2h

observation at 1415 MHz was carried out for this source. Figure 3 shows the 610 and 1415 MHz naps

of the total intensity (a rms = 0.8 mJy at 1415 MHz) and the total linear polarized flux at 1415

MHz. At the very south of the source an unresolved weak (S,̂ .,- « 25 mJy) component is identified

with a mv • 14.7 elliptical galaxy. It is a typical head-tail radio galaxy with two trails running

from the galaxy to the north. ( S w l 5 for the east trail is 476 mJy and for the west trail 508 mJy).
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Figure 4: The variation of S ^, a and polarization percentage at 141B
MHz along the two trails of B2 1502 + 28 in A2022. The properties
of the head or core are shown at distance is o'. At the estimated
distance of A2022 of 177 Mpa, 1' corresponds to 51 kpc.
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In Figure 4 the brightness distribution (at 1415 lfiz), spectral index distribution (between con-

volved 1415 MHz and 610 MHz WSRT naps) and the polarization percentage distribution along the

axis of the two trails are presented. In general these parameters follow the sue trends as in

other known head-tail sources like 3C129 and NGCI265 (Hiley, 1973). One point however is rewrit-

able. The spectral index in the front of the two trails stays < 0.6 over a distance of 2!5 (130s

kpc) and in fact some flattening at the positions of the two "brightpeaks" in the trails is ob-

served.

In the independent blob model of Jaffe and Perola (1972), the distance between the bright

peaks and the parent galaxy is thought to be due to the notion of the galaxy itself. If we take

for this velocity 1000 km s~ (Baggio et al. 1978, showed there is no statistical evidence that

head-tail radio galaxies have higher peculiar velocities than other cluster •embers) then this
o

would imply an age of 10 years for the bright peaks. In the absence of in situ particle acce-

leration in this time significant steepening of the spectrum would hare occurred. So in situ.

particle reacceleration is required to occur in these "bright peaks" (Pacholczyk and Scott, 1976).

Behind these regions further away from the galaxy, rapid steepening of the spectrum is observed

and no reacceleration is needed. The polarization data supports this picture. In the front of the

tail the polarization percentages are of the order of 10% while behind the bright peaks they rise

up to 40Z. The electric vectors of the polarized radiation are plotted in Fig. 3. The data are

not corrected for foreground Faraday rotation which should be small because of the high galactic

latitude (b T< 60°) of the source. It can be seen that at the ends of the trails the projected

magnetic field preferentially follows the orientation of the trails while in the "bright peaks"

it tends to run along the brightness contours of these components and also has a less uniform

appearance. A low polarization percentage and a non uniform magnetic field in the bright peaks

and a high polarization percentage and an uniform magnetic field at the end of the trails supports

the view that in the former the magnetic field is turbulent and creates conditions for in situ

particle acceleration, while in the latter the field is relaxed and no acceleration will take

place.

iii. Cluster radio haloes

In two (A6I0 and A1609) out of the eight clusters surveyed we have detected a radio halo as

defined in the introduction. However in both these cases the sources could be debris of head-tail

galaxies present in the clusters. This type of interpretation is also possible for other clusters

containing radio haloes. In A2256 bright extended components in th:- north of the cluster and a

very weak diffuse component east of the cluster centre were detected by Bridle and Fomalont (1976)

at 610 MHz. High resolution observations at 1415 MHz by Bridle et at. (1978) proved the presence j

of at least 5 head-tail radio galaxies in this cluster. Also A2319 (Grindlay et at., 1977) and j

A2142 (Harris et al., 1977) both contain a radio halo and a head-tail galaxy. Radio haloes of the f

Coma C type (smooth brightness distribution, extent of ̂  1 Hpc; see paper VI) may have a different }

nature. They cannot be very common since they were not found in this survey, although they would

have been above the detection limit.
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IV. Conclusions

. Cluster radio haloes of the Coaa C type are rare.

. The B2 radio sources in A567, A690 and A695 have been interpreted as wide-angle head-tails while

in AI190 and A2022 narrow-angle tail structures have been napped. A6I0, AI609 and AI667 contain

more complex radio structures.

. Because of the highly confined appearance of the radio source in A1609 we might expect this

cluster to be an intrinsically strong X-ray emitter.

. The distribution of flux density, spectral index and polarization along the tail in A2022 strong-

ly suggests the presence of in situ acceleration in the first pair of bright intensity regions

behind the parent galaxy.

A general discussion on head-tail radio sources including the five presented in this paper will

be given in a separate paper (Valentijn, 1979).
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CHAPTER 9: THE DISTRIBUTION OF SOME INTRINSIC PARAMETERS OF HEAD-TAIL RADIO SOURCES

Summary

The properties of a sample comprising 44 bead-tail galaxies for which radio observations have

been published elsewhere are discussed.

The absolute photographic magnitude (M ), the radio power at 610 MHz (Pg10) and opening-angle (x)

of these sources are listed and the distributions of these parameters are presented. The result of

Owen and tuidnick (1976) and Simon (1978) that wide-angle tailed radio sources (HATs) have systema-

tical larger radio and optical power than narrow angle tailed radio sources (NATs) is confirmed.

The dividing radio power is suggestively close to that at which the break in the radio luminosity

function occurs (Aurienma et at, 1977). A lack of sources having 45 < X < 90 is noted. A

comparison is made between some parameters of the sources in the head-tail sample and those of

double radio sources and a sample of sources which are not selected morphologically. It is shown

that the P,ln > H and X distributions of NATs, HATs and double radio sources can be consistently

described in terms of the independent blob model of Jaffe and Ferola (1973) without involving

very different initial conditions for the ejections. Double radio sources would then need to be

surrounded by a medium i> 100 times less dense than that present in clusters, giving rise to

stopping times longer than the radiative loss times, while head-tail sources would have much

shorter stopping timesallowing them to reveal more sensitivity the dependence of morphology on

galaxy speed and other parameters.

Key words: Head-tail radio galaxies - radio source parameters

I. Introduction

Several authors have already discussed some statistical properties of head-tail galaxies.

Simon (1978) studied the intrinsic parameters of complex radio sources in clusters and found the

narrow-angle head-tails (NATs) to be slightly weaker both in radio and optical luminosity compared

with "bend-double" radio sources (including wide-angle tailed (HAT) radio galaxies). Baggio et at

(1978) studied the peculiar velocities of NATs and found that they have a radial velocity distri-

bution similar to that of other cluster members. Guindon and Bridle (1978) performed a similar

study both for NATs and HATs but reached no decisive conclusions because of the lack of radial

velocity information.

In this paper we discuss some physical parameters for 44 head-tail radio galaxies (section II)

and investigate their sample distribution (sections III, IV). The majority is already present in

the list of Simon and for detailed references to further optical and radio data we refer to that

paper. Here Simon's sample has been enlarged by the addition of three HATs and two NATs (Valentijn,

1978, paper X) and several tailed radio sources for which new observations have. .ently become
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TABLE I - Parameter values Cor 44 head-tail radio galaxies

Cluster Name

(2)

lo« P610
W Hz-1

(3) (4) (5)

X
degrees

(6)

Reference radio; remarks

(7)

A
A
A
A
A
A

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

84
98
401
426
426
426

567
629
690
695
1190
1314
1314
1367
1446
1452
1559
1656
1684
1775
1940
2022
2142
2151
2151

ZwI6l5.8
A 2199
A 2214
A 2220
A 2241
A 2250
A 2255
A 2256
A 2256
A 2256
A 2256
A 2256
A 2304
Zw2247.3
A 2634

4C21.05
4C20.04A
4CI3.I7A
IC310
0314+41K
NGC1265
3C129
3C129.1
B2 0658+33B
4C66.07A
B2 0836+29
B2 0838+32A
B2 1108+41
IC708
IC7I1
3C264
4C58.23
4CT51.29.1
4C67.21
5C4.8I
4C10.35
4C26.41
4C55.29
B2 1502+28
1556+27
NGC6034
NGC6061
1610-60.5
1610-60.8
4C30.40
3C338
4C37.48
4C53.37
4C32.52E
4CT39.49.1
4CT64.20.1A
A: NB78.26
B
C
I
F
4C68.21
4CU.71
3C465

25.26*
25.04*
24.59
23.60
22.08
24.68
24.77*
23.91
24.84
25.23
24.99
24.76
24.08
24.24
24.04
24.72
25.43*
24.68*
25.58
23.85
25.34*
24.64
25.26
24.80
24.41
24.20
23.97
24.20*
25.60*
24.67
24.90 -
25.61*
25.15 -;
24.49 -
24.79* -
24.64
24.11
23.66
23.90
22.99
23.81
25.26* -
24.41
25.23

-20.4
-20.7
-20.1
-20.4
-19.3
-20.0
-19.2
-19.1
-21.1
-20.9
-21.5
-20.7
-21.0
-21.0
-20.0
-21.0
-21.2
-20.1
-21.0
-19.3
-21.6
-20.5
-21.3
-20.5
-19.4
-20.1
-20.3
-19.9
-21.2
-20.2
21.2
21.2
21.3
20.3
19.7
20.1
19.3
20.2
19.5
19.3
19.7
21.2
20.3
20.7

m '16.5
mv-16.0
mv-15.8
m^-14.3
m -15.4

nP-W.l1
n,v=17.4'
m=16.0

14.4

n-14.2
nf-15.2
1^-14.0
p

m^-16.52

m -14.9
1^-15.8
m^-15.2
m -16.0
m«14.7
m^-16.5
m -15.2
1^=15.0
P

n>-l2.83

m =14.9
n^-12.6
m =16.8

-16.3
-15.8m -

m =16.0
m^-16.5

;
m =15.8
m;=15.4
m=16.1
m=14.4
^=13.3

35 Rudnick and Owen, 1976; Riley, 1975
iSO Owen et at, 1977; double radio source
0 Slingo, 1974
0 Gisler and Miley, 1978
0 Gisler and Miley, 1978
20 Gisler and Miley, 1978
0 Hill and Longair, 1971
0 Hill and Longair, 1971

95 Valentijn, 1979; Lari et al, 1978
130 Slingo, 1974
110 Valentijn, 1979
90 Valentijn, 1979

25 Rudnick and Owen, 1977, Valentijn, 1979
45 Vallee and Wilson, 1976
0 Vallee and Wilson, 1976
0 Gavazzi (private comminication)

130 Owen and Rudnick, 1976
0? Hiley and Karris, 1977; complex trail

155 Owen and Rudnick, 1976
0 Jaffe et al, 1976

120 HcHardy (private communication)
0 Miley and Harris, 1976

160 Oven and Rudnick, 1976
15 Valentiji, 1979
0 Harris et al, 1977
90 Valentijn and Perola, 1978
120 Perola and Valentijn, 1978
0 Christiansen et al, 1977

135 Christiansen et al, 1977
0 Ekers et al, 1978

160 Jaffe and Perola, 1974; size only 15 kpc
135 Owen and Rudnick, 1976
40? McHardy (private communication)
0 Riley, 1975
15 Miley and Harris, 1976
0 Slingo, 1974

0
0
0
0
0

105
0

110

Bridle and Fomalont,
and
Bridle et al, 1978

1976

Owen and Rudnick, 1976
Schilizzi and Ekers, 1975
Miley and van der Laan, 1973

"Sandage, 1975
'double galaxy, both have m
3Ekers, 1970 V

••Christiansen et al, 1977

16.3
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available. The new features of this work with respect to previous studies are: a larger statis-

tical sample (especially for the WATs), the determination of the apparent opening-angle (x) and

an attempt to attain an internally consistent magnitude scale.

A comparison is made with a sample of radio galaxies (section V) and with double radio

sources (section VI). In section VII the data are discussed in terms of a radio source model and

the conclusions are summarized in the last section (VIII).

A Hubble constant of H - 100 km s~ Mpc is used throughout this paper.

II. The sample

He have omitted the sources 4C35.06 (A4O7), IC2082, 1621+38 (Zwl611.8) because of their un-

certain morphology. Our sample is listed in Table I. The parameters are presented in the following

forraat:

Columns 1 and 2: The cluster and radio source names. Where applicable the NGC or IC galaxy number

is given.

Column 3: The intrinsic monochromatic radio power at 610 MHz. These are derived from WSRT obser-

vations at this frequency or from other measurements (see column 7) using the spectral indices,

which are known in all cases. For redshifts we refer to Simon's paper or to the references in

column 7. For clusters with unknown redshifts Corwin's (1974) correlation was used to estimate

their distances. In these cases the power is marked with an asterisk.

Columns 4 and 5: The absolute photographic and apparent magnitudes used. All m 's are from Zwicky

and Herzog (1963), while all m 's (except the five noted) have been estimated from red FSS glass

copies. It was decided to remeasure the apparent magnitudes because of the large discrepancies

between the magnitude scales of different authors. For example we have compared the m magnitudes

of elliptical galxies measured by Ulrich (1976) with their m magnitude given by Zwicky and

Herzog. For elliptical galaxies one expects <Mv - M > - 1.15. However, for half of the galaxies

measured by Ulrich their visual magnitude is equal to the Zwicky photographic magnitude, while

for all observed by Ulrich <mv - m > « 0.6. Moreover, Simon interpreted these mv's to be "rei

and corrected them by subtracting 0.4 resulting in <m - m > * 0.2. Altogether this gives a sys-

tematic one magnitude difference between the two scales (introducing the colour dependence of

both the K-correction .and the galactic obscuration, with respect to the intrinsic M - M the

mv - m difference is reduced by at most 0.25 magnitude in this distance range). My estimates of

m have uncertainties of "o 0.5 magnitude and are thought to be internally consistent to better

than this level. The M values are derived using B - V * 1.15 and taking A and A. to be res-

i pectively 0.18, and 0.25 times cosec (jb| - 1). The K-correction from Oke and Sandage (1968) is

i applied.

Column 6: The projected apparent opening-angle (x) between the two paths of the trails. The angle

between the two farthest displaced radio components of each trail and the head of the tail was

determined. The tails are in general longer than 100 kpc except for 3C 338 where only structures

with distances to the parent galaxy less than 15 kpc were detected, making the overall morpho-

logy of the source uncertain. An angle of 0 has been assigned to head-tails where only one

trail was visible.

Column 7: The reference to radio observations.
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Figure 1 The projected opening-angle (\) versus radio power at 610 MHz for head-tail sources
(table 1) in three intervals of absolute magnitude (M ) .

6

III. The distribution of M , Pg, andPg,

In Figure 1 the projected opening-angle of the head-tail sample is plotted versus the abso-

lute radio power. We first list the trends visible in this figure. In the next section the effects

of the selection and composition of the sample on these trends are discussed.

i) There is a trend for wide-angle tails to be the strongest in radio power: above t 7.10 W Hz~±

14 out of 16 radio galaxies have a WAT (x > 45°) morphology, while below this power 26 out of 28

radio galaxies have NAT structures (x < 45°). This statement has been exaggerated a bit since the

four head-tails with a radio power of "•* 7.10 W Hz (I WAT, 3 HATs) have been binned arbitrary.

Note, that the angle which separates HATs and WATs can be taken everywhere from 45° to 90° since

no sources with an opening-angle in this range has been found.

ii) Even among the WATs there is some evidence that the angle x increases with increasing Pg,,..

Hi) The WATs seem to be associated with optically bright galaxies (M £ -20.7) while NATs are

generally associated with less luminous galaxies (M > -20.7).

iv) There is a lack of head-tail sources with 45° < x * 9°°-

In i) and Hi) the findings of Owen and Rudnick (1976) and Simon (1978) are confirmed.
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IV. Selection effects

Due to the limited sensitivities of radio telescopes, there is an evident bias in the sanple

against weaker radio powers. Since all of the four trends listed above are associated with tbe

source morphology, there is no reason why the power selection should influence these findings.

One selection present which could have such an effect (on i)) is the fart that NATs with one trail

are slightly easier to detect since they will have a surface brightness twice that of HATs (their

sizes being comparable) for similar luminosities. Since the trend found is spread over more than

three decades of radio power, this effect cannot severely influence the correlation.

The sample is not believed to be biassed in H since the head-tail sources are all identified

and have apparent magnitudes well above the plate limit of the FSS.

A systematic effect in the distribution of the opening-angle might result from the adoption

of x = 0 f°r radio sources with one trail detected. These sources could have a second trail which

was below the detection limit. However, in most cases at least sone of the flux of such a second

trail would have been detected if its surface brightness was at least about 1/10 of that of the

detected trail. The surface brightness ratio of the two trails of head-tail sources is generally

found to be nrach less than 1/10 and for this reason the effect is considered not to be important.

The apparent opening-angle (\) and its distribution is related by projection to the intrinsic

opening-angle (x^)- I" its general solution (random Xj, random orientation of the plane of the

two trails with respect to the line of sight) this projection function is rather complicated. He

have calculated numerically the resultant distribution of X due to the projection of a randomly

choosen value of X- and a random orientation of the tail. This calculation showed that in the

range 40° < X < '4°° tne number of apparent opening-angles is uniformly reduced by i<20SI (N(x)/

N(x-) • 0.8),while for x < 40° and for x > 140° the ratio of the numbers of x a n° Xj increases

attaining maxima at x - 0° (N(x)/N(x..) - 2) and x • 180° (N(x)/N(xi) - 1.5). From this, two con-

clusions can be made:

1) The lack of head-tails with 45° < x < 9°° (item III iv), in contrast with the 8 head-

tails found with a x in the interval 90 < x < 135° , cannot result from projection alone.

A statistical fluctuation causing this lack can however not be excluded.

2) Normalizing our numerically generated distribution to the total observed number in our

sample., the observational frequency of occurrence of NATs (x 4 10°) exceeds the expected

frequency for completely random x- by a factor five.

In addition we comment on the possible spatial configuration of two specific head-tail

radio galaxies.

If the two trails of a tail are making a small angle with the line of sight, a small x- can

result in a x > Xj/ However in this case the projected length of the trails will be much fore-

shortened and since we have included in our sample only objects with a tail longer than 100 kpc,

it is unlikely that any of these objects fits to this spatial configuration. One exception is

3C338 (in A2199) which is the only object in our sample with a projected length much shorter than

100 kpc. We did include this source in our sample, in spite of its short projected size, because

high sensitivity radio maps of this object stressed its head-tail structure (Jaffe and Perola,

1974). Its apparent peculiar brightness distribution strongly suggests a velocity component of
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the galaxy along the line of sight much higher than the tranverse velocity component. In this case

3C338 would be an outstanding example of the spatial configuration we are discussing here and so

its intrinsic opening-angle would be smaller than its apparent openings-angle. This interpretation

of 3C338 notably reduces its deviation from a correlation between x and P ^ among the HAT (item

III, ii).

Generally for X- < 90° the projection will result in a x < Xj- The 2.7 GHz map of the tail in

A2220 (McHardy, private communication) strongly suggests a head-tail radio source seen under pro-

\ •' jection and remarkably the adoption of an opening-angle intrinsically larger than the one observed

would also for this source reduce the deviation from a correlation between x and PRln among the

WATs (item III, ii).

V. Comparison with a sample of radio galaxies

As explained above, the radio power distribution of the sample is biassed, but with respect

to the absolute magnitude the sanple is complete and can be taken as represenbive. So it is rele-

vant to compare the magnitude distribution of the head-tail sample with that of other radio galaxy

samples. To this end the absolute magnitudes of the galaxies in the head-tail sample are plotted

versus their radio power in Figure 2.

From an extensive study of the radio luminosity function of elliptical galaxies Auriemma et

al (1977) have estimated the mean absolute magnitude <M > of radio galaxies per unit volume as a

function of P. Since we can consider every single observed cluster used to construct our sample

as an unit volume surveyed above a certain uniform minimum power, we may compare the results of

Auriemraa et al directly with the head-tail galaxy distribution in Figure 2. For "normal" ellipti-

cal radio galaxies including only a few head-tail sources Auriemma et al (1977) showed that above
2 24 —1

the "break" of the radio luminosity function at P,,,15 - 2.5 10 W Hz (so for <a> -0.7,

P*lo a. 4.5 10
24W Hz"1) the <M > of radio galaxies is equal to "WO.3 and independent of radio power

at least up to Pfi1n 'v 6.10 W Hz and for z <0.1. Below P the value of <H > increases slowly.

The value of <M > (Auriemraa et at, 1977) of "normal" radio galaxies as a function of P is
p oi.1)

plotted as a dashed line in Figure 2. From this comparison two conclusions can be made:

i) The radio power where NATs and WATs seem to segregate is suggestively close to P where the

not yet understood "break" of the radio luminosity function occurs.

ii) Above F , where almost all of the WATs are located, the data indicate a significantly brighter

Ox- 0.7 magnitude) <M > for the WATs than for the "normal" radio galaxies, while below P* the

tailed radio galaxies (essentially NATs) have a less significantly fainter <M > (y 0.3 magni-

tude).

This last statement is a quantification of the fact that the WATs are mostly associated with do-

minant or first ranked cluster galaxies. However, the data do not provide information on the

question whether first ranked galaxies have a higher probability of being a radio source O^ri

and Perola, 1978).
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Figure 2 The absolute magnitude (M ) versus radio power at 610 MHz for head-tail sources (table

1) in three intervals of openings-angle (\)- "the dashed Vine represents the expected

<M > of radio galaxies not selected morphologically (Auxierma et al, 1977).

VI. Comparison with double radio sources

It has thus been confirmed that the global classification of head-tail galaxies described by

X correlates with the absolute radio power and optical magnitude of the objects. It is interesting

to know whether this correlation extends to the "classical double" radio sources which have by

definition x ^ 180 .In order to define such a sample we used Gavazzi and Perola's (1978) classi-

fications of double radio galaxies in their 3CR and B2 (Colla et al, 1975) samples. The absolute

magnitudes of these radio galaxies were taken from Sandage (1972) and from the Zwicky catalogue

(1963). Using the known spectral indices the radio powers were converted to 610 MHz. We do not

reproduce these data, but simply state that the P 6 1 0 of this sample of double radio sources is

evenly distributed between % 10 and ^ 10 H Hz and that their M 's are normally distributed

around the dashed line representing the <M > of "normal" radio galaxies in figure 2. In the power
25 26 1 ^

interval 10 < P61Q < 10 W Hz" the <M. > of double radio sources is even slightly fainter (0.2m)
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than -20.3, contrary to what one would expect from a continued correlation between M and X- Both

the wide range of P,,n and the distribution of the H 's of double radio sources implies that the
old p

apparent transition of NAXs to WATs which correlates with P,1Q and M is not extended to double

radio sources.

Auriemma et al (1977) also noted that the value of P* corresponds rather closely to the

power where according to Fanaroff and Riley (1974) the morphology of double radio sources changes

from Class I (brightness peaks nearer to galaxy than regions of diffuse radio emission) to class

II (reverse configuration). It is striking that this P also corresponds to the dividing radio

power between NATs and WATs.

VII. Discussion

There is no completely satisfactory model for head-tail radio sources. He adopt here the

"independent blob model" of Jaffe and Perola (1973) since it incorporates many of the basic fea-

tures of more complicated models. For example the dynamical processes which occur in models in-

voking relativistic beams (e.g. Blandford and Rees, 1974) and in situ acceleration of particles

in the trails (Pacholczyk and Scott, 1976) are basically similar to those in the independent blob

model.

Evaluating the orbit equation (5) of the independent blob model fora perpendicular ejection

angle, the intrinsic opening-angle X- is described by

IXj
V

(t) --£•
_ -2t/T

(1-e

g 2t/T-(l-e-2t/T)
(1)

showing that at a fixed distance from the galaxy X is not only dependent on the ratio of the

ejection velocity v to the galaxy velocity v but also on the characteristic expansion time T

of the ejected blobs. So in order to verify the independent blob model properly with respect to

its x parameter and to analyse the X distribution in conjunction with v /v ratios, sensitive

high resolution observations are needed to determine the x(t = T) distribution for radio sources.

The nominal x values presented in this paper correspond to fixed distances to the parent galaxies

of about 100 kpc.

We first comment on the possibility that the differences between the morphologies of WATs

and NATs are caused by systematic differences in their galaxy velocity v . From a study of peculiar

radial velocities of a sample of DATs Baggio et al (1978) concluded that the NATs have a velocity

distribution similar to that of other cluster galaxies. Unfortunately a similar study for WATs is

not yet available, but it is expected that the WATs will have lower v 's since they are associated

with more massive, often dominant cluster galaxies. Observational evidence of this is provided by

Chincarini and Rood (1977) who observed in A194 a velocity dispersion of 530 km s~ for 10 M
-1 12 °

galaxies while a velocity dispersion of •»» 250 km s was determined for 10 H galaxies (adopting

M/L ratios of 33, 19 and 5 solar units for respectively E+SO, SOa and spiral galaxies, H - 50).

A similar trend can be noted in the centers of the Coma and A1367 clusters. Assuming a v of
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1200 km s~ the X (t - 4T) values corresponding to v values of 530 km s and 250 km s are

respectively 36° and 67°. A lower v for WATs, although consistent with the difference in x>

would not directly explain the different observed power ranges of WATs and NATs.

The second possibility for the origin of the morphology of WATs, a systematically higher

ejection velocity v , could involve this difference in radio power. A higher v corresponds to

a greater momentum for the ejecta, which might be expected from the more massive parent galaxies

of WATs. Such a higher momentum could then also be related to the systematically higher radio

power of WATs. At this moment observation nor theory can constrain these speculations.

Thirdly we consider the relative importance of the stopping time T (at which time the ex-

pansion of individual blobs has halted) for the radio source morphology.

T -
(2)

in the independent blob model with m, , v and r the initial mass, velocity and radius of the

ejected blobs, and p. the density of the surrounding medium. The internal pressure scales with
-4 2

r during the expansion of the blob, while the external ram pressure is p. v so
2 -i -1

r 'vp. v as the result of the rapid expansion of the blob immediately after its ejection

until its first ram pressure equilibrium is reached (the momentum when r and v are defined).
o o

This reduces the expression for T to

(3)

Therefore WATs are also expected to occur in relatively low p. regions. Indeed the two WATs

found in the Hercules cluster are situated at the outskirts of the cluster where a lower limit
-5 -3 7

of p. T7 > 5.10 cm 10 K has been found (Cooke et at, 1977; and paper V). This would then

explain the location of NGC6061 and NGC6034 in the x - Pg,Q diagram (figure 1) since for both

galaxies relatively high peculiar radial velocities were measured (respectively 460 km s and

680 km s~ ) excluding a low value of v as the origin of their morphology.

Finally we note that in this picture double radio sources can be produced by merely invoking

similar values of v and m, (blob mass) to those for tailed radio sources. If double radio
e t>

sources are situated in a medium with a density which is a factor of 100 lower than inside the
-3 —4 —3

clusters (where p i> 10 - 10 cm ) where tailed radio sources are usually located, the stop-

ping times of the ejected components will be a factor 10 longer and hence of the order of almost

t< 10 year. In the absence of continuous in situ acceleration the radiative energy losses will

have steepened the spectra of the components so much (a » 2) that at t = T they will be un-

detectable at the observing frequencies of current synthesis radio telescopes. Furthermore van

der Laan and Perola (1969) have demonstrated that before this spectral steepening occurs the

sources are drastically attenuated by particle losses through diffusion. This may also be quicker

in a tenuous ambient medium than inside clusters. So applying the independent blob model to
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double radio sources means that in general double sources are observed at t £ T/5 giving rise to

opening-angles only a few degrees (< 6°) different from 180 if v /v is taken to be 4. Indeed

double radio sources are found to occur mostly outside clusters (Lari and Perola, 1977) where

both conditions, a somewhat lower v and a low density of the surrounding medium are expected to

obtain:

We summarize the consequences of the independent blob model with respect to the X distribution.

Outside clusters, where because of the low 0. the stopping times are longer than the radiative

lifetimes, irrespective of their optical luminosity or mass, galaxies are capable of producing

double radio sources (explaining the wide range of double sources in the H - Pg,n diagram). In-

side clusters sources are observed at t < T, before radiative or diffusion losses have extinguished

the bend structures, so that the dependence of x on v , v , m^ and Picm enters the scope of the

observational samples (explaining the correlations in the P, M , x diagrams). Note that according

to this scheme, because of the higher rate of adiabatic expansion losses, double radio sources

of the same initial conditions are expected to be on the average weaker radio emitters than sour-
21 2*f

ces located inside clusters, Aurienma et dl (1977) state that in the range 10 < P11)15
 < 10

W Hz , the amplitude of the radio luminosity function of galaxies inside clusters cannot differ

more than a factor two compared with galaxies located outside rich clusters. However the width

of this margin allows the mean radio power of galaxies outside clusters to be less than those in-

side by as much as a factor six for the same energy expenditure.

According to the above picture some bending in the outer lobes of double radio sources is

expected to occur. The 1.4 and 5 GHz observations of B2 0844+31 (van Breugel and Hiley, 1977)

show such a bending, while the observed blobs seem to expand even at distances from the parent

galaxy greater than 130 kpc (indicating t < T).

Evidence of a low density of the medium surrounding double radio sources is also provided

by the multi-frequency observations of the giant radio galaxies 3C236 and 3C326 (Killis et at,

1974; Willis and Strom, 1978). The densities of the inter galactic gas surrounding these objects

was found to be at most about 10 cm .

Clearly radio source phenomena are much more complex than sketched here. In particular the

presence of in situ accelaration may change the effective time scales. The aim of the above dis-

cussion was to show that the independent blob model can simply account for the gross morphologies

of NATs, WATs and double radio sources and their distribution in the X ~ Pgi0 ~
 M diagrams

without introducing very different ejection velocities and masses of the ejected blobs for these

objects.

VIII. Conclusions

For a sample of 44 sources, an increasing opening-angle of head-tails correlates with in-

creasing radio power and brighter absolute magnitude. Above 7.10 W Hz~ 14 out of 16 radio tails
25 -1

have a WAT morphology and 15 have M < -20.7 while below 7.10 W Ha 26 out of 28 radio galaxies

have NAT structures with only three cases of M < -20.7.

The parent galaxies of WATs have a mean absolute photographic magnitude T- 0.7 magnitude

brighter than normal radio galaxies of similar radio power (Aurienma et at, 1977).
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The radio power where NATs and WATs seen to segregate is suggestively close to the break in

the radio luminosity function at Pgl0 - 4.5 IO
2<f M Hz'1 (Aurieaaa et al, 1977).

No head-tail with 45° < x < 90° were found in a sample of 44.

The morphology of WATs coapared with that of NATs is at least partly understood if the parent

galaxies have a relatively low v . Alternative or complementary explanations involve higher masses

for the ejecta, or higher ejection velocities or lower densities of the ambient medium.

The general features of the morphologies of NATs, WATs, and double radio sources can be des-

cribed by the independent blob model (Jaffe and Perola, 1973) adopting comparable ejection velo-

cities and masses for the ejecta for all objects but having a different galaxy velocity and den-

sity of the ambient medium. Double radio sources would then need to be situated in a medium that

is about two orders of magnitude less dense than that present in clusters.
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SAMENVATTING

Dit proefschrift bevat een aantal artikelen uit de serie "A Westerbork Survey of Rich Clusters

of Galaxies". Het voornaaaste doel van dit projekt is de radio eigenschappen van sterrenstelsels

in klusters te bestuderen en «et naae cm te onderzoeken of de sterrenstelsels in klusters een af-

wijkend radio gedrag vertonen vergeleken set sterrenstelsels buiten klusters. De basisvraag is al-

gemeen: "in welke aate is het radio gedrag van sterrenstelsels door hun omgeving bepaald en wat

is de rol van de eigenschappen van de sterrenstelsels zelf?" Het zal duidelijk zijn dat een even-

tueel antwoord op deze vraag van belang is voor het ontwerpen van een aodel van de evolutie van

(radio) sterrenstelsels.

In klusters tussen de sterrenstelsels in wordt de aanwezigheid van een heet 0^ 100 miljoen

graden Keivin) en relatief dicht (1 deeltje per kubieke deciaeter - meter) gas verondersteld.

Dit gas zou zowel het ontstaan van radio bronnen als hun levensduur kunnen beïnvloeden. Indien

aangenomen wordt dat de staarten van kop-staart stelsels in klusters door dit gas in stand gehou-

den worden, dan kan men daaruit de dichtheid en temperatuur van dat gas berekenen. Het is niet

uitgesloten dat de totale massa van dit gas zo groot is, dat zij de evolutie van het heelal als

geheel kan bepalen.

Indien nu het radio gedrag van sterrenstelsels duidelijk door hun omgeving wordt beïnvloed

of wordt bepaald dan kan men systematische verschillen verwachten tussen de radio eigenschappen

van sterrenstelsels in verschillende omgevingen. Het ligt voor de hand om een onderzoek hiervan

aan te vangen door sterrenstelsels in heel duidelijke verschillende omgevingen te bestuderen.

Om deze reden is in dit proefschrift gekozen voor een vergelijking tussen sterrenstelsels in

de vijke klusters Coma (spiraalarm, compact, oud?) en Hercules (spiraalrijk, open, jong?) en

sterrenstelsels buiten klusters.

De resultaten van Westerbork Synthese Radio Teleskoop waarnemingen van de Coma kluster , de

Hercules kluster en 8 ver weg gelegen klusters worden gepresenteerd.

In de Engelstalige inleiding van dit proefschrift zijn de resultaten per hoofdstuk opgesomd.

In deze samenvatting zal ik de resultaten hergroeperen tot de drie hoofdonderwerpen die in deze

studie aangepakt zijn: de bepaling van de radio-helderheids funktie (RHF) van kluster sterren-

selsels; de morfologie van kop-staart radiostelsels en de kluster radio halo's.

De radio helderheids funktie van kluster sterrenstelsels geeft de fractie van sterrenstel-

sels aan dat radiostraling uitzendt boven een bepaald vermogen en de bepaling van deze funktie

voor verschillende verzamelingen van sterrenstelsels (bijvoorbeeld: binnen en buiten klusters)

is een goede manier om systematische verschillen tussen de mate van "radio-aktiviteit" van de

stelsels in dergelijke verzamelingen op te sporen. In dit proefschrift zijn RHF's bepaald voor

verschillende morfologische typen van sterrenstelsels. Zowel voor de Coma als voor de Hercules

kluster is gevonden, dat de RHF van hun elliptische en SO sterrenstelsels binnen een factor

twee overeenkomt met die van sterrenstelsels buiten klusters. Voor de spiraalvormige en onregel-

matige stelsels zijn wel verschillende RHF's gevonden: voor de optisch svxxkke sterrenstelsels

in de Coma kluster vinden we een hoger percentage radiostralers dan voor spiraal sterrenstelsels

van vergelijkbare optische helderheid buiten klusters; voor de optisch heldere spiraal sterren-
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stelsels in de Hercules kluster is juist het omgekeerde gevonden. Deze resultaten zullen gekombi-

neerd worden met gegevens van andere kluster waarnemingen van de Westerbork Survey (A1367, A2I97,

A2I99 en de Cancer kluster) en zullen in een apart artikel buiten het kader van dit proefschrift

worden behandeld.

In de Coma kluster is een radio halo (Coma C) gedetecteerd. Enkele van de Westerbork telesko-

pen werden elk als enkelvoudig instrument gebruikt en de resultaten van deze waarnemingen worden

gekombineerd met interferometrische gegevens van Coma C. Zodoende is bepaald, dat het sterk ge-

polariseerde radio signaal dat in de richting van de Coma kluster is gedetecteerd, afkomstig moet

zijn uit een gebied dat in ons eigen Melkwegstelsel is gelegen. Vervolgens is modelmatig de ge-

corrigeerde radio helderheid (1.2 ± 0.5 Jy) en de afmeting (y 1 Mpc) van Coma C berekend. Uit een

kombinatie van deze radiogegevens met röntgen waarnemingen is een beneden liniet van de sterkte

van het intra-kluster magneetveld in Coma van 10 Gauss afgeleid. De eventuele samenhang tussen

de radio halo, kluster radio—sterrenstelsels en het intra kluster gas is nog niet duidelijk.

De resultaten van een zoekprograama naar radio halo's in acht ver weg gelegen klusters wor-

den gepresenteerd. Alhoewel deze acht klusters goede kandidaten leken om een dergelijke radio-

bron te bevatten, is in geen daarvan een radio halo van een vergelijkbare structuur als Coma C

gevonden.

Voorts is de radio helderheidsverdeling van diverse kop-staartstelsels in kaart gebracht.

Totaal vijf stelsels blijken een wijde openingshoek te hebben. Een radio bron model is

toegepast op verscheidene van deze kop-staartstelsels. De spectraal index- en helderheids ver-

deling van verschillende radio staarten suggereert de aanwezigheid van in situ deeltjes versnel-

ling in deze staarten. Voor de twee kop-staartstelsels in de Hercules kluster kan hun asymnetri-

sche structuur verklaard worden als gevolg van een uitstotingsrichting van het radio-stralende

materiaal niet loodrecht op de bewegingsrichting van de "moeder-sterrenstelsels". Het toepassen

van het radio bron model op deze twee objecten leidt ook tot een bepaling van het product van

dichtheid en temperatuur van het inter-galactische medium in de omgeving van deze stelsels. Op

grond van de combinatie van deze radiogegevens met röntgen waarnemingen is een beeld opgebouwd

van het inter-galactische gas in de Hercules Supercluster, met als belangrijk resultaat, dat

waarschijnlijk de gehele Hercules Supercluster gevuld is met een gas met een dichtheid van

T- 10"5 cm"3.

In hoofdstuk 9 worden de distributies van drie parameters (openingshoek, radiovermogen en

optische helderheid) van een verzameling van 44 kop-staartstelsels behandeld. Een duidelijke

correlatie tussen deze drie parameters wordt bevestigd en de eigenschappen van deze verzameling

t ., kop-staartstelsels worden vergeleken met die van dubbele radiobronnen en ook met die van een

verzameling radiostelsels, die niet morfologisch geselecteerd zijn. De resultaten worden be-
1 sproken aan de hand van een radiobron model waarbij uiteen gezet wordt dat de verschillen tussen

kop-staartstelsels en dubbele radiobronnen niet het gevolg hoeven te zijn van intrinsiek ver-

schillende eigenschappen van deze stelsels. Deze verschillen blijken goed begrepen te kunnen

worden als gevolg van verschillende gas dichtheden in de omgeving van de stelsels.
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STUDIEOVERZICHT

Op verzoek van de Faculteic der Wiskunde en Natuurwetenschappen volgt hier een overzicht van Mijn

studie. Na het behalen van het einddiploma HBS-B aan het Huygens Lyceum te Voorburg begon ik in

1969 mijn studie aan de Rijksuniversiteit te Leiden. In 1972 behaalde ik het kandidaatsexamen

sterrenkunde en natuurkunde met wiskunde. Tijdens de doctoraalfase van mijn studie volgde ik onder

•eer colleges bij Prof. R.G. Conway, Prof. H.C. van de Hulst, Prof. H. van der Laan en Prof. P.

Hazur. Tevens volgde ik de interacademiale colleges Sterdynaaika (1973) en Interstellaire Materie

(1974). Van augustus 1973 tot januari 1976 was ik als student-assistent werkzaam aan de Leidse

Sterrewacht en assisteerde ik bij de eerste-jaars colleges sterrenkunde. In december 1975 behaalde

ik het doctoraalexamen sterrenkunde met bijvak natuurkunde. Vanaf I januari 1976 kwam ik voor een

periode van drie jaar in dienst van Z.W.O. in welke periode ook dit proefschrift tot stand kwam.

In het kader van dit onderzoek bracht ik twee werkbezoeken aan het Radio Astronomische Instituut

van de Universiteit van Bologna (Italië), waar ik ook optische waarnemingen verrichtte (1977,

Loiano, Italië). Verder bezocht ik enkele malen de "Young European Radio Astronomers Conference"

(Parijs, 1975; Torun, 1976; Dwingelo , 1977) en in 1976 nan ik deel aan het IAU Symposium nr. 74

"Radio Astronomy and Cosmology" te Cambridge (Engeland). In 1977 was ik deelnemer aan het IAU

Symposium no. 79 "The Large Scale Structure of the Universe", (Tallinn, U.S.S.R.).

Ik ben lid van de RADEX werkgroep en zal voornamelijk in het kader van de kluster Projekten van

deze werkgroep het eerste halfjaar van 1979 aan de Leidse Sterrewacht verbonden blijven als

wetenschappelijk ambtenaar.

126



DANKBETUIGING

Het is vrijwel onmogelijk OB allen, die aan de totstandkoming van dit proefschrift hebben

meegewerkt hier persoonlijk te bedanken. Met naae de staf en de ontwerpers van de Westerbork

Telescoop en de Reductie Groep hebben zorg gedragen voor de overwegend goede kwaliteit van de

waarnemingen.

Dr. W.J. Jaffe en Dr. G.C. Ferola bedank ik beiden voor hun co-auteurschap van verschillende

artikelen van dit proefschrift. Zij startten ook het "Westerbork Cluster Survey" en ik ben Dr.

G.C. Perola zeer erkentelijk voor zijn voortdurende interesse en medewerking in de voortzetting
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