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Abstract. — A sample of 10 low-luminosity radio galaxies with angular size greater than 4 arcmin has been
observed at 10.6 GHz using a new multi-feed receiver system installed in the secondary focus of the Effelsberg 100-m
telescope. Sensitive maps of the total and linearly polarized radio emission allow us to study the large-scale distribution
of the synchrotron radiation and its spectral behaviour which at short cm wavelengths cannot be measured with
interferometers. Since Faraday rotation is almost negligible at this wavelength, the intrinsic projected large-scale
magnetic field is directly mapped by these observations. Studies of the depolarization and Faraday rotation in radio
galaxies are greatly improved by incorporating observations at such wavelengths. In general, the degree of polarization
at 10.6 GHz is found to be higher in the outer parts (e.g. lobes) than in the inner parts of the sources, and it is
significantly higher over most of the sources than what is measured at lower frequencies (1.4 GHz). The magnetic field
orientation seems related to the morphologies of the sources. Except for one case, which is a relic radio galaxy, the

integrated high-frequency spectra do not show any signs of steepening and hence particle aging.
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1. Introduction.

An extensive study of two complete samples of 105 low-
luminosity radio galaxies, selected from the B2 catalogue,
was carried out in recent years (de Ruiter et al. 1990, and
references therein). Observations of these radio galax-
ies were made with different radio telescopes between
408 MHz and 5 GHz. The samples were studied with dif-
ferent configurations of the VLA at 1.4 GHz (Fanti et al.
1987, and references therein), and at 5 GHz for a minority
of sources (Morganti et al. 1987; Giovannini et al. 1988,
Feretti, et al. 1990 and references therein). The most ex-
tended sources were observed with the WSRT at 5 GHz
and/or at 1.4GHz and 0.6 GHz (Parma et al. 1985, and
references therein). Furthermore, for 37 sources integral
source properties measured with the Effelsberg radio tele-
scope at 2.7 GHz are available (Parma & Weiler 1981).
All of the information on the morphology, spectral
index and polarization properties of low-luminosity radio
galaxies were collected in an intermediate frequency range,
and some of the basic questions to be elucidated with such
measurements are still unanswered, such as the problem
of whether the Faraday rotation in such radio sources
is primarily intrinsic or whether it occurs in a magne-
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toionic foreground sheet. We therefore decided to extend
the study of their characteristics towards higher frequen-
cies. From the two complete samples of low-luminosity
radio galaxies we selected those sources with an angu-
lar size greater than 4 arcmin in order to have adequate
resolution, and we observed them at 10.6 GHz using the
100-m Effelsberg radio telescope. So far, high-frequency
investigations of radio galaxies which are sensitive to the
large-scale components have been made by Kronberg et
al. (1986) and by Andernach et al. (1992).

In Section 2 we describe the observations and the data
reduction procedure. In Section 3 we present the results
(radio images in total and polarized intensity, integral
properties) and briefly discuss these, and in Section 4
a brief summary is given. A detailed comparison of the
present measurements with those at lower frequencies will
be presented elsewhere.

2. Observations and data reduction.

We refer to Fanti et al. (1987) for a detailed description
of the samples and of their selection criteria. For the
present study we have selected 10 radio galaxies with
angular sizes exceeding 4’. This ensured sufficient spatial
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resolution for a useful high-frequency study and, at the
same time, provides a first test of the performance of
the new 10.6 GHz receiver system of the Effelsberg 100-m
telescope for such objects.

The observations have been carried out between Jan-
uary and May 1990 using the new 10.6 GHz (A\2.8cm)
8-channel receiver system installed in the secondary focus
of the 100-m telescope of the MPIfR. This system consists
of 2 modules, each hosting 2 feeds and the subsequent
RF sections. RF amplification is achieved by very stable
HEMTs. Each feed is followed by a circular polarization
polarizer to provide two channels with left and right cir-
cularly polarized voltages. These are mixed with a local
oscillator signal to provide IF voltages Vi, and Vg. The
two circular polarizations are detected to provide total
power signals V; and V{2, assuming that the received sig-
nal has zero circular polarization. The other halves of the
two signals are fed into an IF polarimeter to be processed
in a quadrature network such as to provide W, - Vg - cos¢
and Vi, - VR - sing, where ¢ is the relative phase shift of
the two circularly polarized components. These latter two
powers are proportional to Stokes parameters @ and U,
which fully describe the linear polarization of the incoming
wave. The four feeds can now be used in connection with
the so-called software beam-switching technique (Morsi &
Reich 1986) to provide power differences between any pair
of horns, thus efficiently cancelling out any atmospheric
perturbations imposed on the signal. The great advan-
tage of this technique as compared to previous hardware
switching (see e.g. Klein & Emerson 1981) or correlation
systems (see e.g. Gioia et al. 1982) is the relatively sim-
ple design and the fact that one is always ”on source”.
The basic observing mode of such a multi-beam system
when mapping extended radio sources was described by
Emerson et al. (1979). Since all 4 horns have their own
polarimeters, this new receiving system is a major im-
provement compared to the previous one concerning the
sensitivity both, in total power as well as in polarized
intensity. Note that this sensitivity relies heavily on the
stability of the HEMT amplifiers. The basic telescope
properties and characteristics of the receiving system are
compiled in Table 1.

After detection the signals are processed by an A/D
converter after which they are fed into the on-line com-
puter.

The maps which have to be scanned in an azimuth-
elevation coordinate system in order to take full advantage
of the multi-beam mapping technique (see Emerson et
al. 1979) must have sufficient lengths (in the scanning
direction) to account for the largest beam throw (~17').
Each horn delivers 4 maps of the field covered (2x Stokes
I, @ and U). Since the feeds remain fixed in the secondary
focus, the @Q and U output has to be corrected for the
change in parallactic angle. This is done in the tabscan
stage, prior to the map making. In the first map stage, the
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TABLE 1. Receiver and telescope parameters.

Centre frequency 10.55 GHz
Bandwidth 300 MHz

System temperature 50K

Number of feeds 4

Number of receiver channels 8 (4 LHC, 4 RHC)
Number of polarimeters 4

Number of channels recorded 16
Available beam throws 2/92, 4/89, 8/89
11/81, 13/78, 16/70

Aperture efficiency 42%

Main beam solid angle 1.3-10 st
Tp/S 2.25K/Jy
Highest sidelobe —15dB

Half power beam width 69" (circular)

calibration scale of all individual channels is adjusted to
account for gain differences in the receiver systems. The
corresponding factors have been determined in the course
of extensive test measurements using strong point sources
(Reich, priv. comm.).

After adjusting the calibration scales of all individual
channels the two total power maps from each horn are
averaged. The resulting 6 differential images, obtained
by subtracting the total power maps of all possible horn
pairs, are largely free from atmospheric fluctuations and
have to be restored using the method of Emerson et
al. (1979) to provide the equivalent single-beam maps.
The next step involves a left-to-right inversion of the
maps in order to account for the different sense of right
ascension and azimuth, as well as shifting the restored
single-beam images onto the map centres corresponding
to the optical axis of the linear horn array. It is at this
stage that the I, @ and U maps from all horns can
be averaged to yield mean I, @ and U images of one
coverage. The final step transforms the azimuth-elevation
maps into equatorial coordinates. If several such coverages
have been obtained, they can be averaged to improve the
signal-to-noise ratio, utilizing in particular a Fourier filter
technique to remove residual scanning noise (see Emerson
& Grave 1988). Further editing of the data (e.g. to remove
interference spikes) can be done preferentially during the
initial map stage. Essentially all of the software used
for the data reduction is based on the standard NOD2
package (Haslam 1974).

Each source was mapped by scanning a field of size
(0s + 23') x (fs + 2'), where 65 is the maximum source
extent, in azimuth and elevation respectively, with the
scanning direction in azimuth and a scan separation of
20"”. A drive rate of 40’ per minute ensured minimum
baseline drifts during each scan. Calibration was achieved
by mapping the flux density standards 3C 123, 3C 138,
3C 147, 3C 286, 3C 295, and NGC 7027 in the same way
as the radio galaxies. The flux density scale is that of
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Baars et al. (1977), with the caveat that some of the
sources (except 3C 286 and 3C295) have slightly changed
since then (Ott 1991). Pointing checks and focussing have
been performed by frequently cross-scanning the above
sources and 3C 48. Calibration of the polarization param-
eters has been achieved using the maps of 3C 123, 3C 138,
and 3C286 for which we have adopted polarization de-
grees and angles at 10.6 GHz of 3.8%, 11.9%, 11.6% and
179°, 173°and 36°, respectively. The instrumental polar-
ization obtained from the map of NGC 7027 is $1%. The
corresponding responses of Stokes @ and U to this source
are displayed in Figure 1.

Up to a dozen coverages have been obtained for our
target sources, some of which had to be rejected because
of strong interference or imperfect weather cancellation.
Table 2 summarizes the observations.

TABLE 2. Observing details.

Source Obs. dates (1990) Number of coverages used rms noise [mJy/b.a.]
total power polarization total power polarization

0034+25 Jan. 6,30; Feb. 4 6 6 12 0.7

0326+39 Jan. 6,7,10; 6 6 1.4 1.0
Feb. 5

0828+32 Jan. 6,7,10,30; 12 10 14 0.6
Feb. 5; Mar. 28

0844+31 Jan. 8,10,30; 10 6 1.0 0.7
Feb. 5; Mar. 27

0915432 Jan. 8,30; Feb. 5; 12 12 1.0 0.5
Mar. 27,28

0924+30 Jan. 8,11; Feb. 5; 7 7 1.1 0.7
Mar. 28

1116428 Jan. 8,11,31; 8 8 1.1 0.7
Mar. 27

1321431 Jan. 11, Feb. 2; 8 9 1.2 0.9
Mar. 29

1615435 Jan. 6,7,31; 6 6 1.4 0.9
Mar. 28

1827432 Jan. 7,31; Feb. 2; 11 8 1.0 0.7
Mar. 29

3. Results and discussion.

In this section we present the maps of the present sample
of low-luminosity radio galaxies. Concerning the positions,
redshifts, and optical magnitudes of the host galaxies we
refer to the tables in Colla et al. (1975) and in Fanti et
al. (1978). For each object, a map of its total as well as
of its linearly polarized emission at 10.6 GHz is presented,
with a brief description of the most salient features. A
preliminary comparison is made with low-frequency VLA
and WSRT images. Contour levels are compiled in Table
3. Integral properties deduced from the present measure-
ments are summarized in Table 4, with the B2 name of
the sources given in column 1. Column 2 of this table lists
the total 10.6 GHz flux densities and their estimated er-
rors. These have been obtained by integrating the maps of
the calibration sources and the target sources in circular
or elliptical rings such as to fit the source morphology as
good as possible. The errors reflect mainly the uncertain-
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FIGURE 1. Instrumental polarization pattern obtained by map-
ping NGC 7027. a) Stokes parameter Q; b) Stokes parameter U.
Contours are 0.1%, 0.2%, ... (solid contours), —0.1%, —0.2%,
... (dashed contours). Units are relative to the maximum of
Stokes parameter I.

ties in the map zero levels. Column 3 gives the polarized
flux densities obtained by integrating the @ and U maps
in the same way and by computing I, = (Q* + U?)!/2.
These integrations also resulted in total polarization de-
grees and angles (columns 4 and 5). In column 6 and 7
the monochromatic radio luminosity at 10.6 GHz and the
5 GHz core luminosities (taken by Giovannini et al. 1988)
are given respectively. The computed values are based
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TABLE 3. In all contour plots the hatched area in the lower
left indicates the beam size (69"), while the bar at the top
right calibrates the E-vectors which are superimposed. In
the total power maps the E-vectors have lengths propor-
tional to the polarized flux density per beam area, while
those in the polarization maps have lengths proportional
to the degree of polarization.

Figure Contour levels [mJy/beam area]

2a 3,5,7,9,11

2b 1,1.5

3a 3,6,9,12,15,20,25,30,40,50,60,70,80

3b 2,3,4,5,6

4a 3,6,8,10,12,15,20,30,40,50,60,70,80,90,100

4b 2,3,4,5,6,7,8,9,10,12,14,16,18,20

5a 3,6,9,12,15,20,30,40,50,60,70

5b 1.5,2,3,4.5

6a 2,4,6,8,10,14,18,22,26,30,34

6b 1,1.5,2,2.5,3,3.5,4

7a 3,6,9,12,15,20,30,40,50

b 1,2,3,4

8a 3,6,9,12,15,20,25,30,35,40,45

8b 2,4,6,8,10,12,14,16

9a 3,6,9,12,15,20,25,30,40,50,60,70,80,90,100,
110,120,130

9b 2,3,4,5,6,7,8,9,10

10a 2,4,6,8,10,15,20,25,30

10b 1,1.5

on a Hubble constant of Hy = 100 km s~! Mpc~! and
assuming gqo = 1.

Integral source properties, some of which are com-
prised in Table 4, will be discussed at the end of this
section.

3.1. B2 0034+25.

Our maps of the total and linearly polarized intensity
at 10.6 GHz of this wide-angle tail (WAT) source (see
Ekers et al. 1981, de Ruiter et al. 1986) are displayed in
Figures 2a and b. The southern tail is still visible at this
frequency. The degree of linear polarization reaches ~30%,
the average being 5.4+2.0%. The integral polarization
angle is 108°411°, close to the value of 117°£7° found
by Parma & Weiler (1981) at 2.7 GHz. Together with the
angle of 125° at 1.4GHz (Ekers et al. 1981), a rotation
measure of about +7radm~2? results, the three values
being consistent within the errors.

The integrated spectral index between 1.4 GHz and
10.6 GHz is the same as that at lower frequencies (Ekers
et al. 1981), with « = —0.62 £ 0.01 (S, ~ v%).
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3.2. B2 0326+39.

This source has recently been studied thoroughly between
0.6 and 5 GHz by Bridle et al. (1991) using the VLA and
the WSRT. The ”S”-type asymmetry which was already
noted by Ekers et al. (1981) shows up in our 10.6 GHz map
(Fig. 3a) only marginally if anything. At this frequency
the brightness of the core has become stronger compared
to the lobes, corroborating the flat spectral index found
by Bridle et al. (1991).

Figure 3b displays the map of the linearly polarized
brightness of B2 0326+39. The degree of linear polariza-
tion is highest at the outer edges of the lobes, exceeding
some 30% locally. In the lobe centres we derive between
6% and 10% linear polarization. Some depolarization at
10.6 GHz is indicated there, comparing our measurements
with those of Bridle et al. (1991). This is obviously the
result of beam depolarization, owing to the non-uniform
magnetic field structure within the lobes. In the central re-
gion we find ~10% polarization, indicating some marginal
depolarization at lower frequencies. Bridle et al. (1991)
find between 5% and 12% polarization for the central
(~40") component.

The distribution of polarization angles indicates sig-
nificant Faraday rotation between 1.4 GHz and 10.6 GHz
if we compare the map in Figure 3b with that of Bridle
et al. (1991). The rotation measures determined by Bri-
dle et al. are consistent with our polarization angles. The
integral position angle at 10.6 GHz is x = 118° £ 8°, and
Parma & Weiler (1981) reported x = 165°£2° at 2.7 GHz.
This would imply a rotation measure of +73 rad m~2, sig-
nificantly more than the typical values found by Bridle
et al. across this source. However, the measurements of
Parma and Weiler were made with a 4'5 beam so that
they probably did not pick up the whole flux. Rotating
our polarization vectors by 90°, we find a good correspon-
dence between the magnetic field orientation at 10.6 GHz
and the magnetic field model sketched by Bridle et al.
(1991). Using our data, we shall be able to refine that
model.

Our total flux density at 10.6 GHz (Tab. 4) does not
show any break in the spectrum (Fig. 11b), with a spectral
index of @ = —0.701+0.01 being maintained from 408 MHz
through 10.6 GHz.

3.3. B2 0828+-32.

This intriguing source shows two lobe systems at lower fre-
quencies (Parma et al. 1985, Machalski & Condon 1985),
probably reminiscent of precession of the central machine
which powers the radio lobes. Our 10.6 GHz map shown in
Figure 4a shows the main lobes, while the steep-spectrum
secondary lobes which run roughly north-south are only
marginally indicated, owing to the limited dynamic range
of our map which is disturbed by residual scanning effects.
Nevertheless, it can be seen that the southern extension of
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TABLE 4. Integral source properties at 10.6 GHz.

Source Stot Sp P P% log P1g.7 log P

[mJly] [mJy] (%] ]  [WHz™!'] [WHz™!]
0034+25 3714 2.0£0.7 5.4%+2.0 108+11 22.58 22.04
0326+39 340+17 11.8+2.0 3.5+0.6 118+10 23.31 22.65
0828432 469+20 37+3.0 7.9£0.7 73+5 24.07 21.96
0844+31 318%+12 7.1£1.0 2.240.3 2014 24.13 23.45
0915432 93+5 4.5+£0.5 4.8+0.6 129%7 23.53 22.52
0924430 10+4 1.74£1.1 17+18 — 21.86 <20.48
1116428 119+13 4.7+1.0 3.9%1.2 8819 23.69 23.17
1321431  455%20 11416 2542 11143 23.09 21.77
1615435 395128 24+1.5 6.0+0.6 4816 23.54 22.42
1827432 100%16 5.4+1.5 5.442.5 8219 23.61 23.08

the secondary lobe system is brighter even at this high ra-
dio frequency (see Fig. 4a). Our map of linear polarization
(Fig. 4b) shows that the north-eastern lobe of the main
lobe system is about twice as bright as the south-western
one; this asymmetry is also apparent at lower frequen-
cies (see Figs. 1b and 2b of Parma et al. 1985), though
less pronounced. The degrees of polarization in the lobes
are higher than those measured at lower frequencies in
spite of our poorer resolution, with ~20% in the southern
extension and north-eastern lobe, and ~12% in the south-
western lobe. The maximum degree of polarization occurs
near the outer boundaries of the north-eastern lobe reach-
ing ~30% there. Our polarization angles indicate that a
rotation measure study involving these frequencies may
be necessary, in contrary to the conclusion of Parma et
al. (1985). This holds at least for the outer edges of the
main lobes, near the hot spots, which are visible in the
high-resolution maps of de Ruiter et al. (1986) and Fanti
et al. (1987).

The radio spectrum (Fig. 11c) is straight, not indicat-
ing any significant steepening at the higher frequencies.
This is because the secondary lobes, which do show ag-
ing effects, do not contribute significantly to the total
radio power of 0828+32 at 10.6 GHz. The spectral index
between 408 MHz and 10.6 GHz is « = —0.70 £ 0.03.

3.4. B2 0844+31.

This source was studied between 610 MHz and 5 GHz by
van Breugel & Miley (1977), by van Breugel (1980) and
by Jagers (1986) with the WSRT, and by Machalski &
Condon (1985) with the VLA. Our 10.6 GHz map, shown
in Figure 5a, is dominated by the emission from the lobes,
whereas the central source is less pronounced. No lin-
ear polarization has been detected in the latter at this
frequency, whereas the lobes are strongly polarized, the
northern one up to ~25%, the southern one up to ~10%
(see Fig. 5b). Given the relatively tangled magnetic field
structure which is suggested by the observed distributions
of polarization vectors (see van Breugel (1980) and our
Figs. 5a and b) there must be significant beam depolariza-
tion with our current resolution. However, the relatively
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high degree of polarization seen in the northern lobe at
10.6 GHz implies Faraday depolarization, too, if compared
with the 0.6 and 1.4 GHz observations of Jagers (1986). A
preliminary comparison between our polarization vectors
and those of van Breugel (1980) indicates a positive ro-
tation measure across the source, with RM ~ 19rad m—2
in the northern lobe, and RM ~ 25rad m~2 in the south-
ern one. This is about twice the value estimated by van
Breugel, but is not conflicting with his conclusion of pref-
erentially circumferential magnetic fields in the northern
and southern lobes. In fact the above rotation measures
imply that our polarization vectors are only ~1° off (anti-
clock wise) from the intrinsic orientations.

The integrated spectral index derived between 408 MHz
and 10.6 GHz is @« = —0.7530.02, and the spectrum does
not exhibit any sign of steepening at high radio frequencies
(Fig. 11d).

3.5. B2 0915+32.

This source, which is associated with a galaxy pair belong-
ing to a rather loose group, was observed at 1.4 GHz by
Ekers et al. (1981) and at 5 GHz by Parma et al. (1985),
using the WSRT. VLA observations at 1.435 GHz were re-
ported by de Ruiter et al. (1986). Our map of this source
at 10.6 GHz (Fig. 6a) suggests a total size of ~7'5 at this
frequency, somewhat less than the total size at 1.4 GHz
determined by Parma et al. At high resolution the source
exhibits a complex bending structure, reminiscent of that
of 3C31 and 3C 449, which has been interpreted in terms
of interaction models (e.g. Blandford & Icke 1978). This is
not unlikely in the case of 0915+32, given the proximity of
two galaxies. The 10.6 GHz map does not show, however,
any clear evidence for this bending structure on a large
scale as is evident in the core of 3C31 and 3C449 (in
particular in the former, see Andernach et al. 1992).

Our map of linear polarization (Fig. 6b) is the first to
reveal the magnetic field structure in 09154-32. The po-
larization vectors, assuming negligible Faraday rotation,
suggest that the magnetic field commences with a longi-
tudinal orientation near the central source, while in the
northern low-brightness region it could be largely perpen-
dicular. However, this has to be checked by polarization
measurements at lower frequencies as we cannot rule out
Faraday rotation completely. That Faraday effects may
play a role in this source is strongly suggested by the
peculiar behaviour of the linearly polarized emission in
the south: the observed degree of polarization increases
gradually, reaching ~20-30% near the location where the
polarized intensity exhibits a very sharp gradient in the
south of the central bright region. This sharp cutoff is very
suggestive of depolarization, which has to be investigated
by incorporating lower frequencies.
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The integrated radio spectrum (Fig. 1le) is straight
and fairly flat between 1.4 GHz and 10.6 GHz, with o =
—0.56 £ 0.01.

3.6. B2 0924+30.

This radio source, associated with the luminous E/SO
galaxy IC 2476, is likely to be a relic radio galaxy in which
the central engine has been switched off about 103 yrs ago
(Cordey, 1987). Our present observations fully corrobo-
rate this view. Our full resolution map (not shown here)
does not exhibit any emission at the 2mJy/b.a. (20) level
in total power, or at the 1mJy/b.a. (20) level in linear po-
larization. It is only after considerable smoothing (~2!5)
that significant emission is disclosed. We have performed
a careful ring integration of the map in elliptical rings,
the ellipse parameters chosen such as to fit the observed
low-frequency distribution (see the maps of Ekers et al.
1975, 1981; Cordey, 1987). A 22mJy source, designated
'B’ by Ekers et al. (1975) and by Cordey (1987), was sub-
tracted from the map prior to the integration. The total
10.6 GHz flux density of 10 mJy obtained here is quite un-
certain (40% error), therefore more sensitive observations
of this source will be made. Marginal polarized emission,
too, was seen after smoothing, but the derived degree of
linear polarization is not significant.

The integrated radio spectrum of 0924+30 is displayed
in Figure 11f. Note the dramatic steepening between 1.4
and 10.6 GHz, which clearly reflects the aging of the rel-
ativistic particles. The spectral index between 1.4 and
10.6 GHz is a = —1.87 # 0.20, which is steeper than that
found in the low frequency range (o = —1.2, Ekers et
al. 1981) A high-frequency study of the spectral index as
well as the polarization distribution across this ”relaxed”
source is compelling. To this end, a very sensitive map at
10.6 GHz is required which will be obtained in due course.

3.7. B2 1116+28

This WAT source was first mapped with the WSRT at
1.415 GHz by Fanti et al. (1978). Observations with higher
sensitivity at 1.4 GHz and 5 GHz were made by Parma et
al. (1985) using the same radio telescope. VLA observa-
tions at 1.4 GHz were reported by de Ruiter et al. (1986).
Our total intensity map (Fig. 7a) shows the same WAT
morphology as seen at lower frequencies. The polarized
emission, displayed in Figure 7b, confirms the results of
Parma et al. (1985), suggesting a magnetic field which
is oriented perpendicular with respect to the jets of this
source. The central component, designated ’c’ by Parma
et al. (1985), shows a polarization angle of p.a.~88° in
Figure 7b, while Parma et al. determined p.a. = 105°
at 1.4GHz. This corresponds to a rotation measure of
RM =~ Tradm~2 and is in agreement with the Faraday
rotation seen by Parma et al. between 1.4 and 5 GHz.
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Their value of RM is erroneous and should be RM =
5radm~2 (instead of 21). The observed degree of polar-
ization at 10.55 GHz is highest in the eastern lobe, exceed-
ing 20% there. The western one shows about 15%, while
the central region is ~8% polarized. All of these values
are higher than those found at 1.4 GHz, indicating signifi-
cant depolarization at lower frequencies, especially in the
lobes. The central source shows only a slight increase of
linear polarization at high frequencies.

The integrated radio spectrum of B2 1116+28 (Fig.
11b) is straight up to high frequencies, with o = —0.67 &
0.01 between 408 MHz and 10.55 GHz.

3.8. B2 1321431

This radio galaxy was previously studied in detail at
610 MHz, 1.4GHz and 5 GHz by Ekers et al. (1981) and
by Fanti et al. (1982). The source is relatively nearby
and hence quite extended (~12’). Its most salient feature
is its strong linear polarization which is seen over most
of its extent (Fanti et al. 1982). Our map at 10.6 GHz
is shown in Figure 8a which corroborates the finding of
strong polarization. At 10.6 GHz, B2 1321+31 exhibits.a
maximum degree of polarization of ~50% in the bright
inner portion of its edge-darkened morphology, but there
is strong polarization essentially all over the source (see
Fig. 8b). The total intensity distribution exhibits 5 max-
ima along the ridge line, one coincident with the central
source, and two pairs of maxima about 1/9 and 29, re-
spectively, away from the central source. These maxima
are also visible at 610 MHz, except for the central source
(see Fanti et al. 1982) indicating a rather flat spectrum
of the nuclear source at low frequencies. The radio emis-
sion widens significantly towards the outer lobes, which
is also evident at lower frequencies (see the 610 MHz and
1.4GHz maps of Fanti et al.). The polarized intensity
(Fig. 8b) shows two distinct maxima about 14 away from
the source centre. These maxima can be also recognized
in the 1.4 GHz polarization map of Fanti et al. There is
a prominent polarized extension visible in the south-west,
in which the degree of polarization exceeds some 50%.
The polarization angle shows hardly any variation, the
mean value at 10.6 GHz being 111°+3°. This is entirely
consistent with the results of Fanti et al., indicating that
the observed polarization angles at 10.6 GHz are again
close to intrinsic. This, along with the similar degrees
of polarization measured at both low and high frequen-
cies, suggests that beam depolarization on scales smaller
than ~10” (~3kpc) is the dominating process here, rather
than Faraday depolarization. Otherwise, we would expect
a strong wavelength dependence (Burn 1966), which is
not observed. The magnetic field in B2 1321431 must,
however, be ordered on scales larger than ~10”, for we
would expect stronger beam depolarization with the larger
beam of the present observations. The mean degree of po-
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larization is also very high, < p >= 25 £+ 2%. Parma &
Weiler (1981) measured ~18% with their cross-scanning
technique and the beam of 4/5 HPBW. The polarization
angle they derived appears to be too high if compared
with our integral value (Tab. 3) and the lower-frequency
study of Fanti et al. (1982; see their Fig. 7).

The total radio spectrum of B2 1321431 is rather
well defined between 408 MHz and 10.6 GHz. There is
no obvious steepening at higher frequencies (Fig. 11h),
which may be related to the very uniform magnetic field
morphology, i.e. the particles can essentially move along
the field lines without losing too much energy. The integral
spectral index between 408 MHz and 10.6 GHz is a =
—0.64 £+ 0.01.

3.9. B2 1615+35.

A 1.465GHz VLA map of this source was published by
Machalski & Condon (1985) but also by O’Dea and Owen
(1985). Maps obtained with the WSRT at 0.6, 1.4 and
5 GHz were presented by Ekers et al. (1978). Figure 9a
shows our 10.6 GHz map of this head-tail source. The
head-tail structure can be also seen at this frequency,
in spite of the low angular resolution. The source at
aso = 16M15™2437, 650 = 35°15'38” has a spectral in-
dex of @ = —0.7 £ 0.1 between 1.465 and 10.6 GHz. It
seems very unlikely that it is related to B2 1615+35. The
observed linear polarization at 10.6 GHz (Fig. 9b) shows
four maxima, of which the south-eastern one coincides
with the head of the source. These polarization maxima
appear to be associated with maxima of the total inten-
sity at 1.465 GHz visible in the higher-resolution map of
Machalski & Condon (1985). The south-eastern one shows
a steep gradient in linear polarization towards the leading
edge of the source, similar to the case of B2 0915432
(Sect. 3.5). If there is no significant Faraday rotation,
the observed polarization angles suggest a magnetic field
which is generally oriented along the tail. The observed
degrees of polarization vary between ~10% in the head of
the source and 230% in the north-western low-brightness
end of the tail. The average degree of polarization at
10.6 GHz, < p >= 6.040.6%, is comparable to the 5 GHz
value reported by Fanti et al. (1981). The mean polariza-
tion angle derived at 10.6 GHz is consistent with the data
at 1.4 GHz and 5 GHz (Fanti et al.), giving a rotation
measure of RM ~ 14radm~2.

The radio spectrum of B2 1615435 is straight up
to 10.6 GHz (Fig. 11i), the mean spectral index between
408 MHz and 10.6 GHz being o = —0.80 £ 0.03.

3.10. B2 1827+32.

The source was thoroughly observed with the VLA at
20cm by Parma et al. (1985), by de Ruiter et al. (1986),
and by Fanti et al. (1986). Our map of this source is dis-
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played in Figure 10a. At 10.6 GHz the strongest emission
comes from the central source (designated ’b’ by Parma
et al. 1985), while the south-western component (’c’) is
less prominent than at 1.4 GHz. This implies a rather flat
spectrum of the nuclear source. The source is also polar-
ized, the strongest polarized radiation featuring the same
regions as found by Parma et al. at 1.4 GHz. The degree
of polarization reaches 20-30% in some locations, which
are alternating with locations of very weak polarization
(see Fig. 10b). The observed degrees of polarization at
1.4 GHz are significantly lower, indicating strong depolar-
ization at lower frequencies. A preliminary comparison of
our polarization angles with those derived by Parma et
al. yields a rotation measure of RM ~ —16radm™2. Qur
polarization vectors indicate a magnetic field orientation
which roughly follows the bending lobes of this source.
Note, however, that the derived polarization angles have
relatively large uncertainties of order 10°, owing to the
weak polarized emission seen here.

The integral radio spectrum of B2 1827432 which is
shown in Figure 11j is straight again up to 10.6 GHz, with
a = —0.61+0.05 between 408 MHz and 10.6 GHz.

3.11. General properties of the sources.

This is the first high-frequency investigation of a large
sample of low-luminosity radio galaxies which is sensitive
to the large-scale structure of the total and linearly po-
larized radio emission of such objects. The present study
incorporates 10 such radio sources whose angular sizes
exceed 4’. In Table 4 we have compiled the integral source
properties resulting from the present investigation. Two
of the sources are edge-brightened, and eight are edge-
darkened. One of these is a head-tail source, two of them
are WAT sources, and one of them is a relic radio galaxy,
the central engine of which was switched off long ago. In
seven out of ten sources a double or single jet is present.

The monochromatic radio luminosity of the sources at
10.6 GHz (Tab. 4) covers about 2 orders of magnitude,
Pigs ~ 102 — 10** W Hz~!, with the lowest luminosity
radiated by B2 0924+ 30, the relic radio galaxy. A corre-
lation between the total luminosities at 10.6 GHz and the
5GHz core luminosities is present, with the exception of
B2 0924+4-30. This is to be expected in view of the same
correlation seen by Giovannini et al. (1988) at 408 MHz,
suggesting a connection between the energy delivered by
the central engines of the sources and their total radio
power while they are active.

The observed degrees of linear polarization cover a
range of between 5% — 30% in the different components of
the sources, and it is only in B2 1321431, which is excep-
tional, that we find fractions of polarization in excess of
~50%. In general, the degree of polarization in the lobes
is higher (17% on average) than that in the central com-
ponent (9% on average) of the sources. The degrees of po-
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larization at 10.6 GHz are significantly higher on average
‘than those measured at lower frequencies (e.g. 1.4 GHz),
in spite of our comparably low angular (and hence spatial)
resolution. This wavelength dependence shows that apart
from beam depolarization effects, also Faraday depolar-
ization has to be considered.

A preliminary analysis of the measured polariza-
tion angles indicates low rotation measures (| RM |<
20rad m~2%) so that at 10.6 GHz we essentially map the
intrinsic (projected) magnetic field orientations. Our data
show that the overall magnetic field orientation is parallel
to the jet axes in the inner parts of the sources in 4 cases,
and perpendicular to it in 5 cases. In these latter 5 cases
the part of the source with perpendicular magnetic field
corresponds in higher resolution maps to a region where a
double jet is visible. In B2 0844431 the internal longitu-
dinal magnetic field traces the one sided jet region. In the
lobes the magnetic field is always tangential to the edges,
as already seen in a number of sources at lower frequency
(Bridle et al. 1991). In B2 1615+35, the only NAT source
present in the sample, the magnetic field closely follows
the orientation of the tail.

Except for B2 0924430, none of the sources studied
here show any sign of significant particle aging in their in-
tegrated radio spectra, i.e. there are no signs of any steep-
ening towards 10.6 GHz. These should show up though in
the spectral index distributions that can be derived from
the maps presented here, if compared in detail with the
low-frequency investigations. Such a point-by-point com-
parison, which will also provide accurate studies of the
depolarization and Faraday rotation across the sources,
will be presented elsewhere.

4. Summary and conclusions.

We have mapped a sample of 10 B2 low-luminosity radio
galaxies at 10.6 GHz using the new 4-horn receiver system
installed in the Effelsberg 100-m telescope. For the first
time, the large-scale distribution of the total and linearly
polarized radio emission has been sensitively measured
for a larger sample of low luminosity sources. The present
study allows the following preliminary conclusions:

1. The 10.6 GHz emission extends over scales which are
comparable to the source sizes observed at lower fre-
quencies.

2. In three cases the flat spectrum cores of the sources
are rather pronounced at 10.6 GHz.

3. The total monochromatic radio luminosity at 10.6 GHz
is correlated with the 5 GHz core luminosity of the
sources.

4. The observed degrees of linear polarization in the lobes
are higher on average than those measured in the
central components, the latter encompassing the core
and inner jet regions.

Ne°1

5. The degrees of polarization are higher at 10.6 GHz
than what is measured at lower frequencies, hinting
at significant Faraday depolarization, considering the
relatively large beam size (~1’) involved in the obser-
vations presented here.

6. At 10.6 GHz the observed polarization angles are es-
sentially intrinsic (to within <$2°).

7. It appears that the magnetic field orientation is related
to the morphology of the source: it is perpendicular in
the double jets, longitudinal in the one sided jet and
tails, and longitudinal in the lobes.

8. No significant steepening of the high-frequency inte-
grated radio spectrum is found except in one case, B2
0924430, which is known to be a relic radio galaxy.

The measurements presented here must be regarded
as a pilot study which will be pursued by observing
larger source samples of this kind. More detailed com-
parisons with low-frequency data will be presented else-
where, which will allow very accurate determinations of
the spectral index, rotation measure and depolarization
characteristics across the sources, and thus provides an
important diagnostic tool to investigate the thermal and
nonthermal properties of the material in radio galaxies.
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FIGURE 2. 10.6 GHz map of the total (a) and polarized (b) emission of B2 0034+25.
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FIGURE 3. 10.6 GHz map of the total (a) and polarized (b) emission of B2 0326+39.
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FIGURE 4. 10.6 GHz map of the total (a) and polarized (b) emission of B2 0828+32.
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FIGURE 6. 10.6 GHz map of the total (a) and polarized (b) emission of B2 0915+32.
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FIGURE 7. 10.6 GHz map of the total (a) and polarized (b) emission of B2 1116+28.
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FIGURE 8. 10.6 GHz map of the total (a) and polarized (b) emission of B2 1321+31.
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FIGURE 9. 10.6 GHz map of the total (a) and polarized (b) emission of B2 1615+35.
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FIGURE 10. 10.6 GHz map of the total (a) and polarized (b) emission of B2 1827432.
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FIGURE 11. Radio continuum spectra of the B2 sources observed in the present paper (see text).
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