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Summary.

Observations at 49,21 and 6 cm of the total and pola-
rized intensity of the jets and extended lobes of the
large radio galaxy B2 1321+31 are presented. The domi-
nant component of the magnetic field in both jets is ve-
ry regular and is oriented perpendicular to the jet axis.
The degree of polarization increases with distance from
the radio core,reaching values up to 407 and then decrea-
ses again to ~ 207. The depolarization ratio between 49
and 21 cm is about 0.8 in the inner parts of the jet and
then increases outwards. The spectral index of the jets
between 21 and 6 cm is unusually flat and constant,with
a v 0.25. The two jets expand initially at a constant
angle v 20° up to a distance from the core of ~ 2' and
then progressively stabilize to a transverse size of
" 45", The brightness in the jets does not everywhere
follow the expectations based on a simple adiabatic ex-
pansion. A number of alternative explanations for this
are considered. This effect and the dependence of depo-
larization on transverse size of the jet could both be
explained if the flow velocity and/or mass flow increa-—
sed with distance from the galaxy. Constraints on the
expansion rate of the jets and on the energetics of the
extended components suggest that the flow velocity in the
jets %s less than,or of the order of,several thousand
km s™+.
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1. Introduction

The radio galaxy B2 1321+31 (NGC 5127) has been stu-
died as a part of a systematic program of identification
of radio sources of the Bologna second catalogue (B2)
with galaxies of the "Catalogue of Galaxies and Clusters"
(Colla et al. 1975). Subsequent observations with the
Westerbork Synthesis Radio Telescope (WSRT) at 1.4 GHz
(Ekers et al. 1981) showed that the radio source has a
large angular size (v 12') and is strongly polarized.
Its general appearence is of a bright,large and linear
ridge of emission with faint wings,suggestive of a low
brightness broad double source,superimposed on a very
bright long twin jet.

The source,owing to its large angular size,is well
suited for further observations at other frequencies
with the WSRT,and we mapped it at 0.6 and 5.0 GHz. We
also present VLA maps made at 1.4 GHz. The relevant pa-
rameters of the radio galaxy are summarized in Table 1.

The Hubble parameter is taken as Ho = 100 km s™IMpc~1

Send offprint requests to: R. Fanti

Table 1. Integral properties of B2 1321+31
Distance (Mpc) 48
m 13.9
P8
M -19.6
g 1
Total flux density at 0.6 GHz (Jy) 2.9t 1
" " " " 1.4 " 1 75+ 1
" n " " 5.0 " O 6 + :07. o
Spectral index 2 0.65% .05
Optical position, RA 13721263
" ", dec. 31°49'33"
Total radio luminosity 4.8 1023
at 1.4 GHz ( W Hz™1)
Angular size (arcsec) 700 x 200
Linear size (Kpc) 160 x 46
1) 13y =102 wa ! p?

2) S(v) « Ve

2. The observations and data reduction.

The radio brightness distribution of the source has
been mapped at 0.6,1.4 and 5.0 GHz,using the WSRT (Hog-
bom and Brouw,1974). The relevant parameters of these
observations are summarized in Table 2a. The standard
reduction procedures (van Someren Greve,1974) were fol-
lowed and maps in all Stokes parameters were obtained at
the three frequencies. The maps were cleaned and resto-
red using the CLEAN algorithm develcped by Hogbom (1974).

In order to compare the data at differeant frequancies
we also produced convolved 5 GHz maps with the same ra-
solution as those at 1.4 GHz and convolved 1.4 GHz maps
with the resolution of those at 0.6 GHz. These maps are
referred to as low resolution maps at 5.0 and 1.4 GHz.
Details of these maps are given in Table 3a. The maps
at different frequencies which are used for comparison
were restored using identical gaussian beams.

In producing the maps to be compared at the various
frequencies,we tried to match the baseline coverages as
much as possible. This generally required omission of
the longest baselines in the higher frequency maps (lea-
ving only 2 307 of the original coverage) and of a few
(1 - 2) short baselines in the lower frequency map. The
main difference in the remaining baseline coverage is at
the shortest spacings. Here the missing baselines intro-
duce depressions in the zero level,which,in general,va-
ry across the maps. Since the minimum baselines at the
two frequencies cannot be exactly the same,the zero off-
sets are different and this is responsible for systematic
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TABLE 2a. OBSERVATIONAL PARAMETERS FOR WSRT
Frequency
(GHz) 0.6 1.4 5.0
Obs. Date October 78 October 74 May 79
Obs. Time (hours) 12 12 12
Interferometer 54 +n 72 72 + n72 54 + n 72
Spacing (m.) 234 + n 72 234 + n 72
Radius 1°° 46" x 89!2 10' x 19 6" x 11.6'
Grating
Primary 84" 34" 10'
Beam
Number of 40 20 40
Interferometers
TABLE 2b. OBSERVATIONAL PARAMETERS FOR VLA
Obs. date September '79
Obs. time th
Minimum spacing 70 m
Maximum spacing 21000 m
Primary beam 9!0
No. of interf. 120
TABLE 3a. WSRT MAP PARAMETFRS
Frequency Half power Interferometer spacings R.M.S Noise off-set
(GHz) beamwidth shortest/increment/Jongest  at field center zero leve
(arcsec) (wavelengths) (mJy/beam) mIy/beam
5.0 6 x 12 900/ 600 /26690 0.4 -
5.0 24 x 45.5 900/ 600 /6898 0.7 -3
1.4 24 x 45.5 1019/ 343 /6796 1.0 -2
1.4 24 x 45.5 343/ 343 /6796 1.0 -3
1.4 49 x 93 343/ 343 /3398 1.6 -3
0.6 49 x 93 402/ 73.5/3252 1.8 -2.5
0.6 49 x 93 256/ 73.5/3252 1.8 -2.0
TABLE 3b. VLA MAP PARAMETERS
1.4 2" x 3" 20 km. taper 0.15%
6" x 12" 5 km. taper ©.30

errors in any comparison. Furthermore,the depression
would be different even for equal baseline coverages if
the source structure changed with frequency. The use of
the CLEAN algorithm corrects for the above problems to
some extent,but it is difficult to asses the accuracy of
this quantitatively. Errors will be discussed in the next
sections,case by case (in every comparison).

For unknown reasons the 5 GHz observations were made
with a pointing position displaced from the center of the
source by about 2!5 to the NW,roughly at the center of
the NW broad component. The ofif-set pointing position,
combined with the small primary beam of the WSRT,intro-
duces an attepuation across the source which is not sym—
metric with respect to the center. The map has been cor-
rected for this attenuation effect. However,the errors
are not symmetric with respect to the center and are

particularly large in the farthest half of the SE jet.
This,for instance,strongly limits the use of the 5 GHz
map in the determination of the spectral index across
the source,which can be determined with good accuracy
only in the NW jet.

The source was observed also at the VLA at 1.4 GHz.
The relevant parameters of the observations are given
in Table 2b. The characteristics of the VLA maps are
summarized in Table 3b. The reduction procedure is si-
milar to the one used for the WSRT observations.

Figs. 1 to 5 show the VLA and WSRT maps of the source
at the various frequencies. The source morphology can
be best described as the superimposition of a long bright
symmetrical two-sided jet,easily visible in the VLA and
WSRT 5.0 and 1.4 GHz maps,on a double source with broad
components of sizes Y 4-5 arcmin,best seen in the 0.6
GHz WSRT map. A weak nucleus can be seen in the higher
resolution maps.

Integrated flux densities are given in table 1. The
value obtained from the 5 GHz map is an underestimate
of the true source flux,since the source is largely re-
solved at even the shortest spacing ( ~ 900 wavelengths).
It is largely contributed by the jet flux.

The various components of the source are discussed
in the next sectioms.
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Fig. 1. VLA maps at 1.4 GHz,with a resolution of 2"x3"

(beam major axis is at -30°). The ellipse at the upper
left shows the beam FWHM. Top: total intensity map;con-—
tours are .6,1.2,1.8,2.4,3.6,4.8,6.0 mJy/beam. Bottom:
electric vector polarization map,superimposed on some
total intensity contours.

3. The nucleus.

The core is best seen in the high resolution VLA map
(Fig. 1),where it is well resolved from the jet. The
compar son of the VLA 1.4 GHz and the WSRT 5.0 GHz maps
with the same resolution shows that the core has an in-
verted spectrum between those two frequencies. The para-
meters of the core are summarized in Table 4.
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Table 4. Core Parameters
. . h,,m, s
Right Ascension 13721725778
Declination 31°49'33%V4
Flux density 7.7 mJy
at 1.4 GHz (VLA)
Flux density 21.0 "
1 at 5.0 GHz (WSRT)
S A 1 L 1 1 L
13 21 40 35 30 25 20 15 i -
RIGHT ASCENSION 10 Spectral index 0.8
X . . Angular size <0V5
Fig.2 VLA maps at 1.4 GHz,with resolution of 6'"x12" . . . 21 -1
(p.a. of major axis is 0°). The ellipse at the upper Radio Luminosity 210 W Hz

left shows the beam FWHM. Top: total intensity map;con-— at 1.4 GHz

tours are -1(dashed),1,2,3,4,5,6,8,10,12 mJy/beam.
Bottom: electric vector polarization map,superimposed
on some total intensity contours.

n5% / -10° / 1.4 GHz
<67 / / 5.0 "

% pol. / p.a. / v

of the jets extend for about 10" along the main radio
axis.

The brightness along the jets shows several enhance-
ments and depressions which are easily seen in both the
VLA and WSRT maps at equal resolution.The NW jet seems
to be longer,extending over ~5',as compared to the n3'
extension of the SE one. The brightness decreases slowly
outwards and no bright spots are seen at the ends. The
bright condensations seen at the ends in the 1.4 GHz map
have no counterparts in the higher resolution maps and
are likely to be effects of beam integration over slowly
modulated brightness changes.

At about 2 - 3 arcmin ( 30 - 40 kpc) from the core,
the jets bend on both sides with an S type (or inversion)
symmetry. The amplitude of the bending is ~ 10°.

4. The two jets
a) The structure

The jets are easily visible in all maps presented,in-
cluding the low resolution 0.6 GHz map,on which they ap-
pear as a bright ridge of radiation superimposed on the
double structure.

The jets are oriented along p.a. ¥~ 115°,about 30°
from the minor axis of the galaxy ( Battistini et al.
1980).

The VLA higher resolution map displays the structure
of the inner regions of the jets. The jets are very sym-—
metric and both sides brighten rapidly at ~ 5" ( 1 kpc)
from the core,which appears as a very distinct entity.
On both sides of the core,the bright regions at the base
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Fig. 4. WSRT maps at 1.4 GHz. The resolution is 24"x45"
Top: total intensity map; contours are : 5, 10, 20, 30,

40, 50 mJy/beam. Center: radio photo of total intensity

map; the declination scale is compressed by a factor

(sin 8 )71 Bottom: electric vector polarization map.

We have measured the half-intensity widths of the
jets as a function of the angular distance from the ra-
dio core,by making cross cuts along the full resolution
5 GHz WSRT map and the VLA map with the same resolution,
in direction perpendicular to the.jet orientation. The
deconvolved half-widths are plotted in fig.6 as a func-—
tion of the distance from the center. The transverse
brightness profiles are center brightened and have been
treated as gaussians in making this deconvolution.
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Fig. 5. WSRT maps at 0.6 GHz. The resolution is 49"x93"
Top : total intensity map; contours are 2.5,5.0,7.5,
10.0,20.,30.,40.,50.,75.,100.,125.,150. Bottom: electric

vector polarization map.
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farc min) | (Kpc) OWSRT 14 GHz
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1.5' ® VLA (high resolution)
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Fig. 6. Cross sectional widths (FWHM) for the jets as

a function of distance from the central source. The full
line is an eye fit to the data for the range of distan-
ces where the expansion is considered linear (see text).

Errors mostly derive from uncertainties in the zero le-
vel and may easily correlate from point to point. The
study of the opening angle of the jets is limited,in the
higher resolution maps,to the first * 2' from the nu-
cleus by the signal to noise ratio. In this range of di-
stances from the center,the western jet has a constant
half opening angle of 8° f 2°. The eastern jet appears
to open more rapidly with a half opening angle of 11°
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+ 3°. Further away from the core the jet width can be
estimated better from the WSRT 1.4 GHz map. It seems
that the jet opening angle decreases and that the tran-—
sverse half-width of the jets stabilizes around a value
of ~ 45" F 8" (10 + 2 kpe ).

The jets are strongly polarized at all frequencies.
The polarized intensity is quite noisy in the WSRT 5.0
GHz full resolution map,but it is easily measurable in
all the other maps. The fractional polarization at 1.4
GHz is shown in fig.7,as a function of distance from the
center. The fractional polarization has a minimum (V5%)
in the inner regions of the jet ( within * 10",or ¥ 2
kpc,from the nucleus). At a distance of ~ 30" (v6kpe)
from the nucleus the fractional polarization has increa-
sed to " 407 or more,and then,at distances larger than
2" ( 28 kpc ), it declines slowly while remaining gene-
rally at levels % 20%. The fractional polarization is
similar at 5.0 and 1.4 GHz,but is somewhat lower at 0.6
GHz.

Fig.8 shows the position angle of the electric vec-—
tor at various frequencies. The orientation of the vector
is very uniform along the jet: local variations are ge-
nerally & 10°. Its orientation,at 1.4 and 5.0 GHz,cor-
respond to the orientation of the jet,except in the in-
nermost regions ( ¥ 10" ) where,however,the errors are
larger. At 0.6 GHz the electric vector is rotated,with
respect to the higher frequencies,by 40°-50°.

The integrated parameters of the jets are given in
table 5.

Table 5. Parameters of the jets.
Frequency 5.0 1.4 0.6
(GHz)
Flux density 550170 800%100
(mJy)
Fractional 20 7 21 7 16 7
polarization
Position angle 110° 112° 155°
of polarization
Spectral index 0.3 *o0.14
Radio Luminosity 23
at 1.4 GHz (W Hz_l) 2.2 10
Maximum length 2 x 80

(kpc)

b) The spectral index distribution along the jets.

We have used the WSRT maps at the various frequencies
to derive two frequency spectral index distributioms,
in various  locations, along the jets. In doing this
attention has been paid to comparing maps made with si-
milar resolution and with spatial frquency coverages
that are as similar as possible (see also section 2).
The results of the comparison are shown in fig.9. Since
all the maps at the three frequencies have average ne-
gative off-sets of ~ 2-3 mJy/beam,corrections have been
applied for this effect. The quoted errors include an
allowance for uncertainties in the zero level.l

The spectrum of the jet in the high frequency range
(1.4 - 5.0 GHz ) is remarkably flat ( o ~ 0.3 ),flatter
than that in any other presently known radio jet. Within
the errors it is also constant all over the jet.

1It is stressed that the maps used for the 5.0/1.4 GHz
comparison have been computed using only interferometers
with spacings larger than ~ 900 wavelengths. The broad
components are then completely filtered out and the
spectral index distribution obtained refers only to the
jet.
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Fig. 8. Plot of the position angle of the electric vec-—
tor of the polarized radiation,along the jets. Top: VLA
map ( resolution 6"x12" ). Bottom: WSRT maps at the three
frequencies.

Within ¥ 1.5' (20 kpc) from the core,we have also
derived the high frequency spectral index by comparing
the VLA 1.4 GHz map and the WSRT 5.0 GHz map with equal
resolution. This spectral index distribution is displayed
in fig. 9 . There is a systematic difference from the
spectral distribution shown in fig.9%a,by Aa v 0.2. This
is likely to be due to the presence,in the VLA map,of the
broad components,which completely surround the jet and
produce an off-set 3 1 mJy/beam. The broad components
are absent in the 5.0 GHz WSRT map ( see section 2 ).The
off-set in the VLA map,due to the presence of the broad
components allows for an increase of the spectral index
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Ao % 0.15,which is enough to remove most of the diffe-
rence in the two determinations of the spectral index.
In the lower frequency range (0.6 - 1.4 GHz) the spec—
trum appears considerably steeper and again constant
along the jet. However we note that in this frequency
range we have a considerable contribution from the broad
components and the observed radio spectrum is an average
of the spectrum of the jet and that of the broad compo-
nents.

) Minimum energy parameters in the jets.

We have computed the equipartition magnetic field and
energy density in the jets,using standard formulae ( Pa-
cholczyk 1970 ) and a ratio of proton to electron ener-
gies equal to unity. The radio spectrum is assumed to
extend from 10 to 104 MHz. The assumed geometry is cylin-
drical with a filling factor equal to 1. Results for va-
rious locations along the jet are listed in table 6.

The values for the magnetic field and energy density
are very similar to those found for NGC 315 (Willis et
al. 1981). The computed magnetic field decreases along
the jet. However this should be taken with caution,not
only due to the uncertainties from the usual assumption
which enter in the computations,but also because even
if the assumption of equipartition holds in some part
of the jets,it would not hold in other parts in case of
two dimensional adiabatic expansion ( see again Willis
et al. 1981).

TABLE 6. PHYSICAL PARAMETERS FOR SOME LOCATIONS ALONG THE JET

Distance b Transverse Dep. H u . n_ 10

from core 1.4 size 50/21 eq min €

arcmin  Kpc mly/arcsecz arcsec  Kpc uG erg/cm3 cm-3

4.0 57.6 2.0102 | (45.0) 10.8 | 20.9 2.9 {6.9107 |< 2.5

3.0 43.0 141072 | 45.00 10.8 | 0.9 27 57107 27192
. .

2.0 28.8 6.0 1072 3.0 7.2 | 0.8 4.5 |1.610712 3.6 %0.7

1.0 2 14.0 8.0 1072 15.5 3.8 | o0.80 5.9 [2.8 10712 s.2t10

0.5 7.2 1.2107% 8.0 1.9 8.0 |s5.210712

0.5 7.2 11107t 5.5 2.3 7.5 4.4 10712

1.0 , 14.0 7.5 1072 20.0 4.8 | o0.85 s |2.310712| 3.8t
]

2.0 28.8 40102 | (35.0) 8.4 | 0.78 3.9 1210712 3.4%0.8
¥

3.0 43.0 16102 | 40.0) 8.4 | 1.00 2.8 |6.01071% |< 2.5

4.0 57.6 151072 | (40.0) 8.4 | 1.00 2.8 |6.310713 |

d) The foreground rotation measure and the orientation

of the magnetic field.

The position angle of the electric vector at. the va-
rious frequencies is remarkably constant all over the
source,as already noted. Moreover no significant -change
is seen between 5.0 and 1.4 GHz. A measure of the inte-—
grated position angle at 2.7 GHz (Parma and Weiler 1981)
is again consistent with the values at the two other fre-
quencies. At 0.6 GHz the position angle is rotated by
40° -~ 50°. From these data we can determine the rotation
measure without any ambiguity. The rotation measure is

RM ~ 3 - 4.5 rad/m?
Such a small value of RM is consistent with an origin in
the foreground Faraday screen of our galaxy. The average
rotation measure of nearby radio sources,derived from
Tabara and Inoue (1980), is -2 rad/m* (o ~ 7 rad/mz).

The small value of the RM implies that the intrinsic
E-vector position angle is within a few degrees of that
at 5.0 GHz. The projected magnetic field is therefore
oriented at v 25°,almost exactly perpendicular to the
jet axis,except within about 10" ( 2 kpc ) of the nucleus
where it may be at an angle of ~ -10°. This is similar
to the configuration found in other jets of low lumino-
sity sources such as 3C31,NGC 315 (Fomalont et al.1980)
and 3C 449 (Perley et al.1979).

We note that at 0.6 GHz,where we see a large rotation
from the intrinsic position angle,the position angle
changes regularly from the inner regions of the jets and
then goes back to the original value in the outer edges.
The maximum change occurs <~ 3'-4' from the nucleus,in
positions which roughly correspond to the central regions
of the two broad components. It is tempting to interpret
these differential variations as due to the Faraday ro-
tation of the polarized radiation of the jets in the
broad components. We therefore assume an almost constant
major contribution to the rotation measure of ~ 4 rad/m2,
presumably due to our galaxy,and a modulation with maxi-
mum amplitude ~ 1 rad/m2 as due to the broad components.

e)

The depolarization along the jets.

A comparison of the polarized intensity distribution
at the frequencies of 1.4 GHz and 0.6 GHz ( after convo-
lution to equal resolution ) is shown,in fig.10, as de-
polarization ratios along the jets.2 Corrections have

2The depolarization ratio @s defined as the ratio between
the fractional polarization at 0.6 GHz to that at 1.4 GHz.
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1.0

Fig. 10. Plot of the depolarization ratio D?:Z be tween
0.6 GHz and 1.4 GHz,along the axis of the jets.

been applied for the zero level off-sets present in the
maps. Errors account for noise and uncertainties in the
off-set levels. The jets,which are not depolarized be-

tween 1.4 and 5.0 GHz,are significantly depolarized be-
tween 1.4 and 0.6 GHz. The average depolarization ratio
between the two latter frequencies is %~ 0.9 % 0.05. It
is ~ 0.8 in the inner regions and increases outwards.

f) Intrinsic degree of polarization and ratio of

ordered to random magnetic field.

The intrinsic degree of polarization is related to
the ratio between the ordered component of the magnetic
field H, and the random cogponent H. (Burn 1966)

2

P, = P(a) 2Hn , - 30 + 3 H3

H + Hy 30 + 7 Ht
where a is th spectral index ,H; the total magnetic
field and P(a) the degree of polarization for a per-

fectly ordered field.

Since no depolarization is seen between 5.0 and 1.4
GHz and little at 0.6 GHz,we take the fractional polari-
zation at 1.4 GHz as representatiwe of the intrinsic de-
gree of polarization (we prefer to use the measurement
at 1.4 GHz,because of its better signal to noise ratio).

The degree of polarization shows a regular change
along the jet (fig.7) going from 40% - 507 in the range

of distances 30" - 2' from the core down to ~ 20% in
the outer parts of the jet. This implies :
Hy/Hy ~ 1.5 30" < distance < 2'

n n 0.7 " > 3'

The field is therefore very regular,with the exclusion of
the first * 30",but progressively becomes more irregu-
lar as one proceeds toward the outer parts.

g) Thermal particle density in the jets

One of the most striking characteristics in B2 1321+31
is the very low and slowly changing depolarization ratio

between 0.6 and 1.4 GHz. Assuming that this depolarization

is due to differential Faraday rotation,describing the
jet in terms of the "slab model" (Burn 1966) and neglec-—
ting the effect of the disordered component of the ma-
gnetic field,we deduce :

(RM); = 2.6 10717 Hj

i vl - 4 rad/m2

z’ﬂ]'_r

H,,,ni and r are the component of the ordered magnetic
field along the line of sight,the internal density of
thermal electrons and the transverse width of the jet
and (RM); is the internal Faraday rotation measure.
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As$uming the component of the ordered magnetic field
along the line of sight to be

Hy, v 0.5 Heq

and assuming as transverse size of the jet at the various
positions that deduced from figure 6,we obtain thermal
plasma densities in the range of 1073 - 1074 cm™

Similar values have been deduced for the jet in NGC 315
(Willis et al. 1981).

An alternative explanation for the depolarization seen
between 1.4 and 0.6 GHz is possible however,namely that
at the lower frequency we are seeing a superimposition
of the jets on the more prominent broad components. If
they are less polarized than the jets,a decrease of the
total degree of polarization could result from superpo-
sition effects alone. Such a superposition might also
explain the regular change of the position angle of the
electric vector at 0.6 GHz along the jets. The expected
amount of depolarization resulting from superimposition
alone,although quite difficult to be determined owing
to uncertainties on the relevant parameters of the broad
components,is probably < 10%. Furthermore its maximum
value is expected to occur close to the centers of the
broad components,namely v 3'-4' from the core,while the
observed depolarization is maximum at distances : 2',
where the effects of superimposition should be marginal.

We therefore consider below the consequences of inter-
preting the observed depolarization as being due to in-—
ternal Faraday rotation.

5. The broad components

The source exhibits,in the 0.6 GHz WSRT map,a clear
double structure. The jets,however,are still very bright
and this makes it difficult to determine the structure
and properties of the two broad components.

They are ~ 3' - 4' in diameter (40 - 50 kpc) and
have a separation of similar amount.

By subtracting the jet fluxes to the integrated flu-
Xes one gets an estimate of their integrated spectra,
which seem rather steep ( a v 1.0%0.2 ). Clearly,further

observations at 0.6 GHz with higher resolution are nee-
ded to improve the knowledge of the low frequency spec-—
trum in the jets and in the broad components.

Polarization is also seen in the broad components,
outside the main jets,with rather large polarization
fractions ( v 20 - 30 % at 1.4 GHz ).

Table 7 gives the intrinsic parameters of the exten-—
ded components of the source. Magnetic field and energe-
tics are computed on the basis of the equipartition as-—
sumptions. The density of the thermal plasma is derived
assuming that the modulation seen in the position angle
of the electric vector along the jet,at 0.6 GHz,is due
to Faraday rotation in the broad components. The tempe-
rature is deduced assuming that the thermal plasma con-
fines the jet at distances larger than ~ 3'( see section
6c ). For comparison we give the parameters of the ra-
dio galaxy B2 0924+30,a wide double source studied by
Ekers et al.(1981),which is similar to B2 1321+31 in
size and luminosity but has no jets.

It is worth noting again that the broad components
completely surround the two jets,a situation rather
unusual (but see also B2 0326+39,Bridle et al.,in pre-
paration),compared to other radio galaxies with jets.

In particular,looking at fig.4,one is led to think that
the broad components are built up by some kind of lea-
kage all along the jets,rather than being fed by the
heads as generally envisaged in the case of strong ra-
dio sources (e.g. Hargrave and McEllin 1975).
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TABLE 7. INTRINSIC PROPERTIES OF THE BROAD COMPONENTS
B2 1321+31 B2 0924+30

Radio Luminosity -1 1.3 1023 1.7 1023

at 1.4 GHz ( W Hz )

Component 45 80

sizes ( Kpc )

Volume (cm3) 1.5 1069 7.0 1069

Equipartition 2.0 10713 6.0 10714

energy density

(erg/cm3)

Minimum 3.0 10°° 4.0 10°°

energy (ergs)

Heq (gauss) 1.4 10_6 0.8 10—6

n; (cm-3) 4.0 10_5

Thermal plasma 108

mass (MO) .

Temperature (°K) < 10

Thermal energy < 2 1057

(ergs)

Alfven velocity 6 102

(km/sec)

6. Discussion

In the following discussion we assume that the twin
bright features emanating from the core,whicH we refer
to as jets,do really represent a transport of energy and
matter,at some speed vgp,from the nucleus to the outer
components. Furthermore we will use physical parameters
derived from assumption of equipartition and given in
table 6. That this assumption can be incorrect has been
mentioned earlier and should bé kept in mind by the rea-
der in the next paragraphs.

a) Expansion of the jets;variations of surface bright-
ness and plasma density along the jet. Is the flow

velocity constant ?

As previously seen,the jets open at a roughly constant
angle of ~ 20° up to a distance of 1'- 2' from the core.
As the jets expand we expect that the brightness bg(v)
should decrease because of adiabatic energy losses of
the relativistic electrons and decrease of the magnetic
field due to flux conservation. Depending on whether or
not the particles do work during the expansion we should
have :

bs(v) = r_(7/3)a—2 or bg(v) = r—Z-u
For o v 0.3 we obtain :
bg(v) = 2.7 or bg(v) = =23

in the absence of field amplification or particle reacce-
leration.

In fig. 11 a,b we show the surface brightness of the
jet at 1.4 GHz as a function of the jet angular FWHM ¢.
Also plotted (as a solid line) is the prediction, on the
assumption of adiabatic expamsion,with by (V) «xr™%*
intermediate between the two extremes noted above. In
the ranges ¢ < 10" and ¢ > 25" the brightness decrea-—
ses about as fast as the prediction. However,for 10" <
< ¢ < 25" the brightness stays almost constant (or pe-
rhaps even increases).

bM( mJy/arczsec)
10° -
L]
[ ]
10" b *
10°F
1 1
1|| 10|I 1OOII
transverse size

b'l.4

mdJy arc sec™?
0

10

jet

10

10

1 1

1 10 100’

transverse size

Fig. 11. Logarithmic plot of jet brightness (mJy/arcsecz)
as a function of transverse jet size.

A similar situation has been noted in several other
jets. In particular see Willis et al. (1981) for NGC 315,
where it is noted that the surface brightness drops off
more rapidly as a function of the jet width in those re-
gions where the rate of jet expansion is low and vice-—
versa.

The brightness behaviour can be explained if in situ
relativistic particle acceleration and/or field amplifi-
cation occur ,possibly due to reconversion of turbulent
energy carried in the flow (e.g. Henriksen et al. 1982).

An alternative possibility may be that the flow velo-
city decreases along the jet (e.g. due to entrainment
of the surrounding material). This would be equivalent
to a longitudinal compression of the system of particles
and magnetic field,which can act to reduce the adiaba-
tic losses. It is easy to see that,in this case,the de-
pendence of brightness on velocity flow is described by
the additional factor
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-l—s—a)

-2 3

f1
In order to obtain a plateau in brightness in the ''con-—
stant region', we require:

v

r g v 0.8-1.0

VEL T
This alternative possibility may be important if the jets
do not carry other forms of energy (like kinetic energy,
turbulent energy, etc...) suitable for reacceleration.

If we assume a constant mass flow along the jet, ma-
gnetic flux conservation and constant Veys We would
expect: )

x r

(RM)i z % T

and this would imply a fast increase in the depolariza-
tion ratio in the "constant region' where the jets widen
quickly. On the contrary the observed depolarization ra-
tio is constant in that region. This is similar to what
was found by Willis et al.(1981) in the case of NGC 315.
The observed dependence of the depolarization ratio on
r indicates:

H n.

oz i

If, in view of the constancy of bg(v),discussed above,
we assume H " const. in the "constant region', then:

-1
r

« H
[¢]

r 7 constant

n. <«

i
This result may also be explained if there is a decrease
in v¢q along the jets, due to loss of momentum at the
boundaries of the jets and/or to entrainment of external
matter. Assuming either conservation of the mass flow M
( but not of momentum flow) or comservation of the momen-
tum flow plus entrainment, we deduce

B v 1.0 or B v 0.5
respectively.

b) The flow velocity along the jets and the energetics

Methods used to estimate flow velocity in the jets are
discussed by Willis (1981). One of the most commonly
used is based on the assumption that the jets are "free"
In this case the jets, assumed to be strongly supersonic,
expand sideways, confined only by their own inertia, with
a constant opening angle determined by the ratio of the
expansion velocity v (v sound speed v 700 km/sec)
to the flow velocity. ' From the opening angle 6 we deduce:

vep v (6 £ 1) vy, v 3500 - 4900 km/sec

This method gives simiqar values when applied to other
jets. It may be unreliable however, since it is not clear
at all that the jets are "free'". Considering the possi-
bility of partial transversal confinement, the value of
ve, deduced from the "free jet" assumption has to be
ta&en as an upper limit.

If we express the velocity flow in units of 106cm/s,
at a distance of 15 Kpc from the nucleus the mass flow
M, the kinetic energy density ®(uke), the energy density
u . and the relativistic energy flow ®(ueq) are respec-
tively

Moo 0.1 vey Mg /year
-12._ 2 3
U v 9 10 Vf1,8 ergs/cm
v 18 u for a "free jet"
eq
40 3
@(uke) N4 10 Vf1,8 ergs/sec
~vo4 1042 for a "free jet"
40
@(ueq) v 310 Vil s ergs/sec

The two energy flows ®(uy.) and ®(ueq) are comparable
for VEy,8 v 0.9. So even for a moderately supersonic
flow the kinetic energy term is dominant compared to the
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the relativistic one. Estimates on the energetics of the
jet (or on Vfl’g) can be made by assuming that the broad
components have been built by the energy transported by’
the jet in the lifetime of the source. From Table 7, we
see that the energy stored in the broad components is
3100 < ¢ <2 10°/
br.c.
A lower limit to the source

T§ v (jet length)/(flow vel.) ~ 7 107(v

<

lifetime is clearly the time
-1

f1,8) years

The average energy supply must therefore have been

41 . 42

v (1077-10 )v ergs/sec

< Upr.e./T £1,8
to be compared with @(uke). This leads to:

Verg < 2 -6
So (unless t%é jet was much more powerful in the past)
this argument also requires that its flow velocity should
be in or below the range of values deduced from the
"free jet'" assumption.

We stress again that the discussion in Section 6a
on the observed brightness-radius and depolarization-
radius relations indicated that these could be explained
if the mass flow increases and/or the velocity decreases
along the jet.In this case, the kinetic energy flow must
decrease along the jet and reconvert in some other
form,either thermal or "useful energy" for synchrotron
radiation. For the range of values of B discussed
earlier,the decrease of ¢(y.) along the jet is very. ---
large,larger than that needed to compensate the adiaba-
tic losses in the jet. One should therefore wonder where
the lost energy goes. We suggest that it is used to feed
the broad components, by some kind of leakage through
the boundaries of the jet. We envisage a situation in
which instabilities are produced at the boundaries of
the jet and produce the growth of turbulence outside
(e.g. Ferrari et al. 1978), in such a way that an energy
outflow is produced at the expense of the reduction of
the kinetic energy flow in the jet.

Finally it is worth commenting on
hot spots at the end of the jets. The brightness at the
end of the jets is comparable to that of the broad
components in the eastern jet and only 2-3 times larger
in the western one (see fig.2). Since it is generally
assumed that the broad components are in pressure equi-
librium with the static pressure of the external medium
while the terminations of the jet should interact with
it via ram-pressure, the ratio of the pressures in the
jet and in the broad components (v3, derived from the
brightness ratio via equipartition assumptions) gives
the ratio of the '"terminal velocity" to the external
sound speed. The last velocity is likely to be < 10
em/sec (for T, <108), so that the terminal velocity is
likely to be 3 1.5 108 cm/sec. This figure compared
with the above estimates of the flow velocity is a
further argument for a decrease of the flow velocity
along the jet.

©

the absence of

Confinement of the jet at large distances

The slowly varying transverse size of the jet at
distances > 2' may be considered an indication of
confinement of the jet. Since the jet is completely
embedded by the broad components, such a confinement,
if external, must be produced by them. We have already
seen that a reasonable estimate of the_plasma density
in the broad compnents is = 4 1072 em 3. If the confi-
nement is due to the static pressure of this thermal
plasma,this requires:

T~ 5 107 °K
An alternative possibility (if the jet carries a
net current) may be that the confinement is achieved by
a pinch due to the circumferential field configu-
ration Hy , as discussed by Bicknell and Henriksen
(1980), Chan and Henriksen (1980), and Bridle et al.(1981).
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These authors show that the magnetic field which would
produce the observed change in the expansion rate by
magnetic pinching in a cold jet (confinement) can be
deduced from the relation

2

H = = wyi / [

“8
4mpv 2
f1
where yp is the maximum radius achieved and lpax is the
distance from the core at which this yp,y is achieved.
We find

€B v 0.014

which is consistent with our previous estimate of H

and vg¢y. The lack of any evident oscillations of the

jet radius, according to the computations of the above
authors, indicates that the ratio of magnetic to kinetic
energy cannot be much larger than the above value (see
for example the curves given for magnetized jets with
both internal and external thermal pressures by Bridle
et al.1981).

7. Conclusions

Summarizing, the most important results we have
found are:
1) The source has an unusual morphology and can be
described as a superimposition of a bright symmetric
two sided jet on a double source.
2) The jet has a constant opening angle in the first 2'
from the center; at larger distances the opening angle
decreases and the transverse size seems stabilized.
3) The jet is strongly polarized at all frequencies;
from the depolarization data we estimate the thermal
plasma density in the range of 1073 - 1074 cm™3.
4) The direction of the magnetic field is predominantly
perpendicular to the jet axis.
5) The spectrum is flat and constant between 5GHz and
1.4GHz.
6) Over a significant fraction of the length of the jets,
their brightness falls off more slowly with the jet
radius than expected on the basis of adiabatic expansion
in a constant velocity jet.
7) A constant mass flow along the jet, conservation of
magnetic flux and constant flow velocity would together
produce a variation of Hpz n; r different from that
observed in our depolarization data. The behaviour of
the brightness as well as of the depolarization could
be explained if the flow velocity of the jet is decrea-
sing as v.. «r ® with 0.5 <8 < 1.

. f1 . . .
It is suggested that most of the kinetic energy carried
by the jet is flowing out of it across its boundary to
form the extended radio structures surrounding the jet.
8) Several lines of argument suggest that typical flow
velocities along the jet are less than, or of order,
a few thousand km/sec.

Errata added in proof

1. Line 20, L.h. column, p. 169 should read:
...explained if the flow velocity decreases and/or mass flow...
2. Line 40, Lh. column, p. 169 should read:
The source, owing to its large angular size, was well...
3. In section (f) on p. 175 the 7 in the denominator of the r.h., side
of the equation should be replaced by 5.
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