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ABSTRACT

We show that asymmetries in total intensity and linear prodgion between the radio jets
and counter-jets in two lobed Fanaroff-Riley Class | (FRdjlio galaxies, B2 0206+35
(UGC 1651) and B2 0755+37 (NGC 2484), can be accounted foe#d jets are intrinsically
symmetrical, with decelerating relativistic outflows saunded by mildly relativistic back-
flows. Our interpretation is motivated by sensitive, welsolved Very Large Array imaging
which shows that both jets in both sources have a two-compatricture transverse to their
axes. Close to the jet axis, a centrally-darkened coustdieg opposite a centrally-brightened
jet, but both are surrounded by broader collimated emisiahis brighter on the counter-
jet side. We have adapted our previous models of FR | jetslasvistic outflows to include
an added component of symmetric backflow. We find that thergbdeadio emission, after
subtracting contributions from the extended lobes, is dedicribed by models in which de-
celerating outflows with parameters similar to those deriiee jets in plumed FR | sources
are surrounded by backflows containing predominantly tiaahagnetic fields. These return
to within a few kpc of the galaxies with velocities 0.25¢ and radiate with a synchrotron
spectral indexx ~ 0.55. We discuss whether such backflow is to be expected in lobdd FR
sources and suggest ways in which our hypothesis can bd tesfarther observations.
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1 INTRODUCTION

Relativistic jet outflows from radio galaxies are a primargaha-
nism for energy extraction from supermassive black holeacin
tive galactic nuclei (AGN) and an important source of energy
input to the intergalactic medium (IGM) in groups and clus-
ters (e.gl. McNamara & Nulsen 2007, and references theréia).
are studying relativistic jet kinematics and dynamics irarby
low-luminosity radio galaxies with Fanaroff-Riley Clas¢AR| -
Fanaroff & Riley! 1974) morphology for which we have obtained
radio imaging and polarimetry at high angular resoluticens-
verse to the jets as well as along their lengths. We have clesél
procedures for deriving three-dimensional variations rifimsic
jet parameters — velocity field, emissivity and magnetitdfier-
dering — from an analysis afystemati@asymmetries between the
jets and counter-jets (Laing & Bridle 2002a; Canvin & Lair@ha;
Canvin et all 2005; Laing et al. 2006a). We compare the obsderv
asymmetries in images of total intensity, degree of linedaniza-
tion and apparent magnetic field direction with the prediefects

of relativistic aberration on synchrotron emission frontjgées in
partially-ordered magnetic fields in model outflows and dedihe
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distributions of intrinsic properties within the jets. Wave found
that a generic property of the jet outflows in FR1 radio gataxi
is that they decelerate from relativistic speeds= v/c ~ 0.8 —
0.9) near the AGN to subrelativistic speeds a few kilopas secay,
and that the outflows are systematically faster on-axis #taheir
edges.

It is critical for such an analysis to distinguish patterrfs o
asymmetry in the jets produced by relativistic aberratimmf any
that are intrinsic to the outflows or which result from inttians
between the outflows and anisotropic environments, e.m fies-
sure gradients or winds in the IGM. One asymmetry in FR | radio
jets that has proven instructive in some sources and pratliem
in others is thesystematic difference between transverse intensity
profiles in the brighter jets and weaker counteryeten observed
at high sensitivity and angular resolution.

This difference correlates with indicators of the orieiataof
the jets to the line of sight. A statistical study of FR | jatgle B2
sample by Laing et al. (1999) found that the ratio of jet tontew
jet FWHM measured by Gaussian fitting at the same distanoe fro
the nucleus on both sides is strongly anticorrelated wighaber-


http://arxiv.org/abs/1205.3931v1

2 R.A.Laing & A.H. Bridle

age jet/counter-jet brightness ratio and with the ratio it to
extended flux density.

This anticorrelation is qualitatively as expected for iimi-
cally symmetrical relativistic outflows which are faster-axis
than at their edges. In this case, relativistic aberratiakea the
transverse brightness profiles of the approaching, henparap
ently brighter, jet more centrally peaked than those of teed-
ing counter-jet. Gaussian fitting to the jet and countei~jatHM
then yields smaller values of the width for the apparentigtier
jets even if the (slower moving) outer boundaries of thedgisear
identical on both sides of the AGN.

The amplitude of the effect found in the B2 source sample
by [Laing et al. [(1999) is, however, surprisingly large. Miidg
of the anticorrelation requires that the velocCify, —axis ~ 0.7
and Beqge ~ 0.1 (Laing etal.| 1999) in order to reproduce the
spread of width ratios. Two lines of argument suggest thah su
large velocity ratios are not typical of the FR | populatiéiirstly,
the ratio Seage /Bon—axis required to explain the effect is quanti-
tatively inconsistent with the brightness and polarizatitstribu-
tions in four of the five individual FR | sources we have moelel|
(Laing & Bridle|2002a; Canvin & Laing 2004; Canvin etlal. 2005
the exception is 3C 296; Laing et/al. 2006a). Secondly, thadlsst
values 0fBedge /Bon—axis are required only to generate the unusu-
ally small values of jet/counter-jet width ratie 0.6 in a few mem-
bers of the B2 source sample with particularly high jet/detxjet
brightness ratios, whose jets are thought to be highlyriedito the
plane of the skyl (Laing et al. 1999).

Thus far, our results would be consistent with the idea that
all FRI jets are symmetrical outflows, but that only a few have
very large transverse velocity gradients. Even this hyg&ithfails
for two of the B2 sample members, B2 0206+35 and B2 0755+37
(Laing et al. 201ﬂ These sources are unusual in that khweer
isophotes of their brighter jetalso appear narrower than those
of the counter-jets at the same distance from the AGN in image
of moderate resolution and sensitivity (e.g. Bondi et alo(h0-
even though the jets clearly exhibit the basal asymmetseeci
ated with symmetrical decelerating relativistic outflogparent
width asymmetry in the fainter jet emission cannot gengiag! ex-
plained by relativistic effects alone if the jets are bsyimmetrical
andpurely outflowinE. On the other hand, if the asymmetry is at-
tributed to intrinsic or environmental differences on the tsides
of the AGN (e.gl Bondi et al. 2000) there should be no systiemat
trend for the wider jet to be on the receding side as it is ir(dfteeit
small) sample of Laing et al. (1999).

In this paper, we explore an alternative explanation for the
transverse brightness profile asymmetries of the jets andteo
jets in 0206+35 and 0755+37. This work was motivated by new
deep imaging of these sources showing: (a) that their cojgtte
have minima in their emission profiles with the same widththas
main jets at similar distances from the nucleus and (b) treattain
jets are surrounded by faint emission resembling the broauder
emission in the counter-jets (Laing et al. 2011, and Se@idh
below). The new imaging data lead us to model the jets in these
sources as intrinsically symmetrical outflows near the &t aur-
rounded by broader features frobackflowingmaterial. If back-

1 The ’core’ is defined as an unresolved component coincidéifit tive
AGN. The core/extended flux-density ratio is a statisticali¢ator of ori-
entation.

2 From now on we drop the B2.

3 We discuss a special magnetic-field configuration for whiik is not
the case in Append[xJA.

flow in the broader features can be approximately symméiog
mildly relativistic, then aberration can make its emissappear
slightly brighter on thecounter-jetside, producing differences in
isophotal width between the jets similar to those observed.

Backflow is a reasonable hypothesis a priori for FR | sources
like 0206+35 and 0755+3iihose jets appear to propagate within
well-defined lobedt has been an acknowledged ingredient of mod-
els of lobed FR Il sources since the first attempts to simulata
hydrodynamics|(Norman etlel. 1982). FR1| sources cannot form
lobes without similar deflection of jet material ahd Lain@ét
(2011) showed that FR 1 lobes resemble those of FR Il sources i
many respects. If FR | jets are much lighter than their surdmgs
and initially fast (e.d. Laing & Bridle 2002b), we should oz sur-
prised if some large-scale post-jet flow in FR | lobes is maathy
relativistic. We also note that mildly relativistic backfteextends
almost all the way back to the centre of the host galaxy in sim-
ulations of relativistic FR1 jets with initial dynamical fio pa-
rameters matching those deduced from our observations 8fL.3C
and realistic pressure and density profiles for the surnomgnic M
(Laing & Bridl€|2002b| Perucho & Marti 2007).

In this paper, we show that a fully symmetrical model in which
a decelerating axisymmetric outflow is surrounded by a sidiuet
still slightly relativistic) backflow isquantitativelyconsistent with
the detailed brightness and polarization distributionthefjets and
counter-jets in 0206+35 and 0755+37. Itis not obvious arjifiat
conditions needed to produsymmetricabackflow are likely to
be realised in lobed FR1 radio galaxies. Nevertheless, esults
suggest that mildly relativistic backflow contributes sfigprantly to
the observed jet vs counter-jet width relationships and wggest
ways in which this (perhaps unexpected) ingredient of FRitc®
structure could be investigated further.

In Section[2, we summarize the optical and large-scale ra-
dio properties of the sources and discuss the additionajemeo-
cessing required to separate jet and lobe emission. Sd¢gtim
scribes our modelling procedure and Secfibn 4 gives a casgpar
between models and data. The model parameters are pregented
Sectiorb. A brief discussion is given in Sectidn 6. Sedfi@umh-
marizes our conclusions and suggests further work. Finalby
pendix[A demonstrates that a toroidally-magnetized outftaw,
in special circumstances, produce jet/counter-jet sidssimatios
significantly less than unity.

We adopt a concordance cosmology with Hubble constast,
=70kms~* Mpc~!, Qa = 0.7 andQu = 0.3.

2 OBSERVATIONS AND IMAGES
2.1 The sources: optical data and large-scale radio structes

The galaxy identifications, redshifts and linear scalesttiertwo
sources studied here are given in Tdble 1. Their radio strest
have been described in detail by Laing etal. (2011), fromctvhi
the images in Fid.]1 are taken.

2.2 Images

Table[2 summarizes the relevant parameters of the high-
resolution sub-images which we model or use for spectral ana
ysis in this paper (details of the observations and datactému

(© 0000 RAS, MNRASDOG, 000-000



Table 1. Names, redshifts, linear scales and associated referémcése

sources in this paper.

Name Galaxy Redshift  Scale Reference
name kpc
arcsec’!
0206+35 UGC1651 0.03773 0.748 1
0755+37 NGC2484 0.04284 0.845 2

References: (1) Miller et al. (2002); (2) Falco et al. (1999)
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Figure 1. Grey-scale images of the sources (Laing etal. 2011). The
boxes mark the areas shown in later plots and the grey-saafges, in
mJy beant!, are indicated by the labelled wedges. (a) 0206+35 at 4.9 GHz

1.2 arcsec FWHM. (b) 0755+37 at 4.9 GHz, 1.3 arcsec FWHM.

are given by Laing et al. 2011). TH8-vector position angles of
linear polarization at 4.860 GHz have been corrected foadray
rotation using multifrequency imaging (Guidetti etlal. 202012;
Laing et al.l 2011) and residual depolarization is predidtedbe
negligible at this frequency. The areas plotted in laterrBglare

outlined on Fig[L.
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Figure 2. False-colour images of total intensity for 0206+35 and 675
over the areas outlined in Figl 1. On the right-hand side oh genel, we
have plotted a single contour to outline the brightest eimissef the main
(brighter) jet. On the left-hand side, this contour (raaterough 180)
is plotted on the counter-jet emission. (a) 0206+35 at @&Sec FWHM
resolution. (b) 0755+37 at 1.3-arcsec FWHM resolution.

part of the main jet. On the left-hand side, this contour isiex
through 180and plotted on the counter-jet emission. This diagram
emphasizes the points made earlier that the minima in theteou
jet emission have roughly the same widths as the main jetshand
the main jets are in turn surrounded by fainter emission.

In order to model jets that appear superimposed on lobes, we
must try to separate the two emission components in all Stoke
parameters. There is no unique way to do this when their ipect
and intensities vary independently across the field of vigw. ap-

Fig.[2 shows rotated sub-images. On the right-hand side of proach to isolating jet emission in a lobed FR1 source tlueeef

each panel, we have drawn a single contour to outline thétersg
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entails some simplifying assumption about the variationsien-



4 R.A.Laing & A.H. Bridle

Table 2. Parameters of the sub-images used for modelling and spactia
ysis. Col. 1: source name; col. 2: observing frequency (&arigk indicates
that the image was used for modelling); col 3: resolution HAW; col. 4:
rms off-source noise level ify col.5: average noise level @ andU;; col. 6:
sub-image position angle; col. 7: sub-image sizes pawmati¢perpendicular
to the jet axis.

Source v Res rms Rot Size
GHz  arc- ulyb1 deg  arcset
sec or op
0206+35 1.425 1.20 19 — —410 22x20
0206+35 4.860 1.20 12 — —410 22x20
0206+35 4860 0.35* 7.2 7.1 —410 22x20
0755+37 1.425 1.30 20 -— 158.5 66 x 66
0755+37 4860 1.30* 7.8 7.9 158.5 66 x 66
0755+37 4.860 0.40* 80 7.1 158.5 20 x 16

sity I or in spectral inde% o of the lobes or jets over the region
to be modelled. We have attempted to separate the jets aad lob
for these sources in a way that optimizes the resolution mymks
to-noise of the jet emission while letting us check for sysitic
errors resulting from the assumptions made while doing abe-

jet separation, as follows.

Table 3.Interpolation parameters for lobe subtraction. Col. 1rsemame;
col 2: resolution (FWHM); col. 3: background region distasdrom jet
axis; col. 4: width of boxcar smoothing function paralleltbe axis.

Source FWHM  Background  Smooth
(arcsec) (arcsec) (arcsec)

0206+35 0.35 9-10 1.0

0755+37 1.30 30-45 3.0

image is lower than that of the deep high-frequency imageealo
and (b) our highest-resolution data for 0206+35 and 075%#87
only at one frequency.

The alternative ofpatial subtraction assumes that the lobe
intensityvaries only slowly across the jet. This approach can be
best applied at high angular resolution where the lobe briags
is low and the spatial variation of jet emission is clear@etsep-
arate the two types of emission spatially/inQ andU, we define
two background regions parallel to the jet axis and justidatthe
maximum transverse extent of the jet as estimated from pect
index images, i.e. using both the intensity and spectrgbgntes
of the jet emission to guide our choice of the backgroundoregi
We then smooth the background brightness distributiorallghto

One approach to separating jet and lobe emission observed athe jet axis with a boxcar function to improve their signadribise

two frequencies is based on their systemagpectraldifferences:
the jets have characteristic spectral indices close te= 0.55,
whereas the lobes have~> 0.8 near the centres of the sources
(Laing et al.| 2011). If the spectral index of the lobe emissio

ratio and interpolate linearly between them under the &k refer
to this approach as generating ‘interpolated images’.

For 0206+35 and 0755+37 we first used spectral subtraction
to verify the total extent of the jet emission and to set appeate

close to the jet is reasonably constant, we can use a varfant o reference regions for interpolation, then constructedrpulated

the ‘spectral tomography’ method (Katz-Stone & Rudnick 7;99
Katz-Stone et al. 1999; Laing et/al. 2006b) by assuming tHnettw

images for the final modelling.
In Figs[3 and 4, we show the results of both subtraction meth-

is observed can be described as the sum of two components: a je©ds for the two sources. Fifis 3(a) did 4(a) show the imagéat t

and a lobe with constant spectral indieesand «,, respectively.
The brightnesses observed at a given point at two frequengie
andv, are then:

I(vo) =
I(v1) =

—a —a
Bjv, * + By, !

—Q; —_
le/l L. B1l/1 L

We can scale and subtract the two brightness distributioesti-
mate the jet brightness at the modelling frequengy
vy I(vo) — vy (1)

o
By,

JY0 (o3} (o3} «;
vo' — vyt (vo/vi)®

Once we knowq,, the method can also be applied to Stokgs

resolution used for modelling before subtraction. We fobedt-
fitting lobe spectral indices between 1.425 and 4.860 GHz 0 0
and 0.81 for 0206+35 and 0755+37, respectively. In[Hig.,3(e)
show the spectral subtraction for 0206+35 at lower resmiuthl-
though not useful for modelling, this image outlines thakektent
of the flatter-spectrum emission associated with the jdis.Spec-
tral subtraction for 0755+37 at the lower of the two resolngi used
for modelling, shown in Fid.J4(b), has little trace of resitilobe
emission but low signal-to-noise.

Guided by the spectral subtraction, we set the interpoigto
rameters as in Tablg 3 and computed interpolated imaged 2t 1.
and 4.860 GHz, from which we in turn derived the spectrakind
images shown in Fids| 3(c) ahdl 4(c). These are blanked on the er
ror in spectral index, as noted in the captions. We then astich
integrated spectral indices for the jets by summing thepaiated

andU provided that we correct the images at both frequencies for I images over all pixels which are unblanked on the speatidas

Faraday rotation before subtraction, and that depoléoizés neg-
ligible (as is the case for these sources). Note that therspawex

images, excluding the cores. We foufw) = 0.55 for 0206+35
and 0.53 for 0755+37. We used these values to scale the alpectr

of the jets,a;, must be both constant and known in order to scale subtractions. Variations across the modelled regionsraadi swith

the result correctly.

In practice, we estimated the lobe spectral indexifgor=
4.860 GHz andv; = 1.425 GHz by performing the subtraction for
various trial values oty and selecting that which minimized the
residual lobe emission in jet-free regions.

Spectral subtraction can remove even rather complicatesl lo
emission if the spectral index is constant, but it has twaossr
flaws for our purposes: (a) the signal-to-noise ratio of threected

4 We define spectral index in the sensd (v) o v~<.

0.50 < a; < 0.62 in both sources. Finally, we show the 4.860-
GHz interpolated images at the resolutions used for madglh
Figs[3(d) and}(d).

We are confident that the interpolated images represent the
jet emission accurately in both sources. The lobe emission i
0206+35 is quite faint at 0.35-arcsec FWHM resolution, afid a
ter subtraction, the area around the jets appears devoidsaf-r

5 Higher-order interpolation works poorly for these brigkga distribu-
tions.

(© 0000 RAS, MNRASDOG, 000-000
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(b) Spectral subtraction (d) Interpolated
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Figure 3. False-colour images showing the results of lobe subtradto
0206+35. Thel intensity colour range (0 — 3 mJy beart) is the same for
panels (a) and (d). (a) No subtraction at 0.35-arcsec résolfb) Subtrac-
tion at 1.2-arcsec resolution assuming a constant spautiex for the lobe.
(c) Spectral index distribution over the jet and countémjel.2-arcsec reso-
lution after interpolated subtraction, blanked whege > 0.03 (the colour
range for spectral index is shown by the labelled wedge)S(tbraction by
linear interpolation between background strips paratieht jet axis. The
resolution is 0.35 arcsec.

ual emission in all Stokes parameters (e.g. Elg. 3d). Theslow
resolution (1.3 arcsec FWHM) image of 0755+37 proved to be
more of a challenge, because the lobe emission is brightrand i
regular (Fig[#a). The spectral subtraction gave a cleamgéntd
the jet with negligible background emission, but amplifiezise
(Fig.[db). In contrast, interpolation (Figl 4d) failed taweve the
small-scale lobe emission accurately but retained thesfghal-
to-noise ratio of our high-frequency images. Comparisorhef
two correctedl images showed that they are accurately consistent
whereverl > 100 uJy beam*. We therefore used the interpolated
images for modelling (in which the faint residual lobe enuas
has low weight). Modelling the spectrally-subtracted iméand its
counterparts i) andU) gave consistent but less well constrained
results. In the intensity and polarization profiles plotbedow, we
compare the results from both subtraction methods.

At 0.4-arcsec FWHM resolution, used for modelling the inner
jets of 0755+37, the lobe brightness is negligible and wendid
attempt to subtract it.

3 MODELFITS
3.1 Assumptions
To model the jet emission, we make the following assumptions

(i) The jets are intrinsically symmetrical, axisymmetritdaan-
tiparallel. They can be treated, on average, as laminaipistay
flows.

(i) The radio emission is from relativistic particles with
power-law energy spectrum(E) = noE~ Y («a is the spec-
tral index). We use the integrated values for the modellgtbres
after lobe subtraction{a) = 0.55 for 0206+35 and 0.53 for
0755+37. The corresponding maximum degree of polarizaton
po = (3a + 3)/(3a. + 5) = 0.70 in both cases and the variations
of spectral index across the modelled regions are smallgmtau
be ignored (Sectidn 2.2).

(© 0000 RAS, MNRASD0Q, 000—-000
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(a) No subtraction

(b) Spectral
subtraction

(d) Interpolated
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Figure 4. False-colour images showing results of lobe subtraction in
0755+37 at 1.3-arcsec resolution. THeintensity colour range (0 —
2.5mJy beam!) is the same for panels (a), (b) and (d). (a) No subtraction.
(b) Subtraction assuming a constant spectral index foiothe, las described

in the text. (c) Spectral index distribution over the jet aodinter-jet after
interpolated lobe subtraction, blanked whete > 0.1 (the colour range
for spectral index is indicated by the labelled wedge). (dptBction by
linear interpolation between background strips paratiehe jet axis.

(i) The magnetic field is tangled on small scales, but
anisotropic.

(iv) The effects of Faraday rotation on the observed emissio
are corrected completely. This is an extremely good appration
for 0206+35 and 0755+37 (Guidetti etlal. 2011, 2012; Lainallet
2011).

3.2 Outline of method

For a symmetrical, outflowing jet with velocity = B¢, emitting
isotropically in the rest frame and inclined by an angjte the line
of sight, a measurement of the observed jet/counter-jensity
ratio

I; /1 [(1+4 Bcosh)/(1 — Bcosh)]*H™

does not allow us to determine the velocity and inclinatiepas
rately. The key to our method is the use of linear polarizatm
break this degeneracy. The relation between the angles tinh
of sight in the rest frame of the outflow, and in the observed
frame,0, is:

sinf] = [[(1— Bcos 0)] 'sinf (main jet)

sin 0g; [[(1 4 Bcosh)] ' sin6 (counter-jet)

The emission in all three Stokes parameters depends simce the
magnetic field is in general anisotropic. If the flow is sigrafitly
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relativistic, we effectively observe the two jets at diéfat values of
0’ and can use the differences in polarization for the appiingch
and receding jets as an additional constraint to separated 6.
For backflow, the argument is identical with the roles of jet a
counter-jet interchanged.

The principal steps in our method (Laing & Bridle 2002a;
Canvin & Laingl 2004| Canvin et al. 2005; Laing etlal. 2006a ar
as follows.

(i) Build a parameterized model of the geometry, the vejocit
field and the variations of emissivityd no B'**) and magnetic-
field anisotropy in the rest frame of the emitting plasma.

(ii) Calculate the observed-frame emissiodjii) andU, taking
account of relativistic aberration and anisotropic enoissin the
rest frame.

(i) Integrate along the line of sight, normalize to the reeed
total flux density and convolve with the observing beam.

(iv) Calculate and suny? over thel, Q andU images. This is
our measure of goodness of fit.

(v) Optimize the parameters using the downhill simplex rodth
of Nelder & Mead |(Press et al. 1992).

We explored a wide range of starting simplexes in order taupe s
of locating the global minimum iry2.

3.3 Fitting functions

The parameterized model that we fit to the VLA observatiorss is
simplified version of those in our previous woik (Laing & Bed
2002a; | Canvin & Laingl 2004} Canvin et al. 2005; Laing et al.
20064a), with the addition of a few extra terms to describebtek-
flow. The functional forms are given explicitly in Talilé 4. Aite

cal discussion of fitting functions will be given elsewheraifg &
Bridle, in preparation).

3.3.1 Geometry

We use coordinate, x) in a plane containing the jet axis, with
measured along the axis angherpendicular to it. The jetis divided
into aflaring region where the flow first expands and then recolli-
mates, and a conicaluter region as sketched in Fi@l] 5. The edge
of the outflow is fully defined by the distance of the transitte-
tween the two regions measured along the axisthe radius;xo,
and the opening angle of expansion in the outer regienindi-
vidual streamlines in the outer region are straight, so wededine
a streamline index = ¢£/£, where¢ is the angle between the
streamline and the axis.ranges from 0 on-axis to 1 at the edge
of the outflow. The two coefficients:(s) andas(s) of the cubic
expression for the streamline radius in the flaring regicablgl4)
are defined by the conditions that the streamline radits and
its first derivativez’(z) are continuous at the flaring-outer region
boundary. We also define a distance coordinatehich is contin-
uous along a given streamline from 0 at the nucleusotat the
flaring-outer region boundary and which thereafter inazsass the
distance from the boundary surface. The functional forms-fim
the two regions are given in terms ofinds in Table[4

For simplicity, the backflow is assumed to follow the same
streamline family as the jet, extended away from the axis.ddyge
of the backflow in the outer region is defined by the radiysat
the region boundary and the opening angJeThese are not inde-
pendent:zy, /zo = sin&y/sin&o. The backflow streamline index
t ranges from 0 at the backflow/outflow interface to 1 at the edge

Flaring Outer

3

Backflow

Figure 5. Sketch of the assumed geometry. The blue and green curwes sho
the outer boundaries of the outflowing jet and backflow emigsiespec-
tively, Representative streamlines in the two parts of tbe fire shown in
red. The fiducial distances and angles are defined in Séciiof. 3

of the outflow. The backflow streamline radii have the same-fun
tional form as their outflow equivalents with the coefficeat(t)
andas(t) again defined by continuity at the region boundary.

The assumed backflow geometry is ad hoc, but gives a reason-
able match to the observed extent of the emission.

3.3.2 \Velocity

The on-axis velocity profile in the outflow is divided into ¢er
parts: (a) constant with a high velocity close to the nugl€b¥
a linear decrease and (c) constant with a low velocity atlalig-
tances. The velocity along any off-axis streamline is dakeal us-
ing the same expressions but with truncated Gaussian gesgsv
profiles. The velocity profiles, given explicitly in Tadlé depend
on two transition distances,,; andr.o, the on-axis velocitie$
and S, and the fractional edge velocities andvo (which are re-
quired to be< 1).

We experimented with several functional forms for the back-
flow velocity. The most satisfactory has no dependence,dut
varies linearly with streamline index frof, i, at the interface with
the outflow tosy, o4t at the outer edge of the backflow.

3.3.3 Emissivity

We write the proper emissivity asf, wheree is the emissivity in
StokesI for a magnetic field perpendicular to the line of sight and
f depends on the field geometry (defined in Sedtion B.3.4, helow
¢, to which we refer loosely as ‘the emissivity’, is a functiamly of
the total rms magnetic-field strength and the normalizingstant
of the radiating electron energy distribution.

The on-axis emissivity profile in the outflow is also divided

(© 0000 RAS, MNRASDOG, 000-000
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Table 4.Coordinate definitions and functional forms for geometsjpeity, proper emissivity and magnetic-field ordering.

Description Quantity  Functional form Distance range
Distance coordinate r W r<rg
(outflow and backflow) z;rsil - r>ro
A=uzo/sinéy —ro =zp/sin&, — 1o
Outflow streamline index s by continuity r<rg
&/¢o r>rg
Outflow radius x(z,8) az(s)z? + as(s)z> r<rg
(z =70 + 0/ sinép) tan(&os) r>ro
Outflow velocity B(r,s) B1 exp(s?Inwvy) r < Ty,
Brexp(s?Invr) (7225 ) + By exp(s? Invo) (7522 ) 7ot <7 <7100
Bo exp(s? Inwvp) T2 Tug
Outflow proper emissivity — ¢(r, s) g1~ Fin exp(In e152) r < Tel
r~Emid exp [m (h(?“e();efgti(:ffff'el)) 52] Fer <7 < Teo
gor~Fout exp(In egs?) > Teo
Outflow (BZ/B2)'/? 3(r) i r<rp1
Jl(TBo;Bngirl)a(:*TBﬂ rp1 <7< rpo
Jo r > TBo
Outflow (B? /BZ)1/? k(r) k1 r<TB1
k1(rpo—r)+ko(r—r
1(TBOT;3tT;(1T rB1) rp1 <7< rBo
ko T > TBRBo
Backflow streamline index ¢ by continuity r<ro
(€ —€0)/ (b — o) >
Backflow radius z(z,t) as(t)z? + as(t)z? r<ro
(z — 10 + @0/ sin&o) tan[§o + (&b — &0)1] >0
Backflow velocity B(t) Br,in + t(Bb,out — Bb,in)
Backflow proper emissivity €(r, t) 0 r< Ty
ny, (1/70) " Fr exp(ln ept?) r>ry
Backflow (B2 /B2)'/? j b
Backflow (B2 /BZ)/? k ke,

into three regions, each with a power-law profile. The prafile
allowed to be discontinuous at each of the region boundatiffs
axis, the profile is multiplied by a truncated Gaussian fiamcbf
the streamline index, with values at the jet edge which anstemts
in the inner and outer emissivity regions and vary lineady®een
them. The free parameters for the emissivity profiles aresttian
distancesr.o andr.i1, power-law indice¥in, Fmia and Eout, g1
andgo, which measure the discontinuities at the region bounslarie
and edge emissivities; andey. Note thate; andey may be> 1
(in which case the jet is limb-brightened}, 1 (uniformly filled) or
< 1 (centre-brightened).

between outflow and backflow at the boundary between thedlarin
and outer regionsyy,.

3.3.4 Magnetic-field structure

We define the rms components of the magnetic field tozy />
(longitudinal, parallel to a streamline}Bf)1/2(radial, orthogo-
nal to the streamline and outwards from the jet axis) &Bg)'/?
(toroidal, orthogonal to the streamline in an azimuthakdiiion).
The rms total field strength i8 = (B? + B? + B})'/? The

The backflow emissivity is assumed to be zero within a given magnetic-field structure is parameterized by the ratio of rax

distance and to have a power-law dependence wiith a single
index and a truncated Gaussian dependence on streamligetind
elsewhere. The fitted parameters are the infigx the fractional
edge emissivitye,,, the inner distance, and the emissivity ratio

(© 0000 RAS, MNRASD00, 000—-000

dial/toroidal field, ; = (B2)'/?/(B?)*/? and the longitudi-
nal/toroidal ratiock = (B?)'/2/(B2)*/2. For the outflow models in
the present paper, these depend only-pheing constant close to
and far from from the nucleus and varying linearly at intediaee
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distances. The free parameters are the fiducial distaneesnd (v) Images of degree of polarizatiop, = P/I. These are
rpo and the field ratios at these distancgs jo, k1 andko. blanked whereved < 50;. The angular scale is given on the
For the backflow, we assume constant field ragipandks,. accompanying profiles and the range is indicated by the l&bel
wedgesp has been corrected for Ricean bias (Wardle & Kronberg
1974).
3.4 Modelling of individual sources (vi) Profiles ofp along the jet axis.

(vii) Vectors with lengths proportional teand directions along
the apparent magnetic field, superposed on false-colougamaf
1. The angular and vector scales are indicated by labellesd bar

(viii) Averaged transverse profiles of total intensifysidedness

(i) Calculate Stokes parametepsandU in a coordinate system  ratio Ij/I;, and@/I over selected regions where the brightness
with position angle 0 along the jet axis. and polarization distributions vary slowly with distangerh the

(i) For I andQ, take the noise level to bi/+/2 times the rms nucleus. Stokes) is defined in a coordinate system with its axis
difference between the image and a copy of itself reflectedsac ~ along the jetQ/I > 0 for an apparent magnetic field transverse

We estimated the noise levels for each resolution and Stokes
rameter based on the deviations of the brightness disivitmifrom
those expected for axisymmetry, as follows.

the jet axis. to the axis;Q/I < 0 for a longitudinal field. In the flaring region,
(iii) For U, take the sum rather than the difference. these profiles were derived by averaging along radii fromriie

) cleus, in which case they are plotted against angle fromettexjs.

These values can be substantially larger than the off-goums, For the outer region, they are averages along lines patalibe jet

but include the effects of small-scale structure (which wendt axis and are plotted against angular distance from the laxisder
attempt to model) and deconvolution errors. to make a fair comparison, only pixels which were not blanéad

For 0206+35, we fit to images at the highest available res- the ghserved images were used in the averages.
olution, 0.35arcsec FWHM, using different noise levels fioe

high-brightness emission close to the nucleus and theefaiet In general the fits are very good. We examine the correspaeden
gions farther out. For 0755+37, we fit to 0.4-arcsec FWHM igsag ~ Petween model and observed brightness distributions iaildet
of the bright inner jets and 1.3-arcsec images elsewherall 8ea the next two sub-sections.

gions around the cores were excluded from the fits, since veemo
only optically-thin emission. The model images given below 42 0206+35

clude point sources with the appropriate observed flux tiesat

the locations of the cores. We show images and longitudinal profiles of total intensitg aid-

The values ofy? summed over all Stokes parameters and res- edness ratio in Fil]6 and of degree and direction of poléozan
olutions were 8012 over 6696 independent points for 0206#&b Fig.[1. Averaged transverse profilesiofl;/I.; andQ/I are given
8022 over 5816 points for 0755+37. in Fig.[8.

The quoted uncertainties were also derived as in our earlier The model accurately reproduces the main features of the
work by varying an individual parameter unif increased by an brightness and polarization distributions of 0206+35|uding the
amount corresponding to the formal 99 per cent confidenad,lev  following.
leaving the rest of the model unchanged. These values ade cru
(they neglect coupling between parameters), but in pragfice a
good impression of the range of reasonable models. As an addi
tional check, we also performed a series of optimizatiorfixatl
values off and tabulate the range over which acceptable solutions
could be found.

(i) The main (approaching) jet has a bright base, with a peak a
~2 arcsec from the nucleus (Figs 6a — c).

(i) The peak sidedness ratio &f/1.; ~ 37 is at a distance of
~0.6 arcsec from the nucleus (Figs 6d — f), close to the pasitio
of the flaring point as determined from high-resolution MERL
observations (Laing et al. 2011).

(iii) At low isophotes, the counter-jet appears wider thae t
main jet (Fig$ba and b).

4 MODEL-DATA COMPARISONS (iv) The counter-jet has a limb-brightened structure, \whie
brightest between 2.5 and 6 arcsec from the nucleus, whéreas
4.1 General main jet appears narrower and is centrally peaked (Higs 6aan

In Figs[8 {8 and 0 E2, we show various comparisons between Figsl8a ). L ! L
the observed and model images of the two sources. The images v) The_ ang|tud|nal profile of degree O.f polarlzatlor_l sh(m_e
have been rotated by the angles given in Table 2 so that the mai characteristic asymmetry we have noted in other FR | jesnthin

(approaching) jet points to the right and the core is eithdracen- jet has a p(_)larization m‘“?m“m at2.5arcsec_: frqm the nucleus,
tre or the left-hand edge of a plot. The types of plot are devl corresponding to the transition between longitudinal aadsverse
apparent field, whereas the counter-jet shows a high dedmge o

(i) False-colour images of total intensity. The angularlesda larization with a transverse apparent field, reaching amaaeesof
given on the accompanying profiles and the brightness rainge ( p = 0.5 at 10 arcsec (Fidl] 7c).
mJy beam) is indicated by the labelled wedges. (vi) Thereisatransition in the field direction between gegrse
(ii) Longitudinal profiles of total intensity. on-axis and aligned with the jet boundaries at the edges tinm bo
(iii) Images of jet/counter-jet sidedness rafig'I.; derived by sides of the nucleus. This is clear within 2 or 3 arcsec of ithger
dividing the I image by a copy of itself rotated by 180These line in the main and counter-jets, respectively (Eig. 7 aigs@j —

images are blanked (grey) whefre< 30 on either side of the core  0). The signal-to-noise ratio in the data is too low to defamthe

(Table[2). The contours shofy/I.; = 1. Angular scales are again  edge field direction accurately at larger distances, soefisncies

shown on the accompanying profiles. between observed and predict@d! transverse profiles should not
(iv) Longitudinal profiles of sidedness ratio. be taken too seriously.

(© 0000 RAS, MNRASDOG, 000-000
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Figure 6. Comparison between the observed and modelled total ities\5iand sidedness ratids/ I; for 0206+35. (a) observed and (b) model false-colour
images ofI. (c) profiles of observed (full/red) and model (dashed/pllialong the axis of the jet. (d) and (e) images/pfI.;. The white contours represent
I;/1;; = 1: outside the contourd; /1; < 1. (f) profiles of observed (full/red) and model (dashed/plfj¢'I; along the jet axis.

(vii) Close to the nucleus, the apparent field wraps aroued th
edges of both jets, with a high degree of polarization, esfigon
the counter-jet side (Figi$ 7d and e).

The main deficiency of the model is that it underpredicts the
brightness of the counter-jet 5arcsec from the axis and over-
predicts that of the main jet between 1.5 and 4 arcsec. Tlifestse
lead to a model sidedness ratio which is too high off-axikoalgh
still significantly <1. This discrepancy is most obvious between 5
and 7 arcsec from the nucleus (Figs 8b, e and h), but is restrio
regions where the brightness {5200.Jy beam®. The model is
also constrained to have monotonic deceleration in theavwtihd
velocity independent of distance from the nucleus in th&thaw,
so it cannot reproduce the increase in sidedness ratio bat@vand

(© 0000 RAS, MNRASD0Q, 000—-000

10 arcsec from the nucleus. The surface brightness is loheaet
distances so uncertainties in lobe subtraction may befiignt.

Fig.[d shows the predicted brightness distributions for the
outflowing and backflowing parts of the model separately. The
former is similar to the pure outflow models we have derived
for other sources (Laing & Bridle 2002a; Canvin & Laihg 2004;
Canvin et all 2005; Laing et al. 2006a). In the model of 02@+3
the limb-brightening of the counter-jet is due to a comborabf
outflow and backflow. In the outflow, the on-axis velocity rénsa
high, so the edges of the outflowing counter-jet materiatappel-
atively brighter because they suffer less Doppler dimmiapntthe
on-axis material. This effect is reinforced by emissionnfrthe
backflow, which adds a thin shell of emission immediately- sur
rounding the outflow. Most of the asymmetry is due to the owtflo
the backflow is only slightly brighter on the counter-jetesid
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Figure 7. Comparison between the observed and modelled linear paii@m of 0206+35. (a) and (b) colour images of degree ofrfmaiion p = P/I in the
range 0 — 0.7, as indicated by the labelled wedge. Blankexs e grey. (a) observed; (b) model. (c) profiles of obseffudidted) and model (dashed/blue)
p along the axis of the jet. (d) and (e) vectors with lengthgpprtional top and directions along the apparent magnetic field superietpoa colour images

of I. (d) observed, (e) model.

4.3 0755+37

We compare model and observed total intensity images affitsro
for 0755+37 in Fig_ID; the corresponding polarization cangons
are shown in Fid_111 and Fig. 112 gives averaged transversiéegro
of I, I;/I; and@Q/I. Note that the fainter emission is affected by
imperfect lobe subtraction, as discussed in Seéfidn 2.2.iIpar-
ticularly obvious at large distances from the jet axis in gi@s of
ratios such ag;/I; andp. The following features of the brightness
and polarization distributions are reproduced.

(i) The main jet has a brightness peak at 1.3 arcsec from tige co
(FigdI0i — k). Farther out, the profile declines rapidly vdistance.

(ii) There is a rapidly-expanding, triangular region of gbly
uniform brightness at the base of the counter-jet (Eigs holisb.

(iii) The jet base structure is initially very asymmetricitiva
peak sidedness ratie80 at 1.9 arcsec from the core, decreasing

rapidly with distance to reach an asymptotic vadug at 15 arcsec
(Figs[10e — h).

(iv) At faint brightness levels, the counter-jet appeagnii-
cantly wider than the main jet, with a large opening anglggfi0a
and b).

(v) The counter-jet brightness profiles are more flat-topped
edge-brightened than those of the main jet at most distdnoes
the core (Figkdl0a and b and Figs 12a — h).

(vi) A prominent arc of emission crosses the counter-jet at
~26 arcsec from the nucleus (F[gd 10a and b).

(vii) There is also a bar of emission crossing the counteaje
~12 arcsec from the nucleus (F[gd 10a, b and d).

(viii) The profiles of degree and direction of polarizatidoray
the axis show the same characteristic asymmetry seen in-3806
and other FRI jets. There is a change in apparent field dinecti
at ~5arcsec from the nucleus in the approaching jet, but not in
the counter-jet, whose apparent magnetic field is alwaysterse

(© 0000 RAS, MNRASDOG, 000-000
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Figure 9. Predicted brightness distributions for the outflowing amdks
flowing parts of the model for 0206+35. (a) outflow; (b) backflo

(Figs[Ilg and h, Figs12q — t). The degree of polarization é th
counter-jet rises monotonically with distance from the laus,
reaching large valuep(~ 0.5) far from the nucleus (Figs_11a
-0).

(ix) The degree of polarization in the main jet base is lowg an
the apparent field is longitudinal (Figsli1d - f, i and j).

(xX) There are minima in the degree of polarization on eithde s
of the axis in both jets, corresponding to the transitionMeein
transverse and longitudinal apparent field (Eigs 11a, b;[§2m —
t).

(xi) There is aregion of high polarization with a circumfetial
magnetic field around the base of the counter-jet (Eigjs 1tihn

(xii) Determination of the observed polarization in thenfaie-
gions far from the axis is complicated by imperfect subtoacof
lobe emission, but the apparent field is primarily paraltethe
edges of both jets (Figs12m —t).

Features which are not fit well by the model are as follows.

(i) The observed brightness distribution of the bright mjgin
base is slightly more centre-brightened than the model laadb-
served degree of polarization is higher than predictedsatdes
(Figs[10i, j{11d, e, i, j).

(i) The observed transverse total-intensity profiles agaif-
cantly more limb-brightened than the model in some plaaes @
particular between 18 and 21 arcsec on both sides of theusicle
(Figs[I2c and g).

(iif) The inner bar crossing the counter-jet is both stréégland
slightly farther from the nucleus in the observed imagé& arcsec
compared with~11 arcsec for the model; Fi§is]10a, b, d). The fit
may be affected by the limb-brightening in this region, hegare

(iv) As in 0206+35, the off-axis brightness of the main jet is
slightly overestimated close to the nucleus. The diffeedachow-

ever, exaggerated by the look-up table in figs 10(a) andr(®)is
more accurately represented by the profile in Eig. 12(a).

Fig. I3 shows the outflow and backflow components of the
model intensity distribution. As for 0206+35, the outflonpaprs
similar to that in other FR | radio galaxies, but the backflewela-
tively stronger in 0755+37. The prominent curved arc crggshe
counter-jet~26 arcsec from the nucleus is modelled as the projec-
tion of the inner edge of the backflow at= r,. This is roughly
elliptical in shape, with an axial ratio gbc 6 = 1.22 and there is
good correspondence between model and data. As mentioned ea
lier, the fit to the bar crossing the counter-jet closer tortheleus
is less successful. In the model, this is the other half ofpitee
jected inner edge of the backflow, so there is no freedom tasadj
its location or curvature to match the observed feature wlosely.

A similar problem afflicts the main jet: the projection of timmer
edge of the backflow appears slightly too bright, causingioess
off-axis emission close to the nucleus.

5 DERIVED PARAMETERS

The best-fitting parameters for our models of 0206+35 and
0755+37 are listed in Tablg$ 5 (outflow) ddd 6 (backflow).

5.1 Geometry

Both sources are fairly close to the line of sight, as expkfitem
their high jet/counter-jet sidedness ratios and brighesoWe de-
rive & = 40° for 0206+35 and5° for 0755+37. The outflow ge-
ometries are typical of those we have determined for other FR
jets, with the boundaries between flaring and outer regios3a
and 13.9 kpc from the nucleus for 0206+35 and 0755+37, respec
tively. The corresponding half-opening angles in the otggions
are 39 and 74.

In 0206+35, the backflow has a half-opening angle of ihl
the outer region and its emission extends back into the flaen
gion, with a cut-off atr, = 2.7 kpc. For 0755+37, on the other
hand, the backflow emission is truncated within the outeioreg
(ro = 23 kpc), where its half-opening angle is°.6

5.2 Velocity

Velocity images derived from our model fits are shown in E#. 1
The initial velocities of both outflow components are simila
(81 = 0.86 for 0206+35 and 0.88 for 0755+37) and the asso-
ciated transverse velocity profiles are close to unifornQ8335
shows little on-axis deceleration, reaching an asympteglocity
Bo = 0.68 after 4kpc. Its transverse velocity profile evolves much
more, and the fractional edge velocity is 0.04 at large dista.
In both these respects, the source resembles 30 296 (Ladthg et
2006a). 0755+37, on the other hand, appears to decelepatityra
to Bo = 0.25 by 18.5kpc, with a fractional edge velocity of 0.26.
This estimate should be treated with caution since the éoniss
in the outer counter-jet is dominated by the backflow compgne
making it difficult to assess the intensity or polarizatidritee out-
flow there.
The backflow velocities increase away from the source axis,
from 8 = 0.05 to 0.20 for 0206+35 and from 0.25 to 0.35 for
0755+37.
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Figure 11. Comparison between the observed and modelled linear pal@m for 0755+37 at resolutions of 1.3 and 0.4 arcsec FWtéyland (b) colour
images ofp = P/I in the range 0 — 0.7 at 1.3 arcsec FWHM. (a) observed; (b) m¢ogbrofiles of observed (full/red) and model (dashed/pbjualong the
axis of the jet. Only the profile gf derived from interpolated images is plotted; the equiviafenspectral subtraction is very noisy. (d) — (f): as (a) }-at
for the main jet only at 0.4 arcsec FWHM. (g) and (h): vectoithwengths proportional t@ and directions along the apparent magnetic field superiethos

on colour images of . The resolution is 1.3 arcsec FWHM and the vector scale isated by the labelled bar. (g) observed, (h) model. (i) gncs$ (g) and
(h), but for the main jet at 0.4 arcsec FWHM.
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Figure 12. Transverse profiles of total intensity, jet/counter-jet sidedness ratig,/ I.; andQ /I for 0755+37. The data have been averaged along radii from
the nucleus from 8.1 — 12.6 arcsec and from 12.6 — 17.1 arcgkparallel to the jet axis from 18 — 21 arcsec and 24 — 30 areseindicated in the captions
(Sectior4.1). Full and dotted (red) lines both represesenlations, with lobe subtraction by interpolation andctaé methods, respectively. Dashed/blue
lines show the model) /I > 0 and@/I < 0 correspond to transverse and longitudinal apparent fiefghactively.
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(a) 0755+37 outflow
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(b) 0755+37 backflow
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Figure 13. Predicted brightness distributions for the outflowing aadks
flowing parts of the model for 0755+37. (a) outflow; (b) backflo

5.3 Emissivity

Model images ofo BT (proportional to the emissivity function
€) are shown in Fid_15.

The model outflow components again show properties very
similar to those in other FRI jets. The locations of the flar-
ing points (0.82 and 1.55 kpc from the nucleus for 0206+35 and
0755+37, respectively) are well determined and consistetit
higher-resolution observations (Laing etlal. 2011). Théssivity
variations in the faint and poorly resolved inner jets ugetn of
the flaring points are not well constrained. In the flaring anter
regions, the gradient of the emissivity profile flattens wdistance
in both sources, as is usual in FR 1 jets. 0755+37 requiresidesu
decrease in emissivity with distancerat= r.o whereas 0206+35
does not.

The observed limb-brightening in both sources shows side-t
side symmetry. This cannot result from a transverse veglaria-
dient in the sense we have inferred, which would lead to limb-
brightening only in the counter-jet. In agreement with thigli-

tative argument, the best-fitting transverse emissivityfifgs are
higher at the edges than on-axis. This effect is slight in69:33,
where the profile is consistent with a uniformly-filled cyer ev-
erywhere. In 0755+37, however, limb-brightening is reediover
much of the outer region (Fig.JL5b). As noted in Sedfioh 48 ab-
served transverse intensity profiles in this source ardfgigntly
more limb-brightened than the model predicts, suggestiatthere
is a narrow enhancement in emissivity at the boundary betwee
the outflow and backflow. The functional form we assume for the
transverse variation of emissivity does not allow for suahrow
features.

The backflow emissivity decreases with distance at similar
rates in the two sourcesx( r~1%¢ in 0206+35 andx =~ '8!
in 0755+37). It is centre-brightened in 0206+35, (= 0.02) but
closer to uniform in 0755+37(, = 0.79).

5.4 Field Ordering

The fractional components of magnetic fieldB?)!/2/B
(toroidal), (B?)*/2 /B (longitudinal), and(B2)'/2 /B (radial) are
plotted in Fig[16.

In both sources, the field close to the nucleus in the out-
flow is close to isotropic, with the longitudinal componemnstj ex-
ceeding the other two. At larger distances, the toroidalmament
dominates, with significant longitudinal and radial cootitions in
0206+35 and 0755+37, respectively. As for velocity and siwiiy,
the field components in the outer parts of 0755+37 may hagedar
systematic errors because of the dominance of backflow emiss

The field in the backflow is toroidally dominated in both
sources, with non-negligible radial components in botresand
some longitudinal field in 0206+35.

5.5 Backflow spectral index

We can also constrain the spectral index of the radio enmi$simn

the backflows. The spectral indices at the edges of the jétsrev
the line of sight is mainly through backflow emission after tbbe
subtraction, are much closer to those of the jets themséhaes

to the values elsewhere in the lobes. We can estimate th&smec
of the backflow emission directly from the images shown in-Fig
ureqd3(c) anfl4(c) or, more accurately, by integrating iotehsity

at 1.425 and 4.860 GHz over pixels which are unblanked inethes
images. The latter method gives mean spectral indices 6ffors
0206+35 and 0.57 for 0755+37, compared with 0.55 and 0.53 for
the sum of outflow and backflow emission.

6 DISCUSSION
6.1 Testing the hypothesis

It is clear that the initial jet base asymmetries of most F&s$ j
are produced by relativistic aberration (Laing & Bridle 2@
Canvin & Laing| 2004| Canvin et al. 2005; Laing etlal. 20064). |
0206+35 and 0755+37 prove to be typical — in that counter-jet
consistently appear wider than the main jets at a given w@ph
in lobed FR | sources whose jet base asymmetries are largan— th
the jet/counter-jet width asymmetry must also be corrdlatiéh

jet orientation. The models presented in Sedfion 4 showntlidty
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Table 5. Model parameters which are common to outflow and backflow, or Table 6. Model parameters for backflow (Sectibn]3.3 and Table 4). Col.
which apply only to the outflow (Sectin 3.3 and Tdble 4). Qoparameter; parameter; col. 2: unit; cols 3 and 4: values for 0206+35 at&5637.

col. 2: unit; cols 3 and 4: values for 0206+35 and 0755+37. @drameters

are defined in Sectidn 3.3 and listed in TdhleM. is the range of angles to

the line of sight for which any acceptable solutions can kainbd. Variable 0206+35 0755+37
Variable 0206+35 0755+37
Geometry
& deg  10.9703 15.670°%
Geometry (common to outflow and backflow) r kpc 27-_#8; 23~2f8'§
9 deg  40.0793 34.870-7 Velocity
AG deg 34 — 43 325 —-37.5
+0.1 +0.3 . .
ro kpc  5.3701 139103 Bb.in 0.02f§_§§ 0.25f§,§§
Bhb,out 0.20*5-02 0.35550
Outflow geometry
0 deg 39-_*8'2 74‘_*8'& Emissivity
zo ke 132705 3.88T000 o x100 2342 oontgan
) Ey 1.66 ¢ o7 1817505
Velocity e 0.0570:02  0.79*0:13
+0.3 +1.6 ) )
ru1 kpc 1'818'3 3-6;%,5 Field component ratios
720 kpc 4170, 18.577 %
b1 0860 0r  0.88T00) S 0.24+0:08 0 3g+0.07
Bo 0.68%0 s 0.25%507 i 0381008 g 03+0 15
vy 0.9570-9% 1.00—0.06
+0.02 +0.19
vo 0.0470-0% 0.267019
Emissivity
re1  kpc  0.82700% 1551003 (a) 0206+35
reo  kpc  2.047007 1027572
FEin ~ 3.1 ~ 2.4
+0.09 +0.02
FErid 2.&")9;8_8g 3.76;8_8%
FEout 2.13_4%0%j 1'16_4%0%
e1 1.219 1.0
e 1 14+0.01'g 9 2+8.’§
° B s
g1 1777 1.778
1 05+0.10'§’ 0 52-s-0.0()'él
9o U9 _0.09 94_0.03

Field component ratios

rB1 kpc <14 8.8128

—2.0
rpo kpc  4.6103 154755
1 1501037 0.9610- 05 (b) 0755+37
. +0.13 +0.12
jo 0'1118'%% 0'4418'63
ki 13670 11575
0 ¥-0.04 ¥©—0.08

relativistic backflow offers a possible cause for such aerdtion-
dependent effect.

There is an alternative explanation ffr/I.; becoming<1
in some parts of a source which also preserves the orientatio
dependence of the effect. For the special case where theetiagn

field is purely toroidal and the edge velocitys cos ¢, it is pos- Figure 14. The model values of velocitg in units ofc in planes containing
sible for relativistic aberration to give an off-axis jailmter-jet the jet axes. Positive and negative valueg alenote outflow and backflow,
sidedness ratie:1 even for a pure symmetricalitflow We anal- respectively. (a) 0206+35, (b) 0755+37.

yse this special case in AppendliX A, where we show thatiit-s
consistentvith the polarization imaging of 0206+35 and 0755+37.
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28 30

(a) 0206+35

=L

(b) 0755+37

<

Figure 15. The model values dbg(noB'*) in planes containing the jet
axes o and B are in Sl units). (a) 0206+35, (b) 0755+37.

The mechanism inevitably produces degrees of polarizatiose

to the theoretical maximum aof, ~ 0.7 with a transverse appar-
ent field. It is therefore unlikely to be important in the mjp of
observed jets but it may be relevant in a few objects like 3& 29
(AppendixA8).

If the jets are intrinsically symmetrical, then the backflioyv
pothesis remains the most plausible explanation for therobd
brightness and polarization asymmetries, but (with only thear-
cut cases analysed in such detail so far) it is important $bite
by looking at more objects. We reviewed the rest of the B2 low-
luminosity source samplé (Parma et al.1987) to see if angroth
data support (or contest) the interpretation given H@EI
(1999) found that the source B2 0844+31 also has both a setall |
to counter-jet width ratio and a high intensity rafig/I;. Unfor-
tunately, there is no imaging for that source of the high igpate

~
~

now have for 0206+35 and 0755+37 so we cannot test models of it 11996

asymmetries at the same level of detail. Nor can we cladsifgige
scale structure definitively as ‘lobed’ or ‘plumed’: deepeaging
sensitive to its most extended structure is needed. Althdack of
high-quality imaging precludes us from finding other goodrax

ear polarization are also very different in the two jm.
20064, Figs 18g and h): the counter-jet shows a promineatiphr
field edge, whereas the main jet does not. The model desdoiped
Ma), while giving a good overall fit to thedtnt-
ness and polarization distributions of 3C 296, was not cbewst
with the observation of;/I; < 1 and did not fully reproduce the
flat profile ofp with transverse apparent field in the approaching jet.
We have examined possible backflow models for 3C 296 and find
that they are qualitatively inconsistent with the polatiza distri-
bution, although they can easily fit the edge sidednessstafioe
combination of sidedness ratio and polarization is morenmiscent
of the predictions of the outflow model analysed in Appeidix A
Emission from backflow such as that modelled here would be
hard to recognise in lobed FR | sources whose jets are claseto
plane of the sky. The backflow emission in such sources woelld b
almost indistinguishable from faint outer edges of thets jend
only unusually precise spectral index measurements castohd
guish it from low level brightness enhancements of the lotezs
the jets.

6.2 Should we expect backflows in FR | sources?

Light jets propagating into dense media can be expectedn-te
nate in one of two ways. They may decelerate and transititim in
‘plumes’ or ‘tails’ that are deflected away from the AGN by ext
nal pressure gradients or by winds in the IGM. Alternatiyéhgy
may deflect before reaching a contact discontinuity withdidxeser
external medium, thus accumulating a ‘cocoon’ around thtavu
The first process is thought to underlie the formation of m@dror
tailed FR | radio sources such as 3C 31 while the second igjttiou
to form the ‘classical double’ lobed radio sources such agn@Qg A
and is often associated with FR Il morphology. Lobes in tlenég-
ally more luminous) FR I sources also frequently contascite
radio ‘hot spots’ that are identified with strong shocks veheell-
collimated (supersonic) outflows are slowed and begin t@lsup
lobe material. There is no reason to suppose, however, idatte
hot spot formation is a requisite for cocoon (or radio loh®)rfa-
tion — momentum balance alone requires the deflection oighe |
outflow if it cannot escape along its initial path owing to dlev
opment of a high pressure region downstream. Cocoons withou
hot spots are indeed seen in simulations of relativistis yetiich
are much lighter than their surroundings_(Perucho & Map0?
[Rossi et al. 2008), in which the jets flows are transonic whieeg
terminate.

The majority of FR | sources form radio lobes whose detailed
morphologies, spectral characteristics and polarizapi@perties
strongly resemble those of higher-power FRII IOMG
;Lain |. 2011). Their lobes have sharp ouights
ness gradients, circumferential magnetic fields, and sgdentlices
that steepen towards the centre of the source on the lanygsica
scales — butwvithouthot spots. Furthermore, outflows in lobed FR
sources can deflect through large angles without losing ithen-

ples of these phenomena in the B2 sample, we note that there ar tities:[Laing et al.[(2011) found regions where emissiorhvjt-

no clearcounterexamples — either of sources in which the brighter
jet appears to be wider than the counter-jet at low interisity
els, or of a large jet/counter-jet width asymmetry in a seutat
lacks ‘lobed’ structure or with only a small jet/countet-jetensity
asymmetry at its base.

As noted by Laing et al| (2006a, see their fig. 15), the jets
in the lobed FR1 source 3C 296 shaw/I;; < 1 at their edges.
The emission there is faint, but the effect is consistentlspnt
in the flaring and outer regions. The transverse variatidri;io

like spectral index~0.6 had displaced steeper-spectrum emission
within FR I lobes. These results suggest that ongoing laogde
flow is present in these lobes well beyond the clearly recadie
jets.

There is therefore both theoretical and observational atipp
for supposing that jet outflows containing relativistic fodes and
magnetic fields may be redirected through large angles iadob
FR I sources. The additional ingredient suggested by oueftiog
of 0206+35 and 0755+37 is that a component of such an outflow
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Longitudinal
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(c) 0206+35
Radial

(f) 0755+37
REGIE

Figure 16. The fractional magnetic field components for the three samurga), (d) toroidal{ B? /B2)'/2; (b), (e) longitudinal (B? /B2)1/2; (c), (f) radial,

(B2/B?)1/2,(a) - (c) 0206+35, (d) — (f) 0755+37.

in an FR | source can return to the vicinity of the AGN as mildly
relativistic backflow. As we noted in the introduction toghuaper,
this idea is supported by the presence of backflow ith 0.2
around the jets in some numerical simulations of the propama

of light, relativistic jets. The simulation by Perucho & M&2007)

used initial conditions for the jet derived from our FRI soair

models [(Laing & Bridl= 20024l,b) and realistic density anespr

sure gradients in the surrounding galactic and group atheysp
(Hardcastle et al. 2002). In particular, the velocity aeatjon was

B = 0.87 and the initial density contrast (the ratio of the density
of the jet to that of its surroundings) was= 10~°. Although the
jet had propagated onhg15 kpc by the end of the simulation, the
structure already resembled a lobed FRI source of the type di
cussed here, with a cocoon of backflowing, mixed jet and pater
plasma surrounding the jet. The jet was transonic at itsiterm
tion, so no hot spot was formed. Typical backflow velocitieshie
cocoon were8 =~ 0.15, with values reaching ~ 0.4 close to
the nucleus. The use of an open boundary condition in the sym-
metry plane at the base of the jet can cause the backflow speed t
be over-estimated (Saxton etlal. 2002), although Peruch@&im
@) argued that this effect was small in their simulatiben
cause the flow through the open boundary was negligible. @ o
possible concern is that the simulation by Perucho & ME&07)
was axisymmetric: the speed and extent of fast backflow appea
be smaller in some fully three-dimensional simulations pared
with the equivalent axisymmetric cases (Norman 1996; Aloalle
@). We note, however, that the comparison may not beaeiev
to lobed FR 1 sources because the density contrast,0.01, was
much higher in these two examples, leading to cocoons whézk w
far longer and thinner than those observed. The three-diimeal
simulation of a relativistic jet witly = 10~* byI@S)
indeed showed fast backflow witha 0.4, despite the use of sym-
metric boundary conditions at the jet inlet. The initial ddions
(jet Lorentz factol” = 10) and the assumption of a uniform ex-

(© 0000 RAS, MNRASD0Q, 000—-000

ternal density are probably more appropriate to smallessicay
scales than we consider here, however. Thus, although $hm@s
tions and initial conditions of the simulations b
(2007) and Rossi et Al. (2008) are not realistic enough tmmer
guantitative comparison with our results, they do sugdest the
idea of fast backflow is a reasonable one provided that thsityen
contrast is very small € 10~%).

The simulations discussed above are entirely hydrodynamic
We also note that backflow is an expected ingredient of maafels
magnetic hoop stress collimation of current-carrying jetsause
such models must provide a return current path — althougs it i
unclear that such return paths need be as close to the jepwutfl
boundary as the backflow we have described here.

7 SUMMARY AND FURTHER WORK
7.1 Summary

We have shown that many aspects of the intensity and linear po
larization distributions over the inner jets and coungdsijin the
lobed FR radio sources 0206+35 and 0755+37 are accounted fo
by an intrinsically symmetrical decelerating relativisiet model
that includes (mildly) relativistic backflow around botlige

We have estimated properties of this backflow subject to the
simplifying assumptions that it is symmetrical across ti&N\ ax-
isymmetric, and that its streamlines are similar in shapthtse
of the outflow. Although these assumptions are likely to be to
simple a priori we nevertheless find that the quality of fligl/
fits obtained with the models including such symmetric bagkfl
is similar to that obtained with pure decelerating outflowdels

of other FRI jets|(Laing & Bridle 2002a; Canvin & Laing 2004;
ICanvin et al[ 2005 Laing et&l. 200

6a). Furthermore, thélaut
components of the models we have fitted to 0206+35 and 0755+37



20 R.A. Laing & A.H. Bridle

are quite similar to those obtained for other FR | sources ddi
dition of backflow to the models therefore suffices to explaia
otherwise anomalous jet/counter-jet asymmetries of bothices
and eliminates the need to invoke ad hoc environmental (@rot
intrinsic) side-to-side asymmetries.

The salient features of backflow inferred from this procedur
are as follows.

(i) The backflow velocities are mildly relativistic, in thange
0.05 < 8<0.35 (Fig.[12).

(i) The backflows are approximately symmetric around thie ou
flows and their radio emission comes from a hollow cone sindeu
ing the jet axis with additional half-opening angless®.

(iii) They can be traced to considerable distances from {G&A
(at least 15 kpc for 0206+35 and 50 kpc for 0755+37) but thesemi
sion close to the ends of the jets in both sources is chaatitit s
not clear where the backflows begin.

(iv) They do not emit synchrotron radiation all the way inhe t
AGN (Fig.[13).

(v) The backflows emit with a spectral index ~ 0.55 (Sec-
tion[5.8). This spectral index is lower than that of the ngddbes
and comparable with those of the outflows.

(vi) Their magnetic fields are mostly toroidal and their esivis
ities decrease with distance roughlyras” (Figs[Z% and16).

These are the only two lobed FR1 sources for which we
have deep enough imaging and polarimetry to reveal the ‘two-
component’ aspect of the jets and counter-jets that metivittis
study. The generality of our results could thus be called intes-
tion by asinglenew example of an FR | source with strong jet-
width asymmetries in which either (a) the axis is inferredbto
close to the plane of the sky or (b) the apparently wider festare
associated with the brighter jet. With only two examples as$-
ble backflow features we also cannot address wheitebed FR |
sources might contain backflow or (conversely) whether thaek
existsonlyin lobed sources.

The interpretation including backflow will continue to be
preferable to any involving intrinsic side-to-side widtifferences
if further studies find the apparently wider features onlytbe
counter-jet side, and only in lobed sources for which iratiion
indicators suggest that the jets are at moderately largestgthe
plane of the sky.

7.2 Open questions and further work

Our observations and models give no clue about the ultinziee f
of the backflow or how it may interact with the outflow, but they

raise a number of questions which could be addressed by eepe

higher-resolution observations of 0206+35 and 0755+37.

(i) Where does the backflow originate? Does it start in a high-
pressure region at the end of the outflow?

(i) Does the backflow shield the jet from entrainment or inte
action with the lobe plasma?

(iii) Does the presence of the backflow perturb the jet stmect
in any way?

(iv) Where does the backflow ultimately go: sideways or even
closer to the AGN?

(v) Why does the backflow radiate strongly where it does and
stop radiating close to the AGN?

(vi) Can the backflow really be faster than the asymptotic ve-

locity of the outflow, as appears at first sight to be the case in
0755+3fl?

Additional questions which could be answered by observa-
tions of a sample of FR | sources include the following.

(i) Do jets in other FRI sources with large jet-width asym-
metries also have the two-component jet and counter-jetstr
ture found here in 0206+35 and 0755+37 (i.e. a strongly atntr
brightened peaked main jet and centre-darkened couriteefr
the axis, and counter-jet emission consistently brightan that of
the main jet further from the axis)?

(i) Does the counter-jet/jet width asymmetry indeed clate
well with orientation indicators — counter-jet/jet intéysratios
and normalized core power — as expected in a relativistikflzve
model of this asymmetry? If so, the tightness of the con@tawith
orientation indicators could be used to constrain thensic sym-
metry of the backflow.

(i) Does the width asymmetry indeed occur only labed
FRI's? It will be important to obtain images which are sufiaily
sensitive to extended structure to detect faint lobe eonisisi any
sources whose structural classification is dubious.

The high sensitivity and resolution of the imaging neededde
dress all of these issues and to test backflow models of tieevigp
have proposed will require the use of the Jansky (Expanded) V
Large Array ande-MERLIN.

Given the similarities between the extended emission inlFR
and lobed FR | sources, it would also be interesting to s€arav-
idence of backflow in the former class. The jets in FR |l sosiiae
usually much narrower than those we have imaged in the presen
study and are thought to be highly supersonic where theyitetm
in compact hot spots. Backflow is predicted by simulationSRfl
dynamics, but it is unclear how its properties might depemden-
sity contrast, Mach number, magnetization and source ageay
be that observations of FR Il sources without prominent pots
will offer the best chance of detecting backflows. Counggs-jn
FR Il sources are faint and difficult to distinguish from filantary
lobe emission, so identification of any backflow componeny b
even more challenging than in FRI's.

Three-dimensional simulations of very light, relativisjets
propagating in realistic external density and pressureilligions
would be extremely valuable in understanding the backfloa ph
nomenon in FR | sources. To be realistic, such simulationsish
be bipolar, with initial density contrasts10~°. The effects of
magnetic fields (ordered or disordered) on the flow also rerai
be investigated.
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APPENDIX A: PURE OUTFLOW MODELS WITH
Is/Icy <1

It is possible under some circumstances for the rétid.; (ap-
proaching/receding) to be significantly less than unityselto the
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edges of the brightness distribution even for a symmetauatflow
This might easily be mistaken for the effects of a backflondiom-
ponent. We argue in this Appendix that the effect is quiteljiko

be observed in FR | jets, but that it is qualitatively incasnt with
the observations of 0206+35 and 0755+37 (particularly niedr
polarization). 3C 296 (modelled as a pure outflow by Laind.et a
2006a) may show this effect at low brightness levels.

I;/I; can become< 1 because of the effect of aberration
on anisotropic rest-frame emission. If this acts in such g that
the magnetic field is nearly parallel to the line of sight ie test
frame, then the synchrotron emissivity can become verylfdiis
happens in the approaching jet but not the receding one,ttfeen
effect may be larger than that of Doppler boosting. A symicatr
pair of jets with purely toroidal fields can show this effeat §ome
ranges of velocity. If the conditioi = cos € is satisfied at the edge
of the approaching jet, then the field will be exactly patatkethe
line of sight in the rest frame, so the synchrotron emisgiwitl be
exactly zero. The condition can never be satisfied in thedingget
(except in the trivial case of a side-on source with zero cigi,
so the sidedness ratio is also zero. Close to the jet edgetloe if
velocity condition is approximately satisfied, the sidenesgio can
still be significantly less than unity.

In order to demonstrate the effect, we consider a simple
model with symmetrical, cylindrical, constant-velocigg contain-
ing purely toroidal fields. We also take the magnetic field emd
diating particle density to be constant and assume 1 so that
the calculated emission profiles are analytical, as givehémon-
relativistic case by Laing (1981). Suppose thas a coordinate in
the plane of the sky perpendicular to the projected jet axisrer-
malized by the jet radius. Then the transverse profiles @fisidss
andQ@/I are given by:

Ii(x) ( Dj ’ (1 —2%)"? — D?sin® 0|z arccos |z| (A1)
Ij(x)  \ D¢ ) (1—a2)t/2— D2 sin® f]x| arccos ||
Qj(z) 3(1— e (2 - D7 sin? 0)|z| arccos |z A2)
Ii(x) 4 (1—a2)¥/2 — D?sin” f|z| arccos ||

Gglx) 31— 2%)!/? — (2 — DZ sin® 0)|z| arccos |z| (A3)
Ii(x) 4 (1—a2)1/2— D2 sin® 0|z| arccos ||
where the Doppler factors for the approaching and receeisgye
D; = [[(1-pBcost)]" (A4)
Dy = [[(1+Bcost®)]™* (A5)

We show some example profiles in Fig.JA1. We have established
that the magnetic-field structures of FR1 jets tend to beidaity
dominated at large distances from the nucleus and Eiy. Alrsho
that I;/1; < 1 at the edges for plausible velocities and angles
to the line of sight, so it would not be surprising to see tHis e
fect in some sources. An inevitable corollary, howeverhat the
degree of polarization at the edges of the jets must be high, w
the apparent magnetic field transverse to the jet axis. Thae re
son is that the toroidal field loops are seen close to edgeaton i
the rest frame: in particular, we should not observe thesttiam
from transverse apparent field on-axis to longitudinal atdtiges.
The main jet transverse profiles @f/I for 0206+35 and 0755+37
(Figs[8 andIPR) indicate that the apparent field is primacky-|
gitudinal @/I < 0) at the edges and certainly inconsistent with
the predicted? /I ~ +0.7. The sources must also hages 40°

in order to produce the large values Bf I.; observed for their
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Figure Al. Transverse profiles of sidedness ratio a@dI for cylindri-
cal model jets containing purely toroidal fields (equatiZi —[AD). (a)
and (d): sidedness ratif/I;. (b) and (e):Q;/I; (main jet). (c) and (f):
Qcj/Icj (counter-jet). (a) — (c): Fixed angle to the line of sight= 60°.

The velocities arg3 = 0.1 (dots), 0.25 (short dash), 0.5 (full) and 0.75

(long dash). (d) — (f): Fixed velocitg = 0.1 The angles to the line of sight
aref = 40° (dots),60° (short dash)80° (short dash) an&4.23° (full).

In all of the panels, the full lines represent the case- cos 6, for which
toroidal field loops are seen edge-on in the rest frame in taim fet, so
Qj/Iy = +po = +3/4.

jet bases. This in turn requires high edge velocities tsBathe
condition 8 &~ cos 0, giving a very narrow edge witl/I; < 1.

Detailed modelling confirms that the predicted brightness jgo-
larization distributions are quite unlike those observe6206+35
and 0755+37.

The sidedness an@/I profiles are, however, qualitatively
similar to those observed in 3C 296 (Laing €t al. 2006a), gxtmt
the observed value @)/ for the main jet of 3C 296 is<0.3, com-
pared with the predicted 0.7 for a pure toroidal field. Dethiinod-
elling confirms that a simple field configuration of this ty@anot
simultaneously fit the sidedness ratio and polarizationtHmiedge
emission is very faint so contamination by lobe emission ey
significant: deeper observations are needed in order toaegat
and lobe emission unambiguously.
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