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ABSTRACT

We present the results of multifrequency (15 + 8 4+ 5 GHz) polarization Very Long Base-
line Array (VLBA) observations of the three BL Lacertae objects 07454241, 14184546 and
16524-398 together with 5-GHz VLBI Space Observatory Programme (VSOP) observations
of 14184546 and 1.6- and 5-GHz VSOP observations of the blazar 10554-018. The jets of all
these sources have polarization structure transverse to the jet axis, with the polarization E vec-
tors aligned with the jet along the jet spine and ‘sheaths’ of orthogonal E vectors at one or both
edges of the jet. The presence of polarization aligned with the jet near the ‘spine’ may indicate
that the jets are associated with helical B fields that propogate outward with the jet flow; the
presence of orthogonal polarization near the edges of the jet may likewise be a consequence
of a helical jet B field, or may be owing to an interaction with the ambient medium on parsec
scales. We have tentatively detected interknot polarization in 1055+018 with E aligned with
the local jet direction, consistent with the possibility that the jet of this source is associated

with a helical B field.

Key words: magnetic fields — polarization — BL Lacertae objects: general.

1 INTRODUCTION

BL Lacertae (BL Lac) objects are active galactic nuclei with weak,
sometimes undetectable, optical line emission and strong variabil-
ity in total intensity and linear polarization over a wide wavelength
range from ultraviolet to radio. They usually have point-like optical
images and compact radio structure, with flat or inverted radio spec-
tra. The radio emission and much of the optical emission is believed
to be synchrotron radiation. With the exception of the weakness of
the optical line emission, these properties are shared by optically
violently variable (OVV) quasars. Rapidly variable BL Lac objects
and OVV quasars are sometimes referred to collectively as ‘blazars’.

Previous very long baseline inferometry (VLBI) polarization ob-
servations of radio-bright BL Lac objects have showed certain char-
acteristic properties on parsec scales: one-sided core-jet structures
having superluminal motions with typical speeds on average lower
than those in quasars; polarization E-vector position angles, x, par-
allel to the local jet axis, and a tendency for the core x values to lie
either parallel or perpendicular to the jet axis (Gabuzda, Pushkarev
& Cawthorne 2000). Jet components are typically optically thin (as
is indicated by both their spectral indices and degrees of polariza-
tion). Therefore, the tendency for the jet x vectors to align with
the jet direction implies that the associated magnetic field B is pre-
dominantly transverse. This has usually been taken as evidence of
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relativistic shocks (Laing 1980; Hughes, Aller & Aller 1989), which
we observe as distinct jet knots. Alternatively, such transverse fields
could reflect the presence of helical B fields associated with the jets
(Gabuzda 1999; Pushkarev & Gabuzda 2000; Gabuzda & Pushkarev
2001). One interesting consequence of this latter scenario is that, de-
pending on the viewing angle, helical jet B fields can give rise to a
‘spine—sheath’ polarization structure in the frame of the observer,
with a region of longitudinal polarization along the central ridge line
of the jet surrounded by regions of orthogonal polarization near the
jet edges (Laing 1996; Lyutikov, Pariev & Gabuzda 2004).

A clear spine—sheath polarization structure on parsec scales was
observed in the quasar 1055+018 by Attridge, Roberts & Wardle
(1999), who interpreted this structure as evidence of a series of
shocks in the jet, with a longitudinal B field at the edges of the jet
induced by an interaction with the surrounding medium. However,
as we note above, this type of polarization structure could also arise
if there is a helical B associated with the jet.

We report results here for several BL Lac objects displaying
such polarization structures in their VLBI jets, including 16524398,
whose ‘spine-sheath’ polarization structure was first described by
Aaron (1996) in his thesis. We present and discuss our multifre-
quency Very Long Baseline Array (VLBA) total intensity and polar-
ization images of these sources here, together with new ground- and
space-VLBI observations of one of these objects and of 1055+018.
These images demonstrate that spine—sheath polarization structures
are not uncommon among blazars, but the most likely origin of these
structures is not entirely clear.
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Figure 1. Coverages of the u—v plane at 5 GHz for VLBA observations of 16524398 at epoch 1997.11 (left), VSOP observations of 10554018 at epoch

1999.36 (middle) and VSOP observations of 14184546 at epoch 2001.46 (right).

2 OBSERVATIONS

2.1 5-GHz global VLBI observations, epoch 1995.41

The source 14184546 was observed together with a number of other
BL Lac objects at 5 GHz over 24 h starting at 16.00 uT on 1995 May
30 using a global array consisting of the Medicina (32 m), Effels-
berg (100 m), St. Croix (25m, VLBA), Hancock (25m, VLBA),
Green Bank (43 m), North Liberty (25 m, VLBA), Owens Valley
(40m), Brewster (25m, VLBA), and Mauna Kea (25m, VLBA)
antennas and the Westerbork phased array (+/14 x 25 m). The ob-
servations were made under the auspices of the US and European
VLBI networks. The data were recorded using the MKIII system
and correlated at the MKIII correlator at the Max-Planck-Institut fiir
Radioastronomie in Bonn. All antennas recorded both right- and left-
circular polarizations (RCP and LCP) except for Medicina, which
recorded only LCP. The data reduction and imaging were done in
the Brandeis VLBI package (Roberts, Wardle & Brown 1994).

The strong source 3C84, which has a complex intensity structure
but is essentially unpolarized at 5 GHz, was used to determine the
instrumental polarizations (‘D-terms’) of each antenna. The abso-
lute orientation of the polarization electric vector position angles
(EVPA) was calibrated using VLBI observations of several com-
pact, polarized sources together with measurements of their inte-
grated polarization from data obtained at 5 GHz at the University of
Michigan Radio Astronomy Observatory a few days later (on June
3-5). We estimate the resulting uncertainty in the absolute x values
to be 4-5°.

2.2 Multifrequency VLBA observations, epoch 1997.11

Observations of 24 BL Lac objects, including 07454241, 14184546
and 16524398 were made on 1997 February 9 using the National
Radio Astronomy Observatory (NRAO) VLBA! of ten 25-m anten-
nas: St. Croix; Hancock; North Liberty; Fort Davis; Los Alamos;
Pietown; Kitt Peak; Owens Valley; Brewster; and Mauna Kea. The
observations were carried out at 15, 8.4 and 5 GHz with full polar-
ization sensitivity. The data were correlated at the VLBA correlator
in Socorro, New Mexico and were calibrated and imaged in the
NRAO arps package using standard techniques.

The strong unpolarized source 3C84 was used to determine the
instrumental polarizations (‘D-terms’) of each antenna for each fre-
quency. The absolute orientation of the EVPAs was calibrated us-
ing VLBA observations of the compact, strongly polarized source

! The NRAO is a facility of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc.

1823+568 together with measurements of its integrated polariza-
tion from Very Large Array (VLA) data obtained roughly 1 day after
the end of the VLBA run. The resulting uncertainty in the absolute
x values is about 3° at all frequencies. The u—v coverage obtained
for 16524398 at 5 GHz is shown in Fig. 1 (left); the coverage at
the other frequencies is virtually identical but scaled accordingly.
The u—v coverage obtained for 0745+241 and 14194546 are qual-
itatively similar.

2.3 1.6 and 5 GHz VSOP observations, epoch 1999.36

VLBI Space Observatory Programme (VSOP) polarization obser-
vations of 1055+018 were obtained on 1999 May 12 and 13 at
1.6 and 5 GHz, respectively. Each of the observing sessions lasted
8.5h. The ground array for the 5-GHz observations included the
ten VLBA antennas and the Effelsberg (100 m) telescope, while the
ground array for the 1.6-GHz observations included the two 70-m
antennas of the Deep Space Network (DSN) at Goldstone and Rob-
ledo in addition to these 11 antennas. The resulting u—v coverage at
5 GHz is presented in Fig. 1 (middle); the 1.6-GHz u—v coverage is
very similar and scaled accordingly.

All antennas except for the orbiting antenna HALCA and the
Goldstone and Robledo antennas observed both RCP and LCP; these
three antennas observed only LCP. The data-recording mode was the
same as that described by Gabuzda & Gémez (2001). The data were
correlated at the VLBA correlator in Soccoro, New Mexico.

The polarization calibration was done using the task LPCAL to
find a joint solution for the instrumental polarizations of all antennas
and for the source polarization. The instrumental polarizations for
all ground antennas were 1-3 per cent; the HALCA instrumental
polarizations were both estimated to be 3—4 per cent.

The compact polarized source OJ287 had been observed with
the 5-GHz ground array to be used in calibrating the absolute po-
larization position angles. Unfortunately, no integrated polarization
measurements for this source were available very near the VSOP ob-
servations. We therefore tentatively applied the same polarization-
angle calibration that we had used in VSOP polarization obser-
vations carried out in the same mode in 1999 April 4 using the
same reference antenna (Gabuzda & Go6mez 2001). This calibra-
tion yielded a polarization map for OJ287 that is consistent with a
5-GHz University of Michigan Radio Astronomy Observatory in-
tegrated polarization measurement obtained on 1999 May 30, two
weeks after our VSOP observations. In addition, as is discussed
below, the polarization of the jet ridge line in the resulting ground-
array polarization image of 1055 + 018 is very similar to the im-
age obtained earlier by Attridge et al. (1999). We estimate that the

© 2004 RAS, MNRAS 356, 859-871
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uncertainty in the absolute x calibration is no worse than 10°; while
less accurate than we would like, this is sufficient to provide a clear
qualitative picture of the ground array and VSOP polarization struc-
ture of 1055 4- 018.

The polarization angle calibration at 1.6 GHz was complicated by
two factors: the lack of integrated polarization measurements at this
frequency for any of the sources observed by the ground VLB array
and the large influence of even modest Faraday rotation on the ob-
served polarization angles. We therefore adopted the following pro-
cedure. We first removed the effect of the integrated (presumed fore-
ground, i.e. Galactic) rotation measure (RM) of 1055 + 018, found
by Kim, Tribble & Kronberg (1991) to be —45 rad m~2, by rotating
the observed polarization angles in all pixels of the ground-array
x maps for 10554018 by +10° at 5 GHz and +86.5° at 1.6 GHz.
We then determined the rotation necessary at 1.6 GHz to make the
polarization angles in an optically thin VLBI jet component at a
distance of about 9 mas align with the calibrated polarization angles
at 5 GHz. This region was well resolved from the core in the maps
at both frequencies, and the linear polarization in this region was
clearly detected in both polarization maps. The assumptions made
with this procedure are that: (i) the RM at this location was fully
accounted for by subtracting the rotation corresponding to the inte-
grated RM of Kim et al. (1991); and (ii) the intrinsic polarization
angles at the two frequencies should, in fact, be aligned. It is likely
that one or both of these assumptions are not entirely correct, but
this approach enabled us to obtain at least an approximate picture
of the polarization structure of the source at 1.6 GHz; in addition,
even if our overall polarization angle calibration is not correct, the
relative angles for polarization in different regions of the source are
still correct, so that some information about the polarization struc-
ture is retained. We will discuss the conclusions that can be drawn
under these conditions below.

2.4 5-GHz VSOP observations, epoch 2001.46

Our VSOP polarization observations of 14184546 were obtained
on 2001 June 18. The observation session lasted 8 h, and the ground
array included the ten VLBA antennas and the Effelsberg (100 m)
telescope. The resulting u—v coverage is presented in Fig. 1 (right).

All antennas except for the orbiting antenna HALCA observed
both RCP and LCP; HALCA observed only LCP. The data-recording
mode was the same as that described by Gabuzda & Gémez (2001).
The data were calibrated at the VLBA correlator in Soccoro, New
Mexico.

The polarization calibration was done using the AIps task LPCAL
to find a joint solution for the instrumental polarizations of all anten-
nas and for the source polarization. The instrumental polarizations
for all ground antennas were 1-3 per cent; the HALCA instrumental
polarization was estimated to be about 3 per cent. Absolute calibra-
tion of the polarization angles y was performed by comparing the
total polarization detected in ground-only VLBI images of the com-
pact, polarized sources OJ287 and 17494-096 with integrated VLA
measurements obtained by the NRAO; in both cases, integrated
measurements were fortuitously available within 5-8 d both before
and after the VSOP observations, and did not show evidence for
variability between the integrated measurements. The absolute y
calibration is therefore estimated to be good to within about 4°.

3 RESULTS AND DISCUSSION

The results for the four sources are discussed below. In each of the
images, the total intensity contours and plane of the polarization E
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Table 1. Source models: 07454241 (1997.11).

1 r Ar 0 A6 MAJ 4 X m
(mJy) (mas) (mas) (deg) (deg) (mas) (mly) (deg) (per cent)
6 cm
C 326 - - - - 0.06 <l1.3 >0.4
J6 70 0.65 0.01 -59 09 0.10 12.3 98 17.6
I5 95 269 001 —-64 02 0.52 16.3 98 17.2
J4 39 3.60 0.02 -52 04 055 6.1 29 >15.6
13 26 6.10 006 -50 06 189 <13 <49
12 14 820 0.08 —-45 05 1.08 4.0 34 28.6
I 6 998 032 —-44 19 206 <13 <21.6
4 cm
C 340 - - - - 0.19 <1.0 <0.3
J6 61 073 0.01 -62 0.8 0.38 144 110 23.6
I5 57 282 001 —-66 02 0.56 12.8 93 224
J4 32 342 0.01 -58 03 0.19 2.5 28 >7.8
J3 22 558 010 -50 1.0 214 <1.0 <4.5
12 13 834 0.14 —-46 09 173 3.5 30 26.9
2cm
C 389 - = - - 0.16 83 109 2.3
J6 53 066 0.03 —-66 19 0.55 9.0 126 17.0
J5 26 296 005 -—-67 08 0.18 7.9 86 30.4
J4 33 393 003 -61 09 049 <22 <6.5

vectors are superimposed. The polarization vectors for 1055+018
have been corrected for the integrated Faraday rotation of this source
atboth 5 and 1.6 GHz, as the 1.6 GHz polarization vectors would be
meaningless without such a correction (the rotation corresponding
to the integrated Faraday RM of —45 rad m~2 is —86.5° at 1.6 GHz).
The polarization vectors for the remaining sources have been cor-
rected for their integrated RMs when these corrections are greater
than 2°; in all cases, the corresponding corrections are modest: <4.3°
for 0745 + 241 (RM = +21 rad m~2; Pushkarev 2001), <3.5° for
1418 + 546 (RM = 417 rad m~2; Rudnick & Jones 1983) and <8.5°
for 16524398 (RM = +42 rad m~2; Rusk 1988). The parsec-scale
RM distributions for 0745 + 241 and 1652 4 398 are discussed in
more detail by Gabuzda, Murray & Cronin (2004).

Models for the source structures were derived by model fitting
the complex / and P visibilities that come from the mapping pro-
cess with circular Gaussian components, as described by Roberts,
Gabuzda & Wardle (1987) and Gabuzda, Wardle & Roberts (1989).
The model fits are shown in Tables 1-4. I and p are the total and
polarized fluxes of each component, respectively. The full width at
half maximum of the Gaussian components is denoted by MAJ. We
denote distance from the core by r and the VLBI jet direction by
6, with Ar and A6 being the corresponding errors. In all cases,
the I and P visibilities were fitted separately, in order to allow for
small differences in the positions and sizes of corresponding / and
P components, either intrinsic to the source structure or associated
with residual calibration errors. We have identified P components
with specific / components when their positions agreed to within
their errors; for those P components that have significant offset
from the nearest / components (toward an edge of the jet) we give a
lower limit for the degree of polarization m. The positions given in
Tables 1-4 are those for the I models, which we consider to be more
accurate. The errors of the separations of jet components from the
core are formal 1o errors, corresponding to an increase in the best-
fitting x? by unity. The smallest of these formal errors certainly
underestimate the actual errors; realistically, the smallest 1 o errors
are probably no less than 0.03, 0.06, 0.1 and 0.3 mas at 15, 8.4, 5
and 1.6 GHz, respectively.
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Table 2. Source models: 1055+018 (1999.36).

1 r Ar 0 A6 MAJ )4 X m
(mJy) (mas) (mas) (deg) (deg) (mas) (mlJy) (deg) (per cent)
6 cm VLBA + Effelsberg
C 1058 - - - - 043 118 63 1.1
J5 574 1.85 001 —-48 02 063 320 —-69 5.6
J4 548 549 0.02 -51 02 028 218 —-63 3.9
13 216 924 0.02 —-62 0.1 192 285 88 13.2
12 8 1592 029 -76 39 082 <20 <25.0
6 cm VLBA + Effelsberg + HALCA

C 891 - - - - 0.17 <35 <0.4
J6 94 039 001 -29 3.1 0.01 10.4 70 10.4
J5 544 176 0.01 —-49 03 056 325 -75 6.0
J45 145 331 002 —-40 03 134 <35 <24
J4 396 6.03 0.01 -50 0.1 190 270 -65 6.8

I3 273 9.05 0.03 -62 02 259 303 83 11.1

18 cm VLBA + Effelsberg + DSN

C 648 - - - 020 217 -73 33
15 573 2,06 0.02 —-49 04 003 <I.1 <0.2
J4 774 559 001 =53 0.1 261 169 =55 2.2
13 245 894 0.01 —64 0.1 085 335 89 13.6
12 274 14.17 006 —-68 04 1483 116 39 >4.2
1 37 3257 025 =50 05 899 <I.1 <29
18 cm VLBA + Effelsberg + DSN + HALCA
C 372 - - - - 047 196 -71 5.3
I5 755 1.70 0.01 —49 02 0.67 <4.0 <0.5
J4 657 535 001 -51 0.1 202 147 =53 22
13 470 859 0.01 —-63 0.1 301 296 88 6.3
12 67 1576 0.08 —-71 0.8 4.67 55 31 >8.2
11 26 21.08 024 —-64 13 221 <40 <154

Throughout this paper, the values Hy =70 hkm s~ Mpc~!, g =

0.05 and S oc v+* will be used. The choice of cosmological model
is relevant only in connection with determining the superluminal
speeds implied by the observed proper motions in 1055+018; we
have adopted the same model as Attridge et al. (1999) to facilitate
comparison with their results.

3.1 0745+241

This object was identified as a BL Lac candidate owing to its feature-
less optical spectrum (Wilkes et al. 1983). Later spectroscopic obser-
vations detected [O 11] A3727 and [O 1] AA4959, 5007 emission lines
at a redshift of z = 0.41 (Stickel, Fried & Kiihr 1989). Kiloparsec-
scale radio images of 0745+241 taken by Murphy, Browne & Perley
(1993) and Perley (1982) show a classical triple structure with a core
and two lobes separated by ~15 arcsec.

In our earlier 5-GHz global VLBI observations (Gabuzda,
Pushkarev & Cawthorne 1999), the orientation of the observed po-
larization vectors in the inner jet seemed to have no obvious relation
to the local jet direction, while the polarization in the outer jet was
oriented transverse to the jet, implying a longitudinal B field in the
case of optically thin emission. Our multifrequency VLBA obser-
vations (Fig. 2) have revealed the magnetic-field structure of the
source much more clearly: in the innermost polarized components
detected at 15 GHz, the inferred B field is orthogonal to the jet axis
(polarization aligned with the jet; Fig. 2, top), while further from
the core it becomes nearly longitudinal (Fig. 2, middle and bottom).
The polarization in the outer jet is also offset to the north from the
main total intensity ridge line of the jet, bringing to mind a possible
interaction with a surrounding medium.

Table 3. Source models: 1418+546.

I r Ar 0 A0 MAJ P X m
(mJy) (mas) (mas) (deg) (deg) (mas) (mly) (deg) (per cent)
1997.11

6 cm
C 547 - - - - 0.20 4.5 92 0.8
J6 133 129 001 131 04 0.54 5.7 23 43
J5 58 503 004 126 05 213 2.9 89 >5.0
J4 17 777 028 126 2.1 391 <09 <5.3
I3 11 1246 036 134 1.7 344 <09 <8.3
J2 22 1628 023 120 09 433 <09 <4.1
I 22 2025 036 125 1.0 565 <09 <4.1

4 cm
C 586 - - - - 0.19 4.7 37 0.8
J6 122 126 0.01 132 02 0.59 3.7 19 >3.0
J5 54 515 005 127 05 258 <12 <22
13 37 1357 029 123 09 676 <1.2 <3.2

2cm
C 602 - - - - 0.16 147 894 24
J6 99 132 0.01 132 04 048 <32 <32
J5 10 540 003 131 04 0.11 <32 <322

2001.46
6 cm VLBA + Effelsberg
C 525 - - - - 0.09 <03 <0.1
J7 184 059 0.02 131 1.3 045 12.5 58 6.8
J6 88 1.51 0.01 125 0.2 040 30 132 34
J5 24 413 003 131 04 141 1.7 45 7.1
13 5 1334 043 136 19 125 <03 <6.0
12 29 1593 035 121 1.0 427 2.9 97 10.0
J1 35 19.05 046 125 1.0 6.18 09 109 2.6
6 cm VLBA + Effelsberg + HALCA

C 423 - - - - 0.16 <I1.0 <0.2
17 202 031 001 151 13 0.35 14.9 73 7.3
Jéa 111 1.03 001 126 03 041 4.5 15 >4.0
J6a 49 171 001 128 04 048 3.7 134 7.5
J5 22 420 007 130 08 148 <1.0 <4.5

We were able to identify a number of VLBI components in the
maps at two or more of the three frequencies, enabling us to estimate
spectral indices between 8.4 and 15 GHz and 5 and 8.4 GHz for the
core and several jet components (Table 5). The core is partly opti-
cally thick (o 22 0 to +0.2), while the jet components are primarily
optically thin, as expected (¢ >~ — 0.2 to —1.3).

3.2 10554018

10554015 (z = 0.889) is a stongly variable radio source with a rela-
tively flat spectrum, classified as a blazar by Impey & Tapia (1990).
The optical spectrum of the source shows several emission lines
with relatively small rest-frame equivalent widths (Falomo, Scarpa
& Bersanelli 1994; Appenzeller et al. 1998): W ([C ] A1909) =~
8 A, W eo([Mgu] 12798) ~5-17 A.On kiloparsec scales, this object
has a bright core and two lobes with a jet extending up to 30 arcsec
toward the southern lobe, which lies in position angle 180° (Mur-
phy et al. 1993). The parsec-scale structure at 43 GHz investigated
by Lister, Marscher & Gear (1998) showed a 2-mas jet in posi-
tion angle —63° near the core (r = 0.23 mas) and —46° further out
(r = 1.95 mas). Polarization observations at 5 GHz (epoch 1997.07)
revealed an intriguing structure in both total intensity and polar-
ization, suggesting the presence of a fragmentary boundary layer

© 2004 RAS, MNRAS 356, 859-871
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Table 4. Source models: 1652+398 (1997.11).

1 r Ar 0 A6 MAJ] P X m
(mJy) (mas) (mas) (deg) (deg) (mas) (mly) (deg) (per cent)
6 cm
C 461 - - - - 028 <13 <0.3
J5 114 1.16 002 153 06 077 <13 <1.1

J4 184 3.02 0.01 147 02 095 207 26 >11.5
J3 82 4.02 003 124 04 143 14.4 6 >16.9

J2 143 747 004 114 03 3.17 11.3 100 >7.9
JO 69 19.04 0.65 122 1.8 1211 >1.3 <1.9
4 cm
C 417 - - - - 025 <1.0 <0.8
J5 112 096 0.01 156 0.6 0.77 4.3 17 2.5
J4 170 3.07 0.01 148 0.1 1.19 4.1 21 >6.9
13 59 411 003 125 05 125 13.8 18 >234
J2 113 746 0.06 113 0.5 2385 74 102 6.5
J1 10 958 041 129 22 181 <10 <10.0
2 cm
C 355 - - - - 0.14 79 154 2.2
J5 103 0.72 0.01 161 0.8 0.69 5.8 161 5.6
J4 138 3.16 0.02 147 04 129 4.3 34 3.1
13 44 438 006 125 09 1.38 5.1 30 >11.6
]2 72 7.65 0.07 111 06 236 <23 <3.1

where the magnetic field was predominantly parallel to the jet axis
(Attridge et al. 1999).

Fig. 3 presents / and p images of 1055+018 obtained at 1.6 and
5 GHz using the ground antennas only. The 5-GHz ground-based
images (Fig. 3, top) show that the source has changed appreciably
since epoch 1997.07 (Attridge et al. 1999): the peak [ and p flux
densities have both decreased by about 40 per cent. The polarization
structure along the jet ‘spine’ is remarkably similar to that shown in
fig. 2 of Attridge et al. (1999), with the inferred spine B field being
perpendicular to the local jet direction. The ‘sheath’ is also visible
in both our 7 and p images.

Our beam was somewhat smaller than that of Attridge et al.
(1999), owing primarily to the fact that our array included the Ef-
felsberg antenna, while the array of Attridge et al. (1999) included
one antenna of the VLA. This relatively modest increase in resolu-
tion reveals a tentative detection of interknot polarization between
the features we have labelled J4 and J3 (Fig. 3, top right), with its
x vectors well aligned with the local jet direction. This argues in
support of the transverse jet-spine B field being associated with a
dominant toroidal field component, rather than a series of shocks in
the VLBI jet.

To compare our 5-GHz polarization image with that of Attridge
et al. (1999), we made a polarized-flux image with the same beam
size and contour levels in mJy and with the observed x vectors
rotated by 90° as in fig. 2 of Attridge et al. (1999), shown in Fig. 4.
The close similarity between the two images is striking. The fact
that the jet polarization structures at the two epochs agree so well in
a number of details reassures us that the absolute calibration of the
5-GHz polarization position angles is good to within a few degrees —
for example, both 5-GHz polarization images show a transition from
a region with polarization E vectors oriented at —45° to E oriented
at 90° 5-10mas from the core. The sheath polarization structures
are also similar, though there may have been some redistribution
in the sheath polarized flux between the two epochs. There appears
to have been a modest but significant rotation in the VLBI core
between the two epochs.
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Fig. 5 presents the images of 10554-018 obtained at 1.6 and 5 GHz
using the whole array, including the orbiting telescope. The VSOP
map of 10554018 at 5 GHz (Fig. 5, top) displays the structure of the
source in more detail. The interknot polarization that is shown by
our ground-array p image is largely resolved out, though traces of it
remain in the VSOP p image; the sheath emission is likewise nearly
completely resolved out. The extra resolution provided by the space—
ground baselines enabled us to separate the ground-based core into
two components — a bright but weakly polarized core and the inner-
jetcomponent J6, which is polarized about 10 per cent. We were able
to infer the presence of this comparatively weak component in part
because the polarized emission near the VSOP core was coincident
with the inner jet rather than the VSOP core itself. A number of BL
Lac objects that have been observed with VSOP have likewise been
found to have their ground-based core polarizations dominated by
the contribution of inner-jet components (Gabuzda 1999; Gabuzda
& Goémez 2001; Gabuzda 2003).

Both the ground-based and the VSOP images at 1.6 GHz (Figs 3
and 5, bottom) clearly show the sheath of polarization roughly 10—
20 mas from the core offset to the south from the main total intensity
ridge line. Despite the assumptions we have had to adopt in our abso-
lute calibration of the 1.6-GHz polarization angles, the distributions
of the x vectors in the 5-GHz ground p image (Fig. 3, top right) and
the 1.6-GHz VSOP p image (Fig. 5, bottom right) are in excellent
agreement (as they should be, as we have taken out the effects of
the Galactic RM at both frequencies).

We used the 5-GHz ground-based and 1.6-GHz VSOP
polarization-angle maps to construct a two-frequency RM distri-
bution for 10554018 (Fig. 6, right). As the effect of the integrated
Faraday rotation was subtracted before comparing the polarization
angles, these ‘residual’ RMs should reflect the distribution of ther-
mal gas in the vicinity of the AGN. Despite any uncertainties in this
RM distribution, it does accurately reflect the RMs of particular re-
gions relative to other regions. The fact that the RM is close to zero
in the VLBI jet about 9 mas from the core is a direct consequence
of the procedure we adopted to calibrate the 1.6-GHz polarization
angles. We can see that this calibration also yields RMs no larger
in magnitude than about 10rad m~2 throughout the central region
of the jet, from roughly 2—-10 mas from the core, with a slightly
higher RM being implied for the southern sheath emission. We can
also see that the RM distribution is non-uniform (i.e. there is no
single rotation that could be applied to all the angles at 1.6 GHz to
make them all align with the angles at 5 GHz), possibly owing to
non-uniformity in the thermal plasma in the immediate vicinity of
1055 + 018. The large difference in the observed core polarization
angles at 1.6 and 5 GHz appears here as an increase in the inferred
RM toward the core.

We determined the 5—1.6 GHz spectral indices of the core and four
jet components using the fluxes from the 1.6-GHz VSOP model and
the 5-GHz ground-array model, for which the corresponding visibil-
ity data have comparable resolutions (Table 5). The core is optically
thick, with a rather inverted spectrum (o = 40.97). Table 2 shows
that the nominal difference in the observed polarization angles at
1.6 and 5 GHz is about 45°; given the large positive spectral index
between these frequencies, it is likely that this includes a 90° rota-
tion owing to the optically thick—thin transition, which likely occurs
between 1.6 and 5 GHz. However, as the effect of Faraday rotation
is large at 1.6 GHz, this difference in the polarization angles could
also be associated entirely or partly with a modest enhancement of
the RM of the core region compared to the jet region we used to
perform our polarization angle calibration at 1.6 GHz (an RM of
about 23 rad m~2 would give rise to a rotation of about 55°).
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Figure 2. Left: / images of 07454241 at epoch 1997.11 with contours increasing in steps of two and P vectors superimposed. Right: corresponding polarized
flux images with contours increasing in steps of /2 and x vectors superimposed. Top: 15 GHz, bottom I contours at +0.35 per cent of the peak brightness of
378 mJy beam™!; bottom p contour at 24 per cent of the peak brightness of 9.0 mJy beam™~!. Middle: 8.4 GHz, bottom I contours at £0.175 per cent of the peak
brightness of 354 mJy beam™!; bottom p contour at 6 per cent of the peak brightness of 12.1 mJy beam™!. Bottom: 5 GHz, bottom I contours at £0.25 per cent
of the peak brightness of 370 mJy beam™!; bottom p contour at 6 per cent of the peak brightness of 16.2 mJy beam ™.
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Table 5. Spectral indices of VLBI components.
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J6
J5
J4
I3

J6
J5

o5-8

+0.02
—0.22
—0.83
—0.37
—0.28

o5-8

+0.13
—0.16
—0.14

0745+241

og—15

+0.23
—-0.23
—1.33
+0.07

14184546

og—15

+0.05
—0.35
—2.80

J5
J4
13
J2

10554018
a1.6-5
C +0.97
15 —0.25
J4 -0.17
13 —-0.72
]2 —-1.97

16524398
a5-8 og—15
—0.19 —0.27
—0.03 —0.14
—0.14 —0.35
—0.65 —-0.48
—0.45 —-0.74

MilliARC SEC

MilliARC SEC

We can see in Table 5 that the spectra of the jet components tend to
gradually become steeper with distance from the core. The spectral-
index map made using the 1.6-GHz VSOP and 5-GHz ground im-
ages (Fig. 6, left) shows that the spectrum flattens toward the edges
of the jet, especially the southern edge, in the region of the polar-
ization sheath.

Our models for 10554-018 are presented in Table 2. Using the
5-GHz models obtained by Attridge et al. (1999) for epochs 1996.02
and 1997.07 together with our results (model for 5-GHz ground-
based data), we estimated proper motions of three components
(Fig. 7): u = 0.083 + 0.056masyr~' (B, = (3.7 £ 2.5)h7")
for J5 [C3 in Attridge et al. (1999)], u = 0.071 & 0.011 mas yr*l
(Bapp = (3.2 £ 0.5)h7") for J4 [C2 in Attridge et al. (1999)], and
w=0.029 £ 0.036 masyr ' (B4, = (1.3 £ 1.6)h~") for J3 [C1 in
Attridge et al. (1999)]. Attridge et al. (1999) did not detect any
motion in components J3 or J4 over the roughly 1yr separating
their epochs. We likewise find the speed of J3 to be zero within the
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Figure 3. Left: I ground-array images of 1055+018 at epoch 1999.36 with contours increasing in steps of two and P vectors superimposed. Right: corresponding
polarized flux images with contours increasing in steps of V2 and x vectors superimposed. Top: 5 GHz, bottom / contours at £0.15 per cent of the peak brightness
of 1054 mJy beam™!; bottom p contour at 3 per cent of the peak brightness of 37.8 mJy beam~!. The p peaks corresponding to components J3 and J4 are
indicated, together with polarization between them that may represent interknot polarization. Bottom: 1.6 GHz, bottom / contours at 0.2 per cent of the peak

brightness of 1123 mJy beam™!, with an extra contour at 95 per cent added; bottom p contour at 3 per cent of the peak brightness of 34.8 mJy beam ™.
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Figure4. 5-GHzPolarized flux ground-array image for 10554018 at epoch
1999.36 constructed using the same beam and the same contour levels in mJy
as Attridge et al. (1999). The superposed sticks show the x vectors rotated
by 90°, asin fig. 1(b) of Attridge et al. (1999), to depict the inferred direction
of the B field.

estimated errors, but the increase in the time baseline between the
epochs of Attridge et al. (1999) and our own data yields a non-zero
but modest speed for J4. Our nominal speed for J5 is appreciably
lower than the estimate of Attridge et al. (1999) [B,, = (12 £
4.5)h~1]; this is most likely owing to the relatively large uncertain-
ties in the data requiring a longer time baseline to yield a reliable
speed estimate. Thus, overall, the observed component motions indi-
cate an absence of rapid structural variations in 1055+018 between
1996 January and 1999 May.

3.3 14184546

This BL Lac object is in the centre of a relatively nearby galaxy; the
surface brightness profile resembles that of as SO galaxy, giving rise
to speculation that 1418 + 546 could be one of a minority of BL
Lac objects with spiral host galaxies (Wurtz, Stoke & Yee 1996).
The redshift of z = 0.152 reported by Stickel, Fried & Kiihr (1993)
was based on absorption features of the galaxy, as well as on [O11]
A 3727 and [O 1] AA 4959, 5007 emission lines, and confirms the
tentative value reported by Stickel et al. (1989).

Fig. 8 shows VLBA images of 1418+-546 at 15 (top), 8.4 (middle)
and 5 GHz (bottom) for epoch 1997 February. It is clearly visible in
the 8.4 and 5 GHz images that the jet polarization is shifted from the
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Figure 5. Left: / VSOP images of 10554018 at epoch 1999.36 with contours increasing in steps of two and P vectors superimposed. Right: corresponding
polarized flux images with contours increasing in steps of +/2 and x vectors superimposed. Top: 5 GHz, bottom I contours at £0.18 per cent of the peak
brightness of 927 mJy beam™'; bottom p contour at 8.5 per cent of the peak brightness of 22.1 mJy beam~!. Bottom: 1.6 GHz, bottom I contours at £0.25 per
cent of the peak brightness of 864 mJy beam™!; bottom p contour at 8.5 per cent of the peak brightness of 22.0 mJy beam ™.
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Figure 7. Component motions in 10554018 at 5 GHz. The distances from
the core of the J4 and J3 components have been reduced by 3 and 6 mas,
respectively.

jet ridge line toward the southern edge of the jet. However, the 5-
GHz image for 1995 May (Fig. 9, top) shows that the jet polarization
is shifted toward the north from the jet axis at that epoch. In both
cases, the observed polarization is roughly orthogonal to the jet
direction, implying a predominantly longitudinal magnetic field, as
was observed 3 yr earlier by Gabuzda et al. (1999).

In the 5-GHz ground-array image for our VSOP observations
(Fig. 9, middle) polarization is detected both in the inner part of the
VLBI jet and further from the core. In this case, the jet polarization is
reasonably well centred on the jet ridge line, but we can see another
curious feature: the polarization vectors alternate in the inner jet
from being orthogonal to the jet in the core, to aligned with the
jet, then again orthogonal to the jet. One possible origin for this
behaviour is the combination of an underlying magnetic field with
a net longitudinal component superposed by individual shocks that
enhance the local transverse field component, as has been suggested,
for example, by Wardle et al. (1994). However, we believe this
pattern of alternating orthogonal and longitudinal fields is suggestive
that we are observing some sort of global B field associated with the
jet, rather than a collection of B fields owing to independent local
phenomena.

The full-resolution VSOP image (Fig. 9, bottom) shows that,
although the aligned polarization vectors in the inner jet are well
centred on the jet ridge line, the orthogonal polarization closer to

© 2004 RAS, MNRAS 356, 859-871

the core is, in fact, offset toward the southern edge of the jet; note
the similarity between this image and the slightly lower-resolution
8.4-GHz VLBA image in Fig. 8 (middle). The VSOP image also
demonstrates that the polarization that would be ascribed to the
core of the ground-array image is actually dominated by polarized
emission from the inner jet, as is typical of other BL Lac objects
that have been observed with VSOP (Gabuzda 1999; Gabuzda &
Gomez 2001; Gabuzda 2003).

3.4 16524398

16524398 (Mkn 501) was discovered during survey observations
made by Markarian & Lipovetskii (1974). The optical spectrum
of Mkn 501 shows two emission lines, which were identified with
[Ho] 6563 and [N 11] 6584 at a redshift of z = 0.033 (Stickel et al.
1993). Mkn 501 was the first object to be discovered as a TeV y-ray
source from the ground (Quinn et al. 1996).

The object has a very rich total intensity structure at 5 GHz
(Fig. 10, bottom). The jet propagates about 25 mas (~16 pc) to the
south-east, then turns to the north, rapidly expanding and becoming
diffuse. In deep images, a weak cone of emission can be traced tens
of milliarcseconds to the northeast (Giroletti et al. 2004).

The polarization structure in the inner 10 mas of the jet is traced
well by our VLBA images. The 15-GHz map (Fig. 10, top left)
shows polarization associated with the innermost jet and the core,
where the polarization is well aligned with the inner jet; however,
polarization detected further from the core is offset toward both
the northern and southern edges of the jet, with the polarization
becoming orthogonal to the jet direction, as was first noted by Aaron
(1996, 1999). The polarization structure at 8.4 (Fig. 10, top right) and
5 GHz (Fig. 10, bottom left) shows how this transverse polarization
structure develops further from the core. If the observed B field
is orthogonal to the observed polarization vectors, the B field is
transverse in the central part of the jet and longitudinal at both
edges of the jet. To our knowledge, this is the only known case
of such a symmetrical ‘spine—sheath’ polarization structure. It is
also noteworthy that the degree of polarization increases toward the
edges of the jet (Fig. 11).
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Figure 8. Left: / images of 14184546 at epoch 1997.11 with contours increasing in steps of two and P vectors superimposed. Right: corresponding polarized
flux images with contours increasing in steps of +/2 and x vectors superimposed. Top: 15 GHz, bottom I contours at £0.25 per cent of the peak brightness of
565 mJy beam™!; bottom p contour at 17 per cent of the peak brightness of 13.4 mJy beam~!. Middle: 8.4 GHz, bottom I contours at +0.125 per cent of the
peak brightness of 584 mJy beam™'; bottom p contour at 24 per cent of the peak brightness of 4.8 mJy beam™!. Bottom: 5 GHz, bottom / contours at 0.125
per cent of the peak brightness of 583 mJy beam™!; bottom p contour at 24 per cent of the peak brightness of 4.0 mJy beam™!.

4 CONCLUSION

The polarization structure detected in the blazar 10554018 by
Attridge et al. (1999) was striking and provided a clear example
of a spine—sheath polarization structure. However, it was not clear
how common this type of structure was, as this was the only such
case reported in a refereed journal. We have found several BL Lac

objects that possess similar polarization structures in their VLBI
jets. In all cases, if the B field is orthogonal to the observed polar-
ization vectors, the B field is transverse to the jet near the central
ridge line and roughly longitudinal at the edges of the jet. These
regions of longitudinal field sometimes became detectable only at
some distance from the core, often in more extended regions of
the jet.
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bottom contour at 6 per cent of the peak brightness of 9.3 mJy beam ™.
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Figure 10. Left: / images of 16524398 at epoch 1997.11 with contours increasing in steps of two and P vectors superimposed. Right: corresponding polarized
flux images with contours increasing in steps of /2 and x vectors superimposed. Top: 15 GHz, bottom / contours at £0.35 per cent of the peak brightness of
361 mJy beam™!; bottom p contour at 17 per cent of the peak brightness of 10.3 mJy beam~!. Middle: 8.4 GHz, bottom I contours at +0.175 per cent of the
peak brightness of 440 mJy beam™'; bottom p contour at 17 per cent of the peak brightness of 6.0 mJy beam™!. Bottom: 5 GHz, bottom / contours at +0.175
per cent of the peak brightness of 519 mJy beam™!; bottom p contour at 10 per cent of the peak brightness of 11.7 mJy beam ™.

Attridge et al. (1999) initially interpreted the polarization struc-
ture they observed in 1055 4 018 as being owing to a combination of
transverse shocks giving rise to a dominant B field perpendicular to
the jet near the jet axis, and interaction with the surrounding medium
giving rise to a dominant longitudinal B field near the jet edges. In
this picture, a shear layer forms because the plasma near the edges of
the jet is slowed by its interaction with the ambient medium (Laing
1996), simultaneously enhancing the longitudinal component of the
B field. The jet-edge polarization is strongest where the interaction

between the jet and medium is strongest; the change in the location
of the edge polarization in 1418 + 546 from the northern to the
southern edges of the jet from epoch to epoch could reflect changes
in the strength of interaction on the two sides of the jet.

However, an alternative, and overall simpler, interpretation is
that the transverse polarization structure observed in the jets of
10554018 and the three BL Lac objects considered here indicates
the presence of a helical or toroidal B field associated with the jet.
Our tentative detection of interknot polarization in 10554018 with
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Figure 11. The degree of polarization profile across the jet of Mkn 501 at
5 GHz at 7.5 mas from the core along a position angle of 9°.

the E well aligned with the local jet direction supports this possibil-
ity. When such a helical B field is viewed at an angle differing from
90° to the jet axis in the source rest frame, the B field near the ridge
line of the jet is orthogonal to the jet, while the dominant B field
at the edges of the jet becomes longitudinal, forming spine+sheath
B-field structures of the sort observed in the four objects considered
here. For certain combinations of pitch angle and viewing angle, the
degree of polarization can be appreciably higher at the jet edges than
at the jet ridge line, as is observed for 1652 + 398 (Lyutikov et al.
2004). In this case, the asymmetry of the orthogonal polarization
observed at the edges of the jets is determined by the pitch angle of
the B-field helix and the viewing angle; 90° jumps in the polariza-
tion angle such as those observed in 14184546 can be explained by
small changes in the viewing angle for different regions in the jet
(Lyutikov et al. 2004).

Thus, our observations have demonstrated that spine—sheath po-
larization structures are not uncommon among AGN jets, but their
origin remains unclear. They may be owing to the joint action of
shocks in the jets and interaction between the jet and surrounding
medium, as originally proposed by Attridge et al. (1999), or they
may be an observational manifestation of helical B fields associated
with the jets. The recent detection of Faraday-rotation gradients
transverse to the VLBI jets of several BL Lac objects, including
16524398, has been interpreted by Gabuzda et al. (2004) as betray-
ing the presence of helical or toroidal jet B fields — the RM gradient
is the result of the systematic variation in the line-of-sight B across
the jet. Determination of whether the observed spine—sheath polar-
ization structures represent further evidence for helical jet B fields or
testify to interaction with a surrounding medium will require further
multiwavelength polarization VLBI observations and modelling of
the observed transverse polarization structures.
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