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ABSTRACT

We present Very Long Baseline Array images of 42 �-ray bright blazars, including 36 with polarization
vectors, obtained during the course of a multiepoch monitoring program. Each object was observed at either
43 or 22 GHz, with some objects observed at both frequencies and/or at 15 or 8.4 GHz. The morphologies
are varied, with some of the blazars displaying long, thin jets, others short, broad jets, and still others contain-
ing cores with only very weak features that are probably knots in faint jets. The polarization of the cores
ranges from less than 1% to 8.6%, with electric vector position angles (EVPAs) that are split between nearly
parallel and nearly transverse to the jet axis. The polarization of knots in the jets covers a much broader
range, from less than 2% to tens of percent. The EVPA of the brightest compact feature in each jet ranges
from 0� to 80� from the jet position angle, with roughly half measuring less than 20�. The distribution is con-
sistent with intrinsically oblique magnetic fields whose observed directions are altered by relativistic aberra-
tion.

Subject headings: galaxies: jets — quasars: general — radio continuum: galaxies —
techniques: high angular resolution

1. INTRODUCTION

The �-ray sources detected by the EGRET detector on
the Compton Gamma Ray Observatory (Hartman et al.
1999) and at TeV energies by the Whipple Observatory
(Buckley 1999) include nearly 70 BL Lacertae objects and
quasars with flat radio spectra (which we will collectively
refer to as ‘‘ blazars ’’). As part of a collaborative effort to
determine what other properties of these objects might be
related to bright �-ray emission, we have undertaken a mul-
tiepoch Very Long Baseline Array (VLBA) monitoring pro-
gram of 42 blazars detected by EGRET andWhipple.

We selected blazars for our program based on reported
�-ray detections, requiring that they have neither declina-
tions too far south nor positions too poorly known (accu-
racy of about 0>01 is required) to be observed with the
VLBA at high frequencies (22 or 43 GHz). A given source
was observed at 43 GHz if the flux density of its most com-
pact features was sufficiently high, as indicated by either
pronounced variability in brightness or the morphology
revealed by previously published maps or our own 22 GHz
images. Other sources were observed at 22 GHz. In some
cases, it appears in retrospect that the choice of observing
frequency was not optimal. For several objects, 15 or
8.4 GHz images were also obtained. This proved particu-
larly important for 0954+556, which appears not to be a
blazar, since its structure is not sufficiently compact to be
imaged at 22 GHz.

Once polarization observations became routine at the
VLBA, both the cross- and parallel-hand fringes were corre-
lated. This did not occur until the 1997 observations, near

the end of our program, and for most sources we have only
one epoch of polarized intensity images. Exceptions are
Mrk 421 andMrk 501, the results of which are reported else-
where (Marscher 1999), and 1611+343, which showed no
appreciable polarization variability over the 1997 April–
August period of monitoring.

The time sequences of total intensity images of the blazars
in our program and their analysis were presented in Jorstad
et al. (2001b). However, that paper contains no information
on polarization. In order to complete the compilation of the
data, here we present (1) total-intensity images with polar-
ization vectors for those objects observed in 1997 and (2)
the best total-intensity images of each source observed only
prior to 1997. We discuss briefly the implications of the
results.

2. OBSERVATIONS AND DATA ANALYSIS

The observations were carried out with the VLBA record-
ing system using four (before 1996) or eight 8 MHz wide
channels in both right and left circular polarization in
‘‘ snapshot ’’ mode with 3–6 scans of 5–15 minutes duration
each. Not all antennas were available at all epochs owing to
equipment failures or very poor weather. Initial correlation
was carried out at the National Radio Astronomy Observa-
tory (NRAO) Array Operations Center in Socorro, New
Mexico. The subsequent calibration was performed at Bos-
ton University with the Astronomical Image Processing
System (AIPS) software supplied by NRAO, while imaging
was performed at Boston University and St. Petersburg
State University using the Caltech software DIFMAP
(Shepherd 1997). The final images were displayed using
AIPS, DIFMAP, and IDL. Determination of the polariza-
tion parameters of features on the images was performed
with IDL. The calibration included application of the nomi-
nal antenna-based gain curves and system temperatures and
correction for sky opacity, followed by iterative imaging
and phase-plus-amplitude self-calibration. The final flux
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density scale was adjusted by a scale factor equal to the
mean ratio of single-antenna flux density to total flux den-
sity in the images of several objects known to have essen-
tially zero extended structure at 22 and 43 GHz. The total
flux densities for the last two steps were obtained by interpo-
lating in time the measurements of the monitoring programs
at Metsähovi Radio Research Station, Finland, and the
University ofMichigan Radio AstronomyObservatory.

The polarized intensity observations took place in 1997,
mostly on July 30–31. For this epoch, the right-left phase
difference was calibrated in AIPS using a scan of 3C 279,
while the instrumental polarization ‘‘D-terms ’’ were deter-
mined via the method of Leppänen, Zensus, & Diamond
(1995). For each frequency, the final set of D-terms was
averages over several sources. The electric vector position
angle (EVPA) calibration at 43 GHz was obtained by com-
parison of the EVPAs of components of 3C 279 and
1611+343 with those of Lister, Marscher, & Gear (1998),
respectively. At 22 GHz, the noncore components of
1611+343 were used for this purpose. The EVPA calibra-
tion was found to be consistent with an independent method
that assumes slow variations of the antenna D-terms (Lep-
pänin et al. 1995). We used the combined VLBA (1997
November 10) and VLA (1997 November 21) D-term data
of Gómez et al. (2002) for this purpose. The resulting
EVPAs of several sources (e.g., the extended component
about 2 mas from the core in CTA 102) are consistent to
within �5� with those obtained less than 1 yr earlier and
later by various observers, whose own errors are in the 5�–
10� range. The EVPA calibration is, therefore, systemati-
cally uncertain by d10�. The polarization of the remainder
of the 1997 observations was calibrated using 1611+343,
with similar systematic uncertainties.

The images are presented in Figure 1. The levels of the
contours, polarization parameters, and other relevant infor-
mation are listed in Table 1. The parameters of the total
intensity model fits (from Jorstad et al. 2001b) and the
polarization properties are listed in Table 2 for each bright
feature on the images. The dynamic range of the images is
limited by calibration errors rather than by thermal noise;
this is a common situation in high-frequency very long base-
line interferometric observations.

3. JET MORPHOLOGIES

While all sources can be described as having core-jet mor-
phology, in at least one case (0454�234) only the core is
apparent above the noise level, although the dynamic range
of the image is not high. In 0446+112, 0827+243, and
1741�038 the core region is somewhat extended (i.e.,
noticeably larger than the resolving beam) with little or no
jet emission apparent, and in several other objects (e.g.,
0716+714 and 1739+522) the jet emission is very weak. In
contrast, in roughly 25% of the cases the jet remains narrow
and its emission strong out to considerable angular distance
(e2 mas) from the core. Even more frequently (about 40%
of the sample), the jet is prominent but shorter (d2 mas). A
number of jets display bends, while others, such as
0234+285, 0804+499, 1652+398 (Mrk 501), and 2251+158
(3C 454.3), are very broad. The jet of 1611+343 (DA 406) is
narrow out to the position of an extended component.

The quasar 0954+556 appears to be an anomalous case.
Fringes were only marginally detected on the shortest base-
lines at 22 GHz, so we observed the source at 8.4 GHz, at

which frequency the detection was stronger, although nearly
all the flux density is in overresolved structure. The image in
Figure 1 shows two-sided structure with the only possible
identification of a core corresponding to a weak feature near
the center. Because of the absence of strong, compact fea-
tures, we conclude that this source is either not a blazar or a
very peculiar member of this class. Rather, we suggest that
it is a compact symmetric object (Conway et al. 1992) and
consider that the association of this quasar with the
EGRET source 2EG J0957+5515 (Mattox et al. 1997) is
probably spurious.

4. POLARIZATION

The high frequencies of our observations should mini-
mize the effects of Faraday rotation and opacity, except per-
haps in the cores of some of the sources (see Taylor 2000).
This, combined with the high resolution, allows us to probe
the magnetic field configuration of regions in the jet that are
as compact as�0.1 mas.

We have compiled and plotted our data to determine
whether there are any correlations between fractional polar-
ization and EVPA of the core and between each of these and
the apparent velocity of features in the jet. We express the
EVPA in terms of the angle �a, by which it is inclined rela-
tive to the jet axis. The direction of the axis is determined for
the core by the position angle of separation between the core
and the nearest knot in the jet. For a knot in the jet, the axis
is defined as the direction between it and the nearest compo-
nent between the knot and the core, as determined from
Table 3 of Jorstad et al. (2001b).

Table 2 lists the polarization of each feature with both
emission above the noise level on the total intensity images
and polarization at roughly the noise level or higher. The
core polarizations tend to be low, with the highest fractional
polarization m ¼ 8:6% (2209+236) and the lowest less than
1% (six objects). Application of the partial correlation test
of Akritas & Siebert (1996), which includes data represent-
ing upper and lower limits, reveals that there is no signifi-
cant correlation between the fractional polarization of the
core and redshift.

Figure 2a plots �a versus percent polarization of the core
for those objects in which the latter is detectable (at >2 �).
There is only one weak apparent trend: the dearth of cores
with �a � 40�. There is no correlation apparent between �a

and percent polarization. These conclusions are independ-
ent of the frequency of observation. This negative result
contrasts with the study by Lister (2001) of the polarization
properties of compact extragalactic radio sources from the
Pearson-Readhead survey (PR sample; Pearson & Read-
head 1988), which revealed a trend between values of �a

closer to zero and stronger core polarization. The PR sam-
ple contains flat-spectrum radio sources, including a num-
ber of blazars, but is not as strongly selected for relativistic
beaming as are bright �-ray blazars (see Jorstad et al. 2001b
and Lister &Marscher 1999).

Figure 2b plots �a versus percent polarization of knots in
the jet whose polarization is detectable (at >2 �). Again, no
correlation is apparent. The distribution of �a values is
shown in histogram form in Figure 3, which highlights those
features that are the brightest moving components of their
respective jets. The distribution displays a peak near �a ¼ 0
and a deficit near �a ¼ 90�. Among the quasars, there is a
broad distribution at intermediate angles, while there are no
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TABLE 1

Parameters of Maps

Source

Frequency

(GHz) Typea
�b, maj

(mas)

�b, min

(mas)

P.A.

(deg)

rms

(mJy beam�1)

Peak Intensity

(mJy beam�1)

Contour c0
b

(%)

0202+149............................. 43.2 I 0.39 0.19 �7 5.8 0.41 2.0

P . . . . . . . . . 3.4 0.014 . . .

0219+428 (3C 66A).............. 43.2 I 0.42 0.16 +14 2.0 0.70 0.5

P . . . . . . . . . 3.0 0.027 . . .
0234+285 (CTD 20)............. 22.2 I 0.62 0.33 �1 2.1 1.45 0.25

P . . . . . . . . . 2.6 0.069 . . .

0235+164............................. 43.2 I 0.32 0.19 �4 2.9 0.40 1.0

0336�019 (CTA 26) ............. 43.2 I 0.42 0.19 +7 2.7 1.66 0.5

P . . . . . . . . . 3.0 0.036 . . .

0420�014 (OA 129).............. 22.2 I 0.78 0.34 �1 4.3 3.00 0.25

P . . . . . . . . . 3.5 0.019 . . .

43.2 I 0.42 0.19 +7 7.2 2.56 0.5

P . . . . . . . . . 3.7 0.033 . . .

0440�003 (NRAO 190)........ 22.2 I 0.63 0.36 �1 3.4 0.49 1.0

P . . . . . . . . . 3.1 0.010 . . .

0446+112............................. 43.2 I 0.38 0.19 �2 3.7 0.64 1.0

P . . . . . . . . . 3.3 0.013 . . .

0454�234............................. 43.2 I 0.37 0.13 �4 2.9 0.46 1.0

0458�020............................. 43.2 I 0.40 0.17 �2 3.9 0.72 1.0

P . . . . . . . . . 4.4 0.018 . . .

0528+134............................. 43.2 I 0.37 0.18 +4 4.7 1.71 0.5

P . . . . . . . . . 3.5 0.049 . . .

0716+714............................. 22.2 I 0.42 0.34 �24 2.9 1.01 0.5

P . . . . . . . . . 3.0 0.063 . . .

0804+499 (OJ 508)............... 22.2 I 0.54 0.32 �20 1.3 1.10 0.25

P . . . . . . . . . 1.6 0.011 . . .

0827+243............................. 43.2 I 0.31 0.18 �6 3.1 1.09 0.5

P . . . . . . . . . 3.0 0.033 . . .

0829+046............................. 22.2 I 0.69 0.31 �4 1.8 0.64 0.5

P . . . . . . . . . 2.6 0.013 . . .
0836+710............................. 22.2 I 0.45 0.31 �24 1.3 1.79 0.25

P . . . . . . . . . 1.9 0.056 . . .

0851+202 (OJ 287)............... 43.2 I 0.30 0.15 �7 4.7 1.39 0.5

P . . . . . . . . . 3.9 0.039 . . .
0917+449............................. 22.2 I 0.53 0.30 �24 2.7 1.01 0.5

P . . . . . . . . . 1.5 0.016 . . .

0954+556............................. 8.4 I 3.16 2.96 �68 1.5 0.13 1.0

0954+658............................. 22.2 I 0.45 0.33 �14 1.5 0.56 1.0

1101+384 (Mrk 421) ............ 22.2 I 0.66 0.31 �12 2.6 0.39 1.0

P . . . . . . . . . 2.0 0.009 . . .

1127�145............................. 22.2 I 0.81 0.32 �4 2.3 0.83 0.5

P . . . . . . . . . 2.8 0.014 . . .

1156+295 (4C 29.45)............ 22.2 I 0.62 0.31 +3 3.8 0.57 1.0

P . . . . . . . . . 2.2 0.013 . . .

1219+285 (ON 231) ............. 22.2 I 0.66 0.34 �1 1.7 0.30 1.0

P . . . . . . . . . 1.8 0.006 . . .

1222+216 (4C 21.35)............ 22.2 I 0.66 0.34 �5 5.2 0.76 1.0

P . . . . . . . . . 2.2 0.033 . . .

1226+023 (3C 273)............... 22.2 I 0.75 0.36 �5 3.4 4.99 1.0

43.2 I 0.39 0.18 �3 4.4 6.66 0.5

1253�055 (3C 279)............... 43.2 I 0.39 0.15 �3 11.4 10.9 0.25

P . . . . . . . . . 23 0.522 . . .

1406�076............................. 22.2 I 0.78 0.31 �6 3.2 0.86 0.5

P . . . . . . . . . 1.7 0.017 . . .

1510�089............................. 43.2 I 0.41 0.17 +1 2.0 2.46 0.25

P . . . . . . . . . 8.1 0.077 . . .
1606+106............................. 22.2 I 0.69 0.32 �3 3.8 1.25 0.5

P . . . . . . . . . 2.2 0.013 . . .

1611+343 (DA 406) ............. 22.2 I 0.61 0.30 �18 1.9 2.69 0.125

P . . . . . . . . . 1.9 0.046 . . .
1622�253............................. 22.2 I 0.82 0.28 �5 2.7 3.20 0.25

P . . . . . . . . . 3.7 0.042 . . .

1622�297............................. 22.2 I 0.84 0.28 +1 7.3 1.15 1.0

P . . . . . . . . . 3.3 0.052 . . .
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values greater than 45� among the small sample of BL Lac
objects. Overall, the distribution is roughly similar to that of
the PR sample (see Fig. 39 of Lister 2001) and the less well-
selected sample of Lister et al. (1998). It is not as strongly
clustered at low values of �a as the small sample of mostly
BL Lac objects presented by Gabuzda & Cawthorne 2000.
As is discussed by Lister et al. (1998) and Lister (2001), the
type of distribution observed for the �-ray blazars is
expected for knots whose intrinsic magnetic field direction is
oblique to the jet axis, with relativistic aberration causing
the observed polarization to tend toward low values of �a.

In Figure 4 we plot the percent polarization of knots in
the jet versus angular distance from the core, including fea-
tures for which we obtain only upper limits to the former.
With or without the upper limits, no correlation is apparent.
We find a similar absence of correlation if projected linear
distance is substituted for angular distance (Fig. 5),
although there are too few detections of polarization in BL
Lac knots to rule out a relationship. Lister (2001), on the
other hand, finds a correlation between fractional polariza-
tion and projected distance from the core in the PR sample.
Given the uncertainties, we cannot make a case for any indi-
vidual feature being polarized at e30%, with the majority
falling below �15%. This is because all knots with detected
polarization nominally exceeding 20% have low flux den-
sities compared with the core (ratiod0.15).

We find no correlation between the fastest well-
determined apparent velocity of knots in the jet and either
percent polarization (Fig. 6a) or �a (Fig. 6b) of the core.
Nor is there a correlation between (1) �a and flux density
(relative to the core) of knots in the jet, (2) �a (core) and flux
density (relative to the core) of the brightest knot in the jet,
or (3) percent polarization of the core and flux density (rela-
tive to the core) of the brightest knot in the jet. (These corre-
lation plots are not shown.)

5. DISCUSSION AND CONCLUSIONS

The heterogeneous images of Figure 1, combined with the
absence of any consistent polarization signature, demon-
strate that �-ray bright blazars are not particularly similar
in radio morphology beyond their shared core-jet structure.
On the other hand, the high apparent superluminal veloc-
ities found by Jorstad et al. (2001b) and the high �-ray fluxes
indicate that the sample represents objects with extremely
relativistically beamed jets. This further implies that the jet
axis points almost directly toward us (Lister & Marscher
1999), at least near the core where the �-rays most likely
originate (see Jorstad et al. 2001a). On the other hand, the
high apparent superluminal speeds suggest that, down-
stream of the core, the angle between the jet axis and the line
of sight is not much less than C�1, where C is the Lorentz
factor of the pattern of emission that corresponds to a
bright feature in the jet. Jorstad et al. (2001b) reconcile this
by pointing out that most of the jets are bent and that bend-
ing out of the line of sight of an initially aligned jet is much
more likely than bending directly into the line of sight of an
initially misaligned jet. We therefore expect our sample to
be dominated by jets that are pointing essentially directly at
us near the core and bending slightly away from the line of
sight downstream.

The most popular explanations for high levels of polar-
ization in a jet are (1) amplification of the longitudinal mag-
netic field by shearing of the internal jet flow or between the
jet and external medium, (2) toroidal buildup of the mag-
netic field by the process that drives the jet flow away from a
black hole/accretion disk system (Meier, Koide, & Uchida
2001), and (3) amplification by a shock wave of that compo-
nent of an ambient random magnetic field that lies parallel
to the shock front (Laing 1980). The ordered component of
the magnetic field should be (1) parallel to the jet axis, (2)

TABLE 1—Continued

Source

Frequency

(GHz) Typea
�b, maj

(mas)

�b, min

(mas)

P.A.

(deg)

rms

(mJy beam�1)

Peak Intensity

(mJy beam�1)

Contour c0
b

(%)

1633+382 (4C 38.41)............ 22.2 I 0.57 0.28 �3 1.8 2.21 0.25

1652+398 (Mrk 501) ............ 43.2 I 0.34 0.21 �8 1.0 0.23 0.5

P . . . . . . . . . 1.0 0.007 . . .

1730�130 (NRAO 530)........ 22.2 I 0.84 0.28 �6 7.9 9.05 0.25

43.2 I 0.46 0.14 �7 6.7 7.27 0.5

1739+522............................. 22.2 I 0.66 0.30 �38 2.3 1.52 0.25

P . . . . . . . . . 4.3 0.037 . . .

1741�038............................. 22.2 I 0.83 0.31 �10 2.2 5.71 0.25

P . . . . . . . . . 4.4 0.197 . . .

1908�201............................. 22.2 I 0.77 0.27 �3 2.2 2.03 0.25

P . . . . . . . . . 3.0 0.034 . . .

2200+420 (BL Lac).............. 43.2 I 0.30 0.14 �12 2.6 1.71 0.25

P . . . . . . . . . 3.0 0.044 . . .
2209+236............................. 22.2 I 0.62 0.29 �7 1.0 0.96 0.25

P . . . . . . . . . 1.4 0.055 . . .

2230+114 (CTA 102) ........... 43.2 I 0.36 0.14 �8 1.8 6.11 0.125

P . . . . . . . . . 4.4 0.186 . . .
2251+158 (3C 454.3)............ 43.2 I 0.36 0.14 �5 2.5 1.13 0.5

P . . . . . . . . . 3.0 0.091 . . .

a The type I corresponds to the total intensity image; the type P corresponds to the polarized intensity image.
b Contour levels are represented by geometric series c0ð1; . . . ; 2nÞ, where c0 is the lowest contour level indicated in the table, plus the highest

contour level, which is always equal to 90%; e.g., for c0 ¼ 0:25 the contour levels would be 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, and 90 percent of the
peak intensity.
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TABLE 2

VLBI Component Properties

GaussianModel Parameters Values at Central Peak

Source

Frequency

(GHz) Component
a

Flux

(Jy)

r

(mas)

hb

(deg)

ac

(mas)

Ip
(Jy beam�1)

�rd

(mas)

EVPAd

(deg)

md,e

(%)

0202+149........ 43.2 A 0.44 0.00 �43 0.07 0.011 0.04 40� 9 2:6� 0:8

B3 0.09 0.26 �43 0.10 0.014 0.03 23� 9 15:3� 4:8

B+C 0.40 0.50 �46 0.13 0.009 0.04 79� 10 2:7� 0:9

0219+428........ 43.2 A 0.63 0.00 �152 0.02 0.024 0.00 55� 4 3:8� 0:5

B6 0.19 0.20 �152 0.09 0.027 0.07 53� 3 14:6� 1:7

B5 0.09 0.57 �160 0.23 <12

B4 0.07 1.03 �161 0.38 <26

B3 0.05 1.80 �170 0.49 <54

B1 0.05 2.70 �176 0.41 <42

0234+285........ 22.2 A 1.33 0.00 �22 0.06 0.069 0.08 102� 1 5:5� 0:2

C1 0.25 0.25 �22 0.12 <2.2

C2 0.04 1.11 �19 0.28 <18

C3 0.21 3.20 �11 0.90 <12

0336�019........ 43.2 A 1.75 0.00 +45 0.08 0.036 0.08 112� 3 2:3� 0:2

Pf 0.26 0.23 �45 0.00 0.024 0.00 143� 4 9:2� 1:3

C5 0.19 0.19 +37 0.23 <5.3

C3 0.15 1.45 +70 0.98 <52

0420�014........ 22.2 A 3.00 0.00 �160 0.00 0.014 0.00 64� 6 0:5� 0:1

Pf 0.42 0.33 +76 0.00 0.019 0.00 99� 6 4:4� 0:9

B2 0.63 0.47 �161 0.00 0.018 0.08 60� 6 2:9� 0:6

43.2 A 1.33 0.00 �166 0.00 0.026 0.00 72� 4 2:0� 0:3

Pf 0.72 0.11 +94 0.00 0.033 0.00 91� 4 4:6� 0:6

C1+B2 0.07 0.46 �166 0.20 0.019 0.03 87� 9 26� 8

C2 0.05 1.64 �160 0.22 <23

0440�003........ 22.2 A 0.49 0.00 �123 0.10 0.003 0.00 . . . <0.6

B 0.19 1.18 �120 0.44 <6.0

C 0.07 1.27 �121 0.55 <21

0446+112........ 43.2 A 0.54 0.00 +140 0.05 <1.4

0458�020........ 43.2 A 0.72 0.00 +4 0.07 0.004 0.00 . . . <0.6

B2 0.09 0.51 +4 0.04 <10

C2 0.03 1.47 +1 0.28 <63

C1 0.03 1.31 �36 0.01 <29

0528+134........ 43.2 A 1.72 0.00 +71 0.04 0.012 0.00 156� 8 0:7� 0:2

B4 0.63 0.32 +71 0.23 0.049 0.04 115� 2 10:4� 0:6

B3 0.25 0.54 +57 0.20 <4.4

D3 0.18 0.97 +37 0.13 <4.9

D4 0.07 1.60 +58 0.16 <14

0716+714........ 22.2 A 1.05 0.00 +25 0.07 0.063 0.00 27� 1 6:2� 0:3

B5 0.04 0.23 +25 0.01 <15

B4 0.03 0.76 �2 0.43 <46

0804+499........ 22.2 A 1.10 0.00 +43 0.06 0.011 0.17 58� 4 1:6� 0:2

C1 0.03 0.27 +43 0.18 0.006 0.02 16� 8 22� 6

0827+243........ 43.2 A 1.16 0.00 +112 0.04 0.033 0.04 176� 3 3:0� 0:3

C 0.11 0.26 +112 0.05 0.008 0.06 124� 13 6:8� 2:9

0829+046........ 22.2 A 0.61 0.00 +65 0.06 0.009 0.00 60� 8 1:5� 0:4

C1 0.09 0.14 +68 0.08 <6.0

C2 0.13 0.55 +61 0.20 0.013 0.10 25� 5 12:7� 2:1

B4 0.03 1.34 +71 0.45 0.010 0.02 42� 8 41� 11

B3 0.04 2.10 +66 0.27 <17

B2 0.06 2.60 +74 0.37 <14

0836+710........ 22.2 A 2.02 0.00 �137 0.13 0.056 0.00 23� 1 3:0� 0:1

C1 0.08 0.34 �137 0.24 <6.7

B 0.06 1.26 �132 0.26 <5.4

C3 0.06 2.7 �143 0.46 0.009 0.00 69� 4 22:7� 3:5

0851+202........ 43.2 A 1.45 0.00 �119 0.05 0.039 0.04 83� 3 3:2� 0:3

C1 0.23 0.19 �119 0.05 0.023 0.00 42� 5 10:6� 1:9

B3 0.05 0.40 �114 0.27 <41

B2 0.06 1.03 �106 0.18 <22

C2 0.09 1.38 �93 0.49 <55

0917+449........ 22.2 A 1.04 0.00 +161 0.07 0.016 0.11 129� 3 1:9� 0:2

C1 0.06 0.83 +162 0.35 <8.8

B 0.12 0.99 �177 0.17 0.007 0.13 46� 3 13:0� 1:4



TABLE 2—Continued

GaussianModel Parameters Values at Central Peak

Source

Frequency

(GHz) Component
a

Flux

(Jy)

r

(mas)

hb

(deg)

ac

(mas)

Ip
(Jy beam�1)

�rd

(mas)

EVPAd

(deg)

md,e

(%)

C2 0.12 1.53 +174 0.40 <5.0

1101+384........ 22.2 A 0.39 0.00 �25 0.00 0.009 0.00 4� 7 2:2� 0:5

B2 0.03 0.59 �30 0.13 <14

B1 0.02 1.39 �42 0.66 <63

1127�145........ 22.2 A 1.18 0.00 +92 0.14 0.006 0.08 128� 8 0:7� 0:2

B3 0.51 0.37 +92 0.21 0.014 0.12 13� 4 3:7� 0:5

B2 0.13 0.80 +96 0.31 <6.0

C2 0.51 4.21 +83 0.71 0.011 0.20 14� 2 7:8� 0:6

1156+295........ 22.2 A 0.57 0.00 +9 0.05 0.013 0.08 92� 5 2:3� 0:4

B2 0.07 0.79 �21 0.24 0.011 0.06 120� 8 15� 4

C+B3 0.21 0.71 +9 0.37 <3.6

D1 0.03 4.1 +2 1.5 <100

1219+285........ 22.2 A 0.30 0.00 +97 0.07 0.001 0.00 . . . <0.4

B9 0.03 0.45 +97 0.13 <13

B8 0.04 1.19 +106 0.31 <13

B7 0.09 2.15 +100 0.28 <5.4

B6 0.02 2.71 +111 0.56 <43

B5 0.01 3.50 +92 0.33 <53

B4 0.02 4.42 +107 0.38 <30

1222+216........ 22.2 A 0.76 0.00 �7 0.06 0.033 0.11 2� 2 5:0� 0:3

B3 0.09 0.45 �7 0.16 <5.4

B2 0.21 1.13 �13 0.23 0.025 0.08 161� 3 14:3� 1:3

B1 0.11 2.23 �4 0.35 0.008 0.00 145� 6 11:3� 2:3

1253�055........ 43.2 A 12.7 0.00 �134 0.09 0.522 0.06 15� 1 6:0� 0:2

B3 7.6 0.35 �134 0.21 0.442 0.05 65� 1 11:4� 0:3

D 1.7 3.35 �114 0.19 0.103 0.13 62� 6 6:5� 1:4

1406�076........ 22.2 A 0.90 0.00 �103 0.08 0.017 0.07 173� 3 2:0� 0:2

B4 0.08 0.68 �103 0.15 0.008 0.00 79� 3 25� 3

1510�089........ 43.2 A 2.51 0.00 �34 0.06 0.077 0.00 165� 3 3:1� 0:3

B2 0.28 0.22 �20 0.04 <6.0

1606+106........ 22.2 A 1.22 0.00 �54 0.08 0.013 0.16 113� 4 1:6� 0:2

C1 0.32 0.29 �54 0.38 <2.3

1611+343........ 22.2 A 2.82 0.00 +158 0.10 0.046 0.11 96� 1 2:3� 0:1

C1 0.13 0.46 +158 0.19 0.030 0.03 97� 2 22:9� 1:8

B4 0.09 1.33 +174 0.28 0.007 0.03 48� 8 7:8� 2:3

C2 0.42 2.90 +176 0.65 0.035 0.00 159� 1 31� 1

B2 0.14 3.44 +160 0.42 0.012 0.10 160� 2 35� 2

B1 0.09 3.86 +147 0.96 <25

1622�253........ 22.2 A 3.34 0.00 �49 0.08 0.042 0.32 147� 2 1:7� 0:1

Pf 0.33 0.36 +91 0.00 0.021 0.00 96� 6 6:2� 1:2

B 0.05 0.85 �49 0.06 <15

1622�297........ 22.2 A 1.26 0.00 �72 0.11 0.052 0.08 177� 2 4:6� 0:3

D2 0.56 0.32 �72 0.37 <1.9

1652+398........ 43.2 A 0.23 0.00 +154 0.00 0.007 0.14 48� 3 5:7� 0:5

B2 0.039 0.68 +159 0.00 0.003 0.00 159� 3 33� 3

B1 0.005 3.5 +150 0.00 0.005 0.00 29� 18 87� 40

1739+522........ 22.2 A 0.98 0.00 +109 0.07 0.026 0.02 161� 4 3:8� 0:5

B2 0.91 0.16 +109 0.24 0.037 0.13 163� 3 5:4� 0:5

D3 0.02 1.04 +32 0.34 <68

1741�038........ 22.2 A 6.26 0.00 +111 0.14 0.197 0.08 164� 1 3:3� 0:1

B2f 0.38 0.30 +111 0.05 0.033 0.02 116� 4 9:2� 1:2

B1 0.02 1.60 �158 0.48 0.003 0.14 <12

1908�201........ 22.2 A 2.13 0.00 �10 0.07 0.034 0.08 40� 3 1:7� 0:2

B3 0.53 0.31 �18 0.18 0.007 0.10 171� 8 2:2� 0:6

B2 0.06 2.06 +4 0.64 <30

D4 0.05 2.6 +47 0.58 <31

D5 0.06 2.9 +24 0.65 <30

2200+420........ 43.2 A 1.71 0.00 �169 0.00 0.044 0.04 52� 2 2:8� 0:2

B2 0.20 0.41 �169 0.00 0.021 0.00 55� 4 10:6� 1:6

B1 0.04 2.50 �163 0.00 0.009 0.00 47� 15 21� 9

2209+236........ 22.2 A 0.68 0.00 +33 0.04 0.055 0.18 54� 1 8:6� 0:2

B3 0.48 0.21 +33 0.11 0.031 0.03 60� 1 8:3� 0:3

C 0.05 1.49 +17 0.56 0.007 0.00 178� 3 32:8� 3:1



transverse to the jet axis, and (3) parallel to the shock front,
i.e., perpendicular to the jet axis for a transverse shock and
oblique for an oblique shock. The observed EVPA is per-
pendicular to the aberrated direction of the magnetic field if
the emission is optically and Faraday thin. If at any point
the jet bends sufficiently toward the observer that the line of
sight falls inside the jet cone, then case 2 becomes a circum-
ferential field (radial electric vectors) surrounding the core.
Case 1—and case 3 if the shock is transverse to the jet axis—
revert to random polarization.

The distribution of values of �a of the cores (Fig. 2a) sug-
gests that the magnetic field in the core region might be ran-
domly oriented relative to the jet axis. Inspection of the

images of Figure 1, however, leads one to allow that mis-
alignments from directions nearly parallel or perpendicular
to the jet could be due to bending of the jet. In addition, the
polarization near the core is complex in some sources, so
there may be multiple components, including one that is
close to parallel or perpendicular to the axis. That is, one
cannot use these data to falsify the hypothesis that the domi-
nant magnetic field direction in the core of each blazar is
roughly either parallel or transverse to the direction of the
jet immediately downstream of the core.

There are several objects in which the polarization vectors
suggest the presence of a highly polarized halo, with circum-
ferential magnetic field geometry, surrounding the core:

TABLE 2—Continued

GaussianModel Parameters Values at Central Peak

Source

Frequency

(GHz) Component
a

Flux

(Jy)

r

(mas)

hb

(deg)

ac

(mas)

Ip
(Jy beam�1)

�rd

(mas)

EVPAd

(deg)

md,e

(%)

2230+114........ 43.2 A 6.53 0.00 +135 0.05 0.186 0.00 41� 1 3:0� 0:1

C 0.21 1.84 +139 0.55 0.026 0.15 128� 2 26:9� 2:2

2251+158........ 43.2 A 1.13 0.00 �80 0.03 0.023 0.00 103� 4 2:0� 0:3

B3 1.66 0.27 �80 0.20 0.091 0.09 0� 1 10:6� 0:2

C 1.25 0.60 �56 0.34 0.045 0.02 89� 1 9:5� 0:3

D1 0.28 0.84 �95 0.36 <7.7

D2f 0.35 1.15 �39 0.13 0.012 0.14 3� 1 27� 1

a Designations of components correspond to those in Jorstad et al. 2001b, who list the uncertainties in the Gaussian model parameters. Polarized
components (usually upstream of the core) that are not evident in the total intensity images or models are designated as ‘‘ P.’’

b For the core A, h gives the position angle of the jet close to the core.
c Quantity a is the circular Gaussian FWHMdiameter of the component.
d Parameter �r is the separation between the component’s total intensity and polarized intensity maxima; the values of EVPA and m are given for

the position of the peak in polarized intensity Ip of the component; the uncertainties in polarization and EVPA are corrected for non-Gaussian behav-
ior (Wardle & Kronberg 1974); the listed error in EVPA is purely statistical: there is an additional systematic uncertainty in the EVPA calibration of
d10�.

e Polarized fraction m ¼ 100½ðQ2 þU2Þ1=2=I �%, where I, Q, and U are the Stokes parameters; upper limits correspond to
�Ip=flux
� �

½1þ a2ð�b;max�b;minÞ�1�.
f Feature is not included as a ‘‘ jet component ’’ in the analysis because its location is either outside the apparent boundary of the jet or upstream of

the core.

Fig. 2a Fig. 2b

Fig. 2.—Position angle of polarization electric vector relative to the local jet direction vs. percent polarization for (a) cores and (b) knots in the jets. Open
symbols: quasars; filled symbols: BL Lac objects. In panel (b) moving knots are designated by circles and stationary features by triangles, with no distinction
between frequencies.
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0827+243 (semihalo), 0917+449, 1101+384 (Mrk 421),
1622�253, 1652+398 (Mrk 501), 1739+522 (semihalo),
1741�038, and 2209+236. These include the two TeV-
bright blazars in our sample (Mrk 421 and Mrk 501). Such
polarization patterns may correspond to toroidal magnetic
fields, providing some evidence for a magnetically driven
jet, as in case 2 above. In addition, there are two other exam-
ples of strong polarization observed significantly upstream
of the core (designated as ‘‘ P ’’ components in Table 2):
0336�019 and 0420�014. Such regions signify very well-
ordered magnetic fields where the synchrotron emission is
faint, perhaps because radiative losses have depleted the
population of electrons with energies sufficiently high to
radiate at 22 or 43 GHz.

As mentioned in the previous section, the distribution of
�a of features in the jet implies that the magnetic fields in
knots are generally oblique to the jet axis. The absence of a
correlation between �a (knot) and the ratio of flux density
of a knot to that of the core provides no support to models

in which the knots are shocks whose fronts are transverse to
the jet axis. On the other hand, if many of the jets are
directed at angles to the line of sight much less than C�1, as
expected for a sample selected for extreme relativistic beam-
ing, then the projected magnetic field will not be strongly
related to the direction of the jet, since the shock front
would be observed nearly face-on.

We conclude that, in comparison with extragalactic radio
sources selected solely on the basis of radio properties (e.g.,
Lister 2001), �-ray bright blazars possess no observable sig-
nature of either jet morphology or polarization structure.
The primary correlation is with extreme apparent superlu-
minal motion, as found by Jorstad et al. (2001b). On the
other hand, Jorstad et al. (2001a) did find that, just prior to
a �-ray flare, there is a brief reduction in polarization inte-
grated over the entire source. Our single-epoch observations
would not be sensitive to such an effect. This points to the
need for well–time-sampled polarization-sensitive VLBA
observations of �-ray blazars that will be monitored by
future space missions such as the planned Gamma-Ray
Large Area Space Telescope (GLAST).
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National Science Foundation and by funds from the Uni-
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Radio Astronomy Observatory, operated by Associated
Universities, Inc., under cooperative agreement with the
National Science Foundation.

Fig. 3.—Histogram of polarization electric vector directions relative to
the local jet direction for features in the jets. The brightest moving features
in their respective jets correspond to the filled areas.

Fig. 4.—Percent polarization vs. angular distance from the core for
knots in the jets. Upper limits are denoted by arrows. Circles correspond to
moving knots and triangles correspond to stationary features. Open sym-
bols represent quasars, and filled symbols correspond to BL Lac objects.
The symbols are larger for features with higher flux densities.

Fig. 5.—Percent polarization vs. projected linear distance from the core
for knots in the jets. Upper limits are denoted by arrows. Open symbols rep-
resent quasars, and filled symbols correspond to BL Lac objects. The sym-
bols are larger for features with higher flux densities.
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Fig. 6a
Fig. 6b

Fig. 6.—Apparent velocity of moving knots vs. (a) percent polarization of the core and (b) polarization electric vector direction of the core relative to the
direction of the jet immediately downstream of the core. For a given object, only the knot with the fastest well-determined proper motion is included. Open
symbols represent quasars, and filled symbols correspond to BL Lac objects. Upper limits to the percent polarization and lower limits to the apparent velocity
are indicated by arrows. Seven quasars with nomotion reported by Jorstad et al. (2001b) are excluded.
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