
THE ASTROPHYSICAL JOURNAL, 519 :642È646, 1999 July 10
1999. The American Astronomical Society. All rights reserved. Printed in U.S.A.(

THE TWISTED PARSEC-SCALE STRUCTURE OF 0735]178
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ABSTRACT
We present two-epoch polarimetric images of the BL Lac object 0735]178 obtained with the Very

Long Baseline Array at 22 and 43 GHz. These images provide the highest resolution observations of this
source to date and show a twisted jet with two sharp apparent bends of 90¡ within 2 mas of the core.
The magnetic Ðeld appears to smoothly follow one of the bends in the jet, suggesting that this structure
may be the result of a precessing nozzle in the jet of 0735]178. Proper-motion information is not con-
clusive as to whether the twisted geometry is the result of knots moving ballistically or following the
direction of the jet axis.
Subject headings : BL Lacertae objects : individual (0735]178) È galaxies : active È galaxies : jets È

polarization È radio continuum: galaxies È techniques : interferometric

1. INTRODUCTION

0735]178 was Ðrst classiÐed as a BL Lacertae object by
Carswell et al. (1974), who identiÐed a pair of absorption
lines in an otherwise featureless optical spectrum, thereby
obtaining a lower limit to the redshift of the source, zmin\
0.424. Hence, any observed apparent speeds in 0735]178
calculated using this redshift are strictly lower limits.

Radio maps of this source at milliarcsecond resolution
have been obtained using VLBI arrays at centimeter wave-
lengths ; these show a compact core and a jet of emission
extending to the northeast. Polarimetric VLBI observations
of this source were Ðrst performed by Gabuzda, Wardle, &
Roberts (1989) at a wavelength of 6 cm; the corresponding
polarized-intensity image shows a jet magnetic Ðeld that is
predominantly perpendicular to the jet axis, together with a
dramatic change in the polarized Ñux, by 40% over a period
of 24 hours. The multiepoch 6 cm VLBI observations of
0735]178 presented by & Zhang (1991) indicatedBa� a� th
superluminal motion in their component C0 at an apparent
velocity of D7.9 h~1 c h km s~1 Mpc~1,(H0\ 100 q0\
0.5), moving between the core and a stationary component,
which they labeled B, situated about 4.2 mas from the core.
This situation resembles that found in the quasar 4C 39.25
(Alberdi et al. 1993 and references therein), in which a very
strong component moves superluminally between the core
and an outer stationary component ; its increasing bright-
ness as it moves is interpreted as Doppler enhancement
caused by a bend toward the line of sight. Gabuzda et al.
(1994 ; hereafter G94) conÐrmed the motion of the super-
luminal component C0, which they designated as K2, at a
velocity of 7.4 h~1 c, and detected two new superluminal
components with apparent transverse speeds of 5.0 and 4.2
h~1 c. The observations of G94 were near the time of the
intersection of the moving component K2 with the station-
ary component K1 (component B of & Zhang 1991),Ba� a� th
which took place at epoch D1989.8. Their images do not
show any evidence for a violent interaction between these
components, and they interpret this result in terms of a
model similar to that suggested by & Zhang (1991),Ba� a� th
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in which the stationary component K1 is associated with a
bend in the jet toward the line of sight. However, if this is
the case, we might expect a deceleration of K2 as it
approaches K1, along with an increase of its Ñux as a result
of the enhancement of Doppler boosting, as observed and
simulated in the case of 4C 39.25 (Alberdi et al. 1993).
Neither of these were observed in 0735]178. If K1 corre-
sponds to a bend toward the observer, it also remains
unclear why G94 measured component K1 to have shifted
D0.7 mas outward sometime between 1981.9 and 1983.5,
after its collision with K2, and to have remained in that
position afterward. One explanation for this ““ dragging ÏÏ of
K1 is that we are dealing with an interaction between a
moving shock (K2) and a standing conical shock (K1), as

et al. (1997) have modeled through numerical simu-Go� mez
lations. In this scenario, an increase in the Mach number of
the Ñow causes the stationary shock to reset to a new site
downstream of its original position.

Higher resolution VLBI maps obtained by Zhang,Ba� a� th,
& Chu (1991) at 1.3 cm reveal a complex structure, consist-
ing of several distinct superluminal components moving in
a rather straight jet extending to the northeast. However, a
Ðt to the kinematical properties of the superluminal com-
ponents led et al. (1991) to suggest a bend of the jet inBa� a� th
the inner milliarcsecond. Indeed, a quite complex structure
in the inner milliarcsecond of 0735]178 appears in the 1.3
cm VLBI maps presented by Zhang & (1991). Over aBa� a� th
time span of about 1.2 yr, the jet structural position angle
was found to change from D25¡ to D73¡. It is unclear
whether Zhang & (1991) observed di†erent com-Ba� a� th
ponents tracing a bent common path, or components being
ejected from the core with di†erent position angles, as G94
suggested based on their observations. The Ðrst direct evi-
dence of a curved structure in the inner jet of 0735]178 was
presented by Kellermann et al. (1998), as part of a Very
Long Baseline Array4 (VLBA) survey at 15 GHz.

In this paper we present the Ðrst polarimetric VLBI
observations of 0735]178 at 1.3 cm and 7 mm, obtained
with the VLBA. The images show an apparently quite
twisted structure in the inner 2 mas of the jet, in very good
agreement with the total-intensity 2 cm VLBA image
obtained by Kellermann et al. (1998). We analyze and inter-

4 The VLBA is an instrument of the National Radio Astronomy Obser-
vatory, which is a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.
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FIG. 1.ÈVLBA images of 0735]178 at 1.3 cm at epochs 1996 November 11 (left) and 1996 December 22 (right). Total intensity is plotted as contour
maps, while the linear gray scale shows the linearly polarized intensity. The superposed dashes give the direction of the magnetic-Ðeld vector. Contour levels
are [0.5%, 0.5%, 1%, 2%, 4%, 8%, 16%, 32%, and 64% of the peaks of 335 (1996 November) and 322 (1996 December) mJy beam~1. For 1996 November,
the convolving beam is 0.74] 0.38 mas (FWHM), with position angle and the maximum in polarized intensity is 7.6 mJy beam~1, with a noise level of[1¡.5,
1.5 mJy beam~1. For 1996 December the convolving beam is 0.73] 0.36 mas (FWHM), with position angle and the maximum in polarized intensity is[2¡.3,
12.9 mJy beam~1, with a noise level of 2.6 mJy beam~1.

pret the magnetic-Ðeld structure and jet morphology and
discuss the possibility of a precessing jet in 0735]178.

2. OBSERVATIONS

The observations were performed on 1996 November 11
and December 22 using the VLBA at 1.3 cm and 7 mm in
snapshot mode. The data were recorded in 1 bit sampling
VLBA format with 32 MHz bandwidth per circular polar-
ization. The reduction of the data was performed within the
NRAO Astronomical Image Processing System (AIPS) soft-
ware in the usual manner (e.g., Zensus, &Leppa� nen,
Diamond 1995). Delay di†erences between the right- and
left-handed systems were estimated over a short scan of
cross-polarized data of a strong calibrator (3C 454.3). The
instrumental polarization was determined using the feed-

solution algorithm developed by et al. (1995). WeLeppa� nen
refer readers to et al. (1998) for further details aboutGo� mez
the reduction and calibration of the data.

Because of poor weather conditions at some of the
antenna locations during the second run, especially at
Brewster, much of the 7 mm data had to be deleted, leading
to a signiÐcantly poorer total-intensity image and the loss
of all polarization at this epoch.

3. RESULTS

Figures 1 and 2 show the VLBA total and linearly pol-
arized intensity images of 0735]178 at 1.3 cm and 7 mm,
respectively. Tables 1 and 2 summarize the physical param-
eters obtained for 0735]178 at 1.3 cm and 7 mm, respec-
tively. Table columns give the position in right ascension

TABLE 1

22 GHz MODELS FOR 0735]178

a d I p s
m

m r h
Component (mas) (mas) (mJy) (mJy) (deg) (%) (mas) (deg)

1996.86

Core . . . . . . . . . . . . . . 354 7 86 2 . . . . . .
C . . . . . . . . . . . 0.81 0.19 361 12 [12 3 0.83 77
B . . . . . . . . . . . 0.7 1.3 87 9 31 10 1.5 29
A . . . . . . . . . . . 3.6 1.8 37 . . . . . . . . . 4.1 63

1996.98

Core . . . . . . . . . . . . . . 340 13 72 4 . . . . . .
C . . . . . . . . . . . 0.82 0.18 304 9 [21 3 0.84 78
B . . . . . . . . . . . 0.6 1.2 94 3 36 3 1.3 29
A . . . . . . . . . . . 3.2 1.8 39 . . . . . . . . . 3.7 61
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FIG. 2.ÈSame as Fig. 1, but at 7 mm. Contour levels are [1%, 1%, 2%, 4%, 8%, 16%, 32%, and 64% of the peaks of 307 (1996 November) and 362 (1996
December) mJy beam~1. For 1996 November the convolving beam is 0.57] 0.24 mas (FWHM), with position angle [20¡, and the maximum in polarized
intensity is 8.8 mJy beam~1, with a noise level of 3.5 mJy beam~1. For 1996 December the convolving beam is 0.93] 0.43 mas (FWHM), with position angle

no polarization information was obtained.[30¡.6 ;

and declination relative to the core component, total Ñux,
polarized Ñux, magnetic-Ðeld position angle, degree of
polarization, and separation and structural position angle
relative to the core component. Components in the total-
intensity maps were analyzed by model Ðtting the UV data
with circular Gaussian components using the DIFMAP
software (Shepherd 1997). Components are labeled from
east to west using uppercase letters for the images at 1.3 cm
and are marked in Figures 1 and 2. Because of the poten-
tially large uncertainties associated with the process of
model Ðtting, only components well above the noise level
were considered. For example, there is some weak evidence
for the existence of components d and c1 in the 1.3 cm maps,
but the errors in the model Ðtting are sufficiently large that

we have decided not to include these in the Ðnal model.
Component B is best Ðtted at the second 7 mm epoch by
two separate components, labeled b2 and b1, the combined
Ñux of which compares quite well with that of component b
in the 7 mm image at the Ðrst epoch. To reduce the errors in
the model Ðtting, we have Ðtted the emission from the
section of the jet beyond component B as a single com-
ponent, labeled A.

3.1. T he T wisted Structure of the Inner Jet of 0735]178
et al. (1991) and & Zhang (1991) suggestedBa� a� th Ba� a� th

the existence of bent structure in the jet of 0735]178 in
order to explain the apparent acceleration of superluminal
components as they moved farther from the core. G94

TABLE 2

43 GHz MODELS FOR 0735]178

a d I p s
m

m r h
Component (mas) (mas) (mJy) (mJy) (deg) (%) (mas) (deg)

1996.86

Core . . . . . . . . . . . . . . 241 7 116 3 . . . . . .
d . . . . . . . . . . . . 0.10 0.02 98 2 84 2 0.10 80
c3 . . . . . . . . . . . 0.46 0.11 26 4 29 15 0.47 76
c2 . . . . . . . . . . . 0.87 0.09 189 10 [6 5 0.87 84
c1 . . . . . . . . . . . 0.96 0.66 62 2 26 3 1.16 56
b . . . . . . . . . . . . 0.7 1.5 48 . . . . . . . . . 1.7 24

1996.98

Core . . . . . . . . . . . . . . 370 . . . . . . . . . . . . . . .
c . . . . . . . . . . . . 0.78 0.18 229 . . . . . . . . . 0.80 77
b2 . . . . . . . . . . 0.8 1.2 23 . . . . . . . . . 1.4 34
b1 . . . . . . . . . . 1.1 1.7 23 . . . . . . . . . 2.0 33
a . . . . . . . . . . . . 3.4 1.9 13 . . . . . . . . . 3.9 61
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found that components seem to move along linear trajec-
tories, but to be ejected with di†erent position angles, which
could lead to apparent curved structure in the VLBI jet.

Our observations directly conÐrm the existence of a very
twisted structure in the inner region of the jet in 0735]178,
in good agreement with the observations presented by Kel-
lermann et al. (1998). In our 1.3 cm maps we observe two
sharp 90¡ bends in the projected trajectory of the jet, one
near the position of component C and the other close to B.
At 7 mm, the bend near the region of component c2
(component C at 1.3 cm) is also quite evident, while the
second bend can only be traced at the second epoch, since
the emission beyond component b is resolved out in the
1996 November maps.

Through a comparison with our maps, we can o†er an
explanation for the otherwise puzzling structure Zhang &

(1991) observed in their 1.3 cm VLBI maps. It isBa� a� th
possible that they observed distinct components at di†erent
positions of a common curved path, consistent with that
traced in our images. However, in their 1.3 cm VLBI map,

et al. (1991) observed in the inner milliarcsecond aBa� a� th
straight jet extending northeast at a position angle of D45¡,
in contrast to the structure we observe in our images. Fur-
thermore, G94 measured di†erent ejection position angles
of components in 0735]178.

In order to allow an easier comparison with our images,
we have marked in our 1996 November map in Figure 1 the
expected position for components K3, K4, K5, and K6 of
G94, using their measured proper motions and assuming
ballistic trajectories from the core since their last observing
epoch in 1992.44. For component K5, we have used the
position reported for their 1990.47 epoch ; otherwise, the
extrapolation would place this component too far east of C,
outside the structure we have mapped. No proper-motion
data is available for component K6, but assuming a value
similar to that observed for the other components, we have
used 0.3 mas yr~1. Figure 1 shows that this extrapolation
places the G94 components within the structure found on
our images, suggesting ballistic motion with systematically
changing component ejection directions as the most plaus-
ible explanation for the curved structure of 0735]178.

However, the data is also consistent with the motion of
components following a common curved path. Component
K3 was observed to change its position angle drastically
relative to the core between 1987.41 and 1990.47, from 75¡
to 44¡ (see G94). Component K5 also experienced a change
in its position angle between 1990.47 and 1992.44, with its
velocity vector becoming more aligned toward the direction
of component C, between the positions of components c3
and c2. The positions of the components of G94 in the inner
milliarcsecond are consistent with the twisted structure we
have mapped ; therefore, we cannot rule out the possibility
of a common curved funnel through which components
Ñow. Note also that this curved funnel could change with
time if it were produced by precession of the nozzle in
0735]178. In the case of ballistic motion, the direction of
ejection of the new components should have changed pro-
gressively from 54¡, to 35¡, and then to 15¡ from 1984 to
1991.25 in order to explain the di†erent structural position
angles observed for the birth of K4, K5, and K6. The direc-
tion of ejection would then have needed to change to 78¡
within about 4 yr, if we assume that component C was
ejected around the beginning of 1995, coincident with an
outburst in total Ñux at 22 and 37 GHz measured at

et al. 1998). Since then, it wouldMetsa� hovi (Tera� sranta
have had to remain at a similar orientation (at least on the
plane of the sky) to give birth to components c3 and d,
which according to two small Ñares in the dataMetsa� hovi
(H. 1998, private communication) took placeTera� sranta
around 1995.8 and 1996.7 (just before our Ðrst epoch),
respectively. Note that the apparently curved jet of
0735]178 would appear more pronounced if components
are ejected with di†erent speeds, as seems to be the case.

Because of the short time range between our two epochs,
the di†erences in the positions of the components lie within
the errors in the model Ðtting ; therefore, we can only rely on
the observed magnetic-Ðeld structure, and previous detec-
tions of components motions, to study the possibility of
ballistic motions for the components in 0735]178.

3.2. Polarization
The peak polarization at both epochs and wavelengths is

located at the core, with a degree of polarization between
2% and 4%, very close to the values measured by Gabuzda
et al. (1989) and G94 at 6 and 3.6 cm. However, these values
should be regarded as approximate, since maxima in the
images of polarized intensity are not always precisely coin-
cident with maxima in the total intensity (see also etGo� mez
al. 1998). Greater di†erences between the peaks in total and
polarized intensity are found in the 7 mm map. Some pol-
arized emission is also visible farther from the core, espe-
cially at the Ðrst epoch at 1.3 cm. In this map the jet between
components C and B can be traced in polarization, where it
has a rather uniform intensity. For the second epoch at 1.3
cm, the core and component C are clearly detected in polar-
ization, and there is also weaker polarized Ñux detected at
the position of B. In the 7 mm polarization map, the core
and component c2 are clearly visible. Another component
appears close to the core, and we have tentatively identiÐed
this component as the polarized counterpart of d. Com-
ponent c3 is also observed in polarization, while c1 is just
marginally detected.

A very similar orientation of the magnetic-Ðeld vector in
the jet is observed at both epochs in the 1.3 cm maps and in
the 7 mm map at 1996 November. The magnetic Ðeld in the
core at our Ðrst epoch is oriented toward the east, in the
direction of component C. This is consistent with the values
found by Gabuzda et al. (1989), although opacity e†ects due
to the di†erent wavelengths of observation may render this
comparison meaningless. If the core is optically thick at
both wavelengths, we should consider an extra rotation of
90¡ in the polarization angle when comparing to the
remaining optically thin jet. At the epoch of 1996 Novem-
ber, adding the Ñux of the core and component d at 7 mm,
we obtain a very similar value (the same to within the
uncertainty) as that measured for the core at 1.3 cm. The
same is true for the second epoch. The core polarization
angle in the 7 mm map shows a slightly di†erent value than
at 1.3 cm, while component d shows a magnetic Ðeld more
aligned with the jet. These di†erences between the 1.3 cm
and 7 mm maps are probably due to di†erences in
resolution, although they may reÑect a change in the
opacity of the core. G94 found a rotation of the polarization
angle in the core when observed at di†erent epochs and
frequencies. These changes in the polarization angle may be
due to ejections of new components with polarization
angles di†erent from that of the core. Because of the lower
resolution, these may appear in their maps as variations of a
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single blended componentÈtheir coreÈsimilar to what we
have experienced when comparing our 1.3 cm and 7 mm
maps.

The magnetic-Ðeld structure in the jet between C and B is
complex, and difficult to interpret unambiguously. One
obvious possibility is that the magnetic Ðeld follows the
direction of the apparently twisted jet Ñow. In this case, the
magnetic Ðeld throughout this part of the jet would be lon-
gitudinal. However, another interpretation is possible : that
di†erent features move from the core in di†erent structural
position angles, and that the magnetic-Ðeld vectors are
transverse to the Ñow direction in C and along the Ñow
direction from the core in B. This alternative point of view is
also consistent with the fact the magnetic Ðeld in com-
ponent c3 also points back toward the core. In either of
these interpretations the magnetic Ðeld in the jet north of C
is longitudinal.

4. THEORETICAL INTERPRETATIONS AND CONCLUSIONS

Although 0735]178 represents the most abruptly bent
jet observed at milliarcsecond scales to our knowledge,
many jets in BL Lacs and quasars appear to be curved.
While this is ampliÐed by projection e†ects, since relativistic
jets in blazars must be pointing close to the line of sight to
explain superluminal motion and related phenomena, it is
not clear what causes the bends of at least 5¡ that must be
present to account for the observed twists.

One idea (Hardee 1987), which has supporting obser-
vational evidence (Denn & Mutel 1998), is that the jet pre-
cesses, with the velocity vectors of the Ñow following the
bends in the jet axis. Numerical three-dimensional magne-
tohydrodynamical simulations (Hardee, Clarke, & Rosen
1997) show how Kelvin-Helmholtz (K-H) helical insta-
bilities can develop from an initial induced precession at the
jet inlet, resulting in a twisted jet with a helical geometry
and magnetic-Ðeld conÐguration. Such K-H instabilities
can also arise from an external pressure gradient not
aligned with the initial direction of the jet Ñow.

Another possibility for jet bending is ballistic precession,
such that the Ñow velocity is directed radially away from the
jet apex, in the manner of SS 433 ; this may be suggested by
the trajectories of components K3, K4, K5, and K6 (G94).
Alternatively, the nozzle of the jet could change direction in
a more erratic fashion than for precession. Bends can also
occur in response to gradients in the pressure of the external
medium that conÐnes the jet. Another possibility, also sug-
gested for 0735]178 by G94, is that components only illu-
minate part of a broad jet funnel, giving the illusion of a
bent trajectory.

Each possibility for jet bending results in speciÐc predic-
tions. For example, in the case of erratic change in the

nozzle direction, knots should separate from the core fol-
lowing ballistic trajectories. For ballistic precession of the
nozzle, the di†erent sections of the jet should connect
smoothly, and the magnetic-Ðeld direction should relate to
the radius vector from the core, rather than follow the jet
curvature. For precession in which the Ñow velocity vector
changes direction with the jet axis, moving components
should follow the bends, as should the magnetic-Ðeld
vector. In addition, the Ñux density and apparent velocity of
the components should change as the angle between the
velocity and the line of sight vary, as in 4C 39.25 (Alberdi et
al. 1993). A precessing jet can be distinguished from one that
changes because of external pressure gradients by the
regular pattern of the bend, which should follow the
geometry of a helix in projection.

With only 41 days between our two epochs, the expected
motions of the components in the jet of 0735]178 lie
within the errors in our model Ðtting ; hence, we cannot yet
conclude whether components on these scales follow ballis-
tic trajectories or the direction of the jet axis. A ballistic
extrapolation of the position of the components observed in
G94 shows that ballistic motions could explain the
observed twisted structure for the jet. The information pro-
vided by the direction of the magnetic Ðeld, which follows
the bend near component B, suggests that the jet in
0735]178 precesses in such a way that the Ñow velocity is
parallel to the jet axis. Indeed, the curved jet axis is consis-
tent with the projection of a helix, which would have to
experience an increase in the helical wavelength beyond
component B to account for the rather straight jet observed
at larger scales (see G94). However, the interpretation of the
magnetic-Ðeld structure in B and in the jet between B and C
is not entirely clear. It may be that the magnetic Ðeld in this
part of the jet is associated with radial Ñow from the core
along di†erent position angles, and is longitudinalÈ
directed back toward the core, suggesting ballistic motion.

Further high-resolution polarimetric VLBI observations
of 0735]178 are necessary to measure proper motions and
determine whether the apparent twisted structure in this
source represents a common curved path for the jet Ñow or
a superposition of independently ejected ballistically
moving components. Such observations would also make it
possible to search for systematic changes in the jet emission
of the sort expected if the nozzle of the jet of 0735]178
precesses.
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