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ABSTRACT We present the first direct measurements of
bidirectional motions in an extragalactic radio jet. The radio
source 1946+708 is a compact symmetric object with striking
S-symmetry identified with a galaxy at a redshift of 0.101.
From observations 2 years apart we have determined the
velocities of four compact components in the jet, the fastest of
which has an apparent velocity of 1.09 h'-c. By pairing up the
components, assuming they were simultaneously ejected in
opposite directions, we derive a lor lower limit on the Hubble
constant, Ho > 42 km-s-l'Mpc-'.

Observations of motion in a source where the intrinsic velocity
can be determined provides a direct measure of the distance
to that source. Lynden-Bell (1) first suggested that the Hubble
constant (Ho) could be determined from observations of
superluminal extragalactic radio sources. He assumed a light-
echo model in which oppositely directed components moved
away from a common origin at a velocity of c. These ideas were
extended to two-sided jets with an intrinsic velocity (3 = v/c by
Pelletier and Roland (2). Unfortunately, such twin-sided sources
are extremely rare among active galactic nuclei (AGN).

In the course of observing the 193 sources in the second
California Institute of Technology-Jodrell Bank survey (3, 4)
with a global very long baseline interferometry (VLBI) array,
we have discovered one source, 1946+708, with jet compo-
nents apparently moving away in opposite directions from the
central engine. This source is one of a family of compact
symmetric objects (CSOs) comprising -10% of sources in
complete flux-limited samples selected at high frequencies (5).
The CSOs are defined as sources less than 1000 parsecs (pc; 1
pc = 3.086 x 1016 m) in size having emission on both sides of
the central engine. Morphologically, nearly all CSOs have two
steep-spectrum hot-spots and/or lobes and some have a flat-
spectrum core. This morphology is remarkably similar to that
of well-known high-power radio galaxies like Cygnus A.
Among Fanaroff-Riley II sources with typical sizes of 100 kpc,
radio jets of emission are commonly found, although counter-
jets are much more rare. The jets are believed to deliver energy
from the central engine to the hot spots.

Previously known twin-sided jets on the parsec scale are 3C
338 (6), 3C 236 (7), and possibly Cygnus A (8). To date,
bidirectional motions have not yet been seen in any of these
sources, although 3C 338 appears promising (G. Giovannini,
personal communication). Bidirectional relativistic motions in
the jets of the galactic sources SS433 (9) and possibly Cygnus
X-3 (10) have been known for some time. SS433 regularly
shows oppositely directed jet components with velocities of
0.26 c (11). Recently, two other galactic sources associated with
transient x-ray sources and having relativistic radio jets have
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been detected: GRO J1655-40 (12) and GRS1915+105 (13).
All four of these galactic jets have morphologies that are
similar to the morphology of 1946+708, although they are
smaller by a factor of >10-4'.

Stickel and Kuhr (14) report a redshift, z = 0.101, for 1946+
708 and identify it with an 18.0 visual magnitude galaxy.

Observations and Data Reduction

The first VLBI observations of 1946+708 were made on
September 24, 1992, using a global array of 15 antennas (3).
The second epoch observation was made on September 15,
1994, in a similar fashion, although with only 12 antennas. The
telescopes used include those in the European VLBI Network,
the Very Long Baseline Array (1), the Very Large Array (1),
the NRAO 140-foot,* and the Haystack Observatory. At both
epochs the source was observed for a total of 1 hr split into
three snapshots of 20 min each, widely separated in hour angle.
The VLBI observing frequency was 4.992 GHz and a 2-MHz
bandwidth was recorded, using the Mark II system. All data
were correlated with the Jet Propulsion Laboratory (JPL)
California Institute of Technology Block II correlator. The
calibration, fringe-fitting, and mapping of both epochs were
performed as described by Taylor et al. (3).

In Fig. 1 we show the two 5-GHz images. The rms noise in
the second-epoch image, 0.61 mJy per beam, is twice that in the
first epoch, 0.32 mJy per beam, owing to the loss of several
sensitive antennas, including the 100-m at Effelsberg. Model-
fitting of eight gaussian components to the self-calibrated
visibility data was performed on each epoch, using DIFMAP (15,
16). The components for each epoch are given in Table 1 along
with velocities relative to Cl derived by fixing the shapes after
fitting to the first, higher-quality, data set and then allowing
each component to move freely and vary in flux density in
order to fit the self-calibrated visibility data of the second
epoch. The positions of all components are given with respect
to the center of the source, defined as the midpoint between
components Cl and C8. This midpoint is <0.2 mas from the
intersection point of the line connecting C5 and C6 with the
line connecting Cl and C8. The reduced x2 of the fit between
the model and data is 1.03 and 1.05 for the first and second
epochs, respectively. The errors in the velocities have been
estimated from the signal-to-noise ratio and size of each
component.

Comparison of the Two Epochs

The striking S-symmetry (Fig. 1), and the absence of a strong
compact component at either end, suggest that the center of

Abbreviations: AGN, active galactic nuclei; VLBI, very long baseline
interferometry; CSOs, compact symmetric objects.
*The National Radio Astronomy Observatory (NRAO) is operated by
Associated Universities, Inc., under cooperative agreement with the
National Science Foundation.



11382 Colloquium Paper: Taylor et al.

1946+708 24/09/92

Kj ~~~~~~~0
.oC3 C2 Ct.

4C8

50 PC

20 0 -20
Relative right ascension, mas

._o
E

0
iu
c

73
a
VaO
Cu

20

0

-20

M..,. 0 -. I. .,..a

ie1946+7088 0 ,. Ot.; 15/09/94

fo :: 2o

0
'0

-'" o * %- ': t 0 .PC

20 0 20
Relative right ascension, mas

FIG. 1. The first- and second-epoch 4.992-GHz VLBI images of 1946+708. The synthesized beam is drawn in the lower left-hand corner and
has dimensions 1.33 x 1.04 milliarc seconds (mas) in position angle 6.6°. The eight components derived from model-fitting are labeled Cl through
C8 on the first-epoch image. The observed proper motion vectors are plotted for all components with significant motions (C4-C7). The motions
have been exaggerated by a factor of 10 to make them more readily visible. Contours are drawn at - 1, 1, 2, 4, 8, 16, 32, 64, and 128 mJy (Jy, jansky;
1 Jy = 10-26 W.m-2*Hz-1) per beam with negative contours drawn as dotted lines.

activity is located midway between the two extended outer
components, C3 and C8, and is most likely located between
components C5 and C6. Three other well-studied CSOs,
0108+388, 0710+439, and 2352+495 [Conway et al. (17), Read-
head et al. (5), and G.B.T., A. C. S. Readhead, and T.J.P.,
unpublished data], showing S-symmetry all have a centrally
located core component. In 1946+708 we identify the strongest
component Cl, where the structure makes an apparent 900 turn
and becomes much less collimated, as a hot-spot. The hot-spot at
the southern end of the source (C8) is much weaker, although
there does appear to be a turn through 900 at this end as well.
The formal motion between the two hot-spots is 0.08 ± 0.19

mas/year. To improve upon this model-fit estimate we made
tapered maps of 1946+708 at both epochs and found that the
change in the relative separation of the centroids of the two
hot-spots (C1+C2 and C8) is 0.05 ± 0.13 mas over 1.97 years.
Our 3(r limit on the relative motion of the two hot-spots is
<0.92h-1c. We make the simplifying assumption that the
strong northern hot-spot, labeled Cl, is stationary.

For the choice of Cl as a reference, and for most other
choices of an absolute reference, the motions of C4 and C5,
compared to C7 and C6, respectively, indicate a bidirectional
expansion about the center of symmetry between C5 and C6.
Though it is possible to remove the bidirectionality of the jet
components by referring all motions to C7 instead of Cl, this
both breaks the symmetry of the source and results in a rapidly
advancing hot-spot. Regardless of the absolute registration
chosen, the separation of components C4 and C7 increases, as
does the separation between components C5 and C6. To
illustrate the motions of components C5 and C6 we show a slice
in Fig. 2 along the jet direction for the maps from both epochs.
From Fig. 2 it is clear that C5 has moved away from C6 by a
substantial fraction of its width and that both C5 and C6 have
dropped in flux density.

Constraints on the Hubble Constant

For two jet components moving in opposite directions away
from a common origin along an axis at an angle to the

Table 1. Gaussian models and proper motions

S, r, a, Motion, Direction,
Component Jy mas 0, ° mas b/a (F, 0 mas/yr °

C1 0.140 15.86 24.0 0.93 0.74 48.9
0.120 15.86 24.0 0.93 0.74 48.9 Reference

C2 0.123 15.72 25.9 2.15 0.55 75.8
0.127 15.69 26.1 2.15 0.55 75.8 0.03 ± 0.04 143

C3 0.076 17.37 36.3 7.82 0.29 79.6
0.061 17.45 35.4 7.82 0.29 79.6 0.14 + 0.13 38

C4 0.100 8.74 37.0 3.12 0.25 25.6
0.089 9.08 36.6 3.12 0.25 25.6 0.18 ± 0.04 28

C5 0.063 0.92 49.3 1.29 0.10 46.3
0.043 1.41 51.0 1.29 0.10 46.3 0.24 + 0.03 54

C6 0.038 0.99 -138.7 0.86 0.37 25.7
0.033 1.05 -142.9 0.86 0.37 25.7 0.05 ± 0.03 165

C7 0.055 6.63 -148.8 1.26 0.45 19.3
0.053 6.75 -149.2 1.26 0.45 19.3 0.07 ± 0.03 -171

C8 0.034 15.93 -156.0 5.04 0.15 57.3
0.027 15.79 -156.2 5.04 0.15 57.3 0.08 ± 0.19 46

Parameters of each gaussian component of the model brightness distribution. S, flux density; r and 0, polar coordinates of
the center of the component relative to an arbitrary origin (chosen to be between C5 and C6), with polar angle measured from
north through east; a and b, major and minor axes of the full width at half maximum contour; and 0, position angle of the
major axis measured from north through east. For each component the first line corresponds to the fit to epoch 1992.73 and
the second line to epoch 1994.70. Velocities of the components are measured assuming Cl is stationary. The speed of light
corresponds to a motion of 0.225 mas/yr for Ho = 100 km s-1'Mpc-1, and qo = 0.5.
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line-of-sight at a velocity f3, their apparent separation rate,
A1sep, iS

2,Bc sin 0
-LseP=Da(l + z)(1 - p32cos20)' [1]

where Da is the angular size distance to the source and z is the
redshift. We will assume that qo = 0.5, although this choice is
unimportant given the low redshift of 1946+708. The ratio of
distances from the origin at any given time is given by

da {1 + 83 cos 10d:_+ ~~~~~~~~[2]
dr t1 - ,B cos 0J[

where da and dr are the distances of the component from the
origin on the approaching and receding sides.

If the jets are moving relativistically then there will be
significant Doppler boosting of the radiation field from the jet.
This boosting of the flux density on the approaching side, Sa,
compared to that on the receding side, Sr, has the dependence

Sa 1 +_3cos 0 k-
Sr \1 - X3cos [3]

where a is the spectral index, k = 2 for a continuous jet
component, and k = 3 for a discrete jet component. While the
spectral index for the individual components is not yet known,
it is probably not too different from the integrated value of
-0.6 obtained from single dish measurements at 5 and 8.4
GHz. In this case the observed flux ratio of component C4 to
C7 yields 13 cos 0 in the range 0.08 to 0.12 ± 0.03 for k = 3 to
2, which is in fairly good agreement with the value obtained
from Eq. 2 using the ratio of their separations from the
assumed origin, ,B cos 0 = 0.15 + 0.03. Since the precise values
of k and a are unknown, we adopt the latter value. This
provides a lower limit on 13 of 0.12 (when 0 = 0) and an upper
limit on 0 of 830 (when 13 = 1).

In Fig. 3 we plot for Ho = 42, 55, 68, and 100 km s-1 Mpc-
the dependence of 13 on 0 (from Eq. 1) based on the observed
separation velocity of PUsep = 1.11 + 0.26 h-c for components
C4 and C7. We also plot the dependence of 13 on 0 based on
the observed arm-length ratio of C4 and C7 (Eq. 2). For Ho =
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FIG. 2. An 8-mas-long slice along the jet axis containing compo-
nents C5 and C6 for each of the two images (labeled by year of
observation).

100, the intersection is at a large angle to the line-of-sight (0
- 750) with a moderate value of 13 - 0.56. A given choice of
Ho yields solutions for 0 and 13 Alternatively, choosing 13 fixes
0 and Ho. Note that the restriction that 13 < 1 corresponds to
a maximum angle solution of 0 = 81°, and a lower limit on Ho
of 55 + 13 km s-l Mpc-1. If we apply the same value of 13 cos 0
to the C5-C6 pair, then a similar analysis yields a lower limit on
Ho of 57 ± 13 km s-1'Mpc-1. If in fact we were to assume highly
relativistic jets with 13 - 1, which are frequently found in
high-luminosity AGN, then the above limits on Ho become direct
determinations.
The unification scheme in which quasars and high-

luminosity radio galaxies are drawn from the same population
but viewed at different angles (18) is consistent with 0 > 450
for 1946+708, since its emission line properties are typical of
a narrow-line radio galaxy (7). The absence of a dominant core
component at radio frequencies also favors a large angle to the
line-of-sight. This viewing angle then implies that the 900 bends
seen on both sides of the source are intrinsic and not due to
projection effects.
A potential difficulty in the above analysis is that the velocity

ratios of C4 to C7 and C5 to C6 should be the same as their
arm-length ratio (Eq. 2). The arm-length ratio of C4 to C7 is
1.32 + 0.19, while their velocity ratio is 2.6 ± 1.0. These values
are only marginally consistent within the lr errors quoted. For
components C5 and C6 the arm-length ratio is difficult to
determine, since the exact location of the core is not known,
and the flux ratio may be contaminated by the presence of an
as-yet-unidentified core component. The velocity ratio be-
tween components C5 and C6 is large: 4.8 + 3.0, albeit rather
uncertain. With further observations, the accuracy of the
velocity ratios should improve rapidly.

Evolution of the Jet Components

Assuming that the components C4 and C7 were ejected at the
same time and have kept a constant velocity, their age at the
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FIG. 3. The jet velocity (13) plotted against the inclination of the
source (0) measured from the line-of-sight to the jet axis. The solid
lines represent the constraint 13 cos 0 = 0.15 ± 0.03 from the
arm-length ratio of components C4 and C7 (Eq. 2). The heavy dashed
lines show the constraint from the observed separation velocity,
h- I/.sep, for C4 and C7 with h = 0.42, 0.55, 0.68, and 1.0, where h =
Ho/100 km-s-l Mpc-1 (Eq. 1). If 13 = 1, then h = 0.55 + 0.13, where
the uncertainty in h stems from an =24% uncertainty in the mea-
surement of /L-sep.
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time of the discovery was 65 years. The age of C5 and C6 is 7.4
years, with an ejection date of 1983.31.
With only two epochs it is not yet possible to determine

whether the jet components are moving ballistically or in a
curved channel. The S-symmetry of the source is strongly
suggestive of precision which, in its simplest form, would
predict ballistic motions. While the current data do not yet
warrant a detailed application of a kinematic model such as
that applied to the well-studied galactic jet SS433 (11), it is
alreaidy clear that the precession periods of any such model will
be quite short (<200 years) compared to the period expected
for a stable binary black hole in the model proposed by
Begelman et al. (19).
The analysis in Constraints on the Hubble Constant suggests

that the jet components in 1946+ 708 are only mildly Doppler
boosted. Therefore they have a greater intrinsic surface bright-
ness than the jets found in larger radio galaxies or even in
typical parsec-scale core-jet sources.

Conclusions

We present the first observations of bidirectional motions in an
extragalactic radio jet. We use these observations to place a lo-
lower limit on Ho of 42 kmis 1 Mpc-1. If the jets in 1946+ 708
have velocities similar to those found in one-sided high-
luminosity AGN (13 1), then the Hubble constant is 55 ± 13
kmms-l Mpc- 1

Further observations are in progress using the Very Long
Baseline Array in order to (i) locate a core component, (ii)
determine absolutely the positions and motions of the jet
components, and (iii) refine the relative motions in 1946+ 708.
These observations will lead to improved constraints on the
Hubble constant. By following the trajectories of the jet
components we will be able to test the existence of precession
which has been frequently invoked for extragalactic radio
sources but never demonstrated kinematically.
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Propulsion Laboratory/California Institute of Technology Block II
Correlator for their assistance. This work was supported by the

National Science Foundation under Grants AST-9117100 and AST-
9420018.
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