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ABSTRACT

The BL Lacertae object S5 18034784 has been monitored with very long baseline interferom-
etry at A = 3.6 cm in 43 epochs between 1986.21 and 1993.95. The motivation of this work is
to obtain statistically meaningful data with which to study the short-term structural variability
in the source on monthly time-scales. We present a detailed analysis of the structural evolu-
tion seen in the milliarcsecond-scale jet by way of model-fitting results. Within the simplest
identification scenario, the jet can be described as a bent chain of seven jet components within
0.2- and 3-mas separation from the core. New components seem to emerge almost regularly
(every 2 yr) from the core. Three jet components approach the brightest and so-called ‘sta-
tionary’ component (at ~1.4 mas at 8.4 GHz) with apparent superluminal motion of 8-11c.
In this paper, we show that the ‘stationary’ component (under the assumption that this is the
brightest jet component in each epoch) oscillates, and we discuss several possible explana-
tions. We show that a reconfinement shock can easily reproduce the observed most recent
oscillation of the ‘stationary’ component. We present evidence that the average jet ridge line is
significantly curved and discuss the possibility that the jet components follow a helically bent
path.

Key words: techniques: interferometric — BL Lacertae objects: individual: S5 1803+784 —
radio continuum: galaxies.

1 INTRODUCTION

With a time sampling of up to one observation per month, it is
possible to determine the trajectories and velocities of very long
baseline interferometry (VLBI) jet components with an accuracy
sufficient to trace the complex motion patterns seen in an increas-
ing number of radio sources (Krichbaum et al. 1994a; Zensus
1997). Previous VLBI-monitoring data sometimes suffered from
non-unique cross-identifications of VLBI components visible in
maps obtained at different observing epochs, particularly if these
components were moving faster than a few tenths of a milliarc-
second per year or travelling along bent or accelerated jets. The
probability of such misidentifications is clearly reduced in densely
sampled monitoring data, e.g. the geodetic data base, which be-
sides the X-band observations analysed here, also provides S-band
observations.

*E-mail: sbritzen @mpifr-bonn.mpg.de

Geodetic VLBI observations of quasars and BL Lacertae objects
are designed to determine earth rotation parameters and geophysical
crust motions, but they also provide a powerful data base for astro-
physical investigations of source structures and their variability on
milliarcsecond scales. Continuous monitoring of quasars started in
the late 1970s and since then various observing programmes have
gathered simultaneous dual-frequency (8.4 and 2.3 GHz) data over
various time-scales. Advantageously, the observational sampling
can be quite short, as in the case of International Radio Inter-
ferometric Surveying (IRIS) and IRIS-South (IRIS-S) campaigns
where monthly data are taken (e.g. Schuh 1989).

The astrophysical potential of this data base has only been partly
exploited until now. Because the accuracy of baseline and earth-
rotation parameter determinations has reached a limit where source-
structure contributions have become significant, there is substantial
interest to monitor and eventually correct for the source-structure
effects. The effects of source structure on group delays, which form
the fundamental observable in geodetic VLBI experiments, have
been investigated by Tang & Ronning (1988), Ulvestad (1988) and
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Charlot (1990a). Previous papers have reported on the astronomical
investigation of geodetic VLBI data and presented maps and model
fits (e.g. Schalinski 1985; Tang, Ronning & Baath 1987; Schalinski
et al. 1988a; Tang & Ronnédng 1988; Tang, Ronning & Baath 1989;
Charlot 1990b, 1992; Tateyama et al. 2002).

2 THE VLBI JET OF S5 18034784

S5 1803+784 is a BL Lac object with a redshift of z = 0.68
(Lawrence et al. 1986; Stickel, Fried & Kiihr 1993) and particularly
luminous emission lines (Lawrence et al. 1986). As an intraday vari-
able, it also shows rapid flux-density variations in the optical and
radio regimes (Wagner & Witzel 1995), on time-scales as short as
50 min in the optical (Wagner et al. 1990).

VLBI observations by Witzel and collaborators (e.g. Witzel et al.
1988) at different radio wavelengths reveal the complex morphol-
ogy of the milliarcsecond-scale jet of this source. As a member of
the complete S5 sample of 13 flat-spectrum radio sources (Witzel
1987), S5 1803+784 has been observed repeatedly at many frequen-
cies and angular resolutions since the late 1970s (e.g. Eckart et al.
1986; Eckart, Witzel & Biermann 1987; Witzel et al. 1988). High-
frequency VLBI observations of S5 18034784 at 22 and 43 GHz
monitor the motion of jet components located at smaller core sepa-
rations (r < 1.4 mas; Krichbaum etal. 1993). These inner jet compo-
nents move superluminally with expansion rates of 0.14 4= 0.04 and
0.07 £ 0.05 mas yr~!, with possibly variable angular speeds (0.02—
0.28 mas yr~!) along a curved path, suggesting helical motion
(Krichbaum 1990; Krichbaum et al. 1994b; Steffen et al. 1995;
Steffen 1997). The discovery of superluminal motion in S5
1803+784 solved the X-ray discrepancy that had persisted for many
years (Biermann et al. 1992). Such curved jet morphology is found
also at larger core separations from VLBI-maps obtained at 3.6 cm
(Britzen & Krichbaum 1995; Britzen 2002), at 6 cm (Britzen et al.
2005a) and at 18 cm (Britzen et al. 2005b).

On mas-scales, the source shows a pronounced jet with promi-
nent jet components located at relative core separations of 1.4, 5 and
12 mas (Eckart et al. 1986). Geodetic and astronomical VLBI data
gathered between 1979 and 1985 show that the component located
at 1.4 mas is apparently stationary (Schalinski 1985; Schalinski
et al. 1988a,b; Schalinski 1990). This finding has been confirmed in
geodetic X-band observations between 1983 and 1987 (Schalinski
et al. 1988b), as well as in 5-GHz VLBI observations between 1979
and 1985 (0.00 & 0.07 mas yr~', Witzel et al. 1988). Several au-
thors confirm this constant separation (e.g. Cawthorne et al. 1993).
Tateyama et al. (2002) however, based on 11 maps obtained at
8.3 GHz (geodetic VLBI observations) between 1988 and 1999,
find three superluminal components moving with an expansion rate
of 0.084 mas yr~! and one stationary component at 0.5 mas from
the core. In their identification scenario the ‘classical stationary’
component at 1.4 mas is moving.

Another remarkable property of S5 18034784 is the 76° differ-
ence in position angle between the parsec- and kiloparsec-scale jet.
Observations at 1.5 GHz by Antonucci et al. (1986) found a 2-arcsec
extension south-west of the core at position angle ® ~ —120°, as
well as a weak (8.6 mJy) secondary component ~45 arcsec away
at position angle ® ~ —166° south-south-west of the core, which
is presumably physically related to the BL Lac object. A deep Very
Large Array (VLA) B configuration image showing the large-scale
structure of this object has also been presented by Cassaro et al.
(1999). We describe the large-scale radio structure and the discov-
ery of the transition region between the pc- and kpc-scale jet in
Britzen et al. (2005b).
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Preliminary results concerning the X-band VLBI monitoring have
already been published in Britzen & Krichbaum (1995) and Britzen
(2002). Other investigations of the structure of S5 18034784 in-
clude, among others, Charlot (1990b), Fey, Clegg & Fomalont
(1996), Kellermann, Vermeulen & Zensus (1998), Gabuzda (1999),
Gabuzda & Cawthorne (2000) and Ros et al. (2000, 2001).

This is the first of a series of papers on the radio structure of S5
1803+784. In the second paper, we will concentrate on the descrip-
tion of the large-scale radio structure as seen in world array VLBI
observations at 18 cm and in VLBI observations at 90 cm, especially
the detection of the transition region between the pc- and kpc-scale
jet (Britzen et al. 2005b).

3 OBSERVATIONS AND DATA REDUCTION

For our analysis, we preferentially investigated data originating in
IRIS observations. This special campaign was undertaken to monitor
uTl and polar motion (Schuh 1989). The IRIS system has been
routinely providing the x and y components of polar motion with an
accuracy of better than =1 mas and UT1 to +0.05 ms.

In general about 15 sources, almost equally distributed in the sky,
are observed between 10 and 15 times for about 3 to 7 min each
during 24 h of observation. The data are recorded simultaneously
at 2.3 and 8.4 GHz in Mk III mode. Correlation of all data sets is
performed at the correlator of the Max-Planck-Institut fiir Radioas-
tronomie in Bonn by the members of the Geodetic Institute of the
University in Bonn.

The BL Lac object S5 18034784 has belonged to the programme
sources of this sample since at least 1983. In 1992.2, it was substi-
tuted by another source but then again inserted in 1994. Since 1994,
its u — v coverage has been reduced due to less observations per
day.

From the total of all IRIS and IRIS-S VLBI observations per-
formed on S5 1803+784, we selected 43 data sets observed at a
frequency of 8.4 GHz with at least three participating antennas. A
second criterion in this selection was achieving an almost uniform
distribution of observations over the 6-yr observing period from
1986.21 to 1993.95.

Table 1 lists the participating antennas, their diameters, and intro-
duces the abbreviations used in Table 2. The geodetic programme
name, the epochs of the observations, the observing arrays and the
number of scans, which might serve as an estimate for the u — v
coverage, are given in Table 2. Mapping and model fitting usually
are based on data acquired during a full # — v track of a source
by a VLBI array and on complete calibration information for each

Table 1. Abbreviations for the telescopes in Table 2.

Abbreviation Antenna Size (m)
WT Wettzell, Germany 20
D DSN-Madrid, Spain 34
ME Medicina, Italy 32
N Noto, Italy 32
(6] Onsala, Sweden 20
M Mojave, USA 12
HR Ford Davis, USA 25
R Richmond, USA 16
WS Westford, USA 18
G Gilcreek, USA 25
SE Seshan, China 25
K Kashima, Japan 26
HA Hartebeesthoek, South-Africa 26
FO Fortalezza, Brasilien 14.2
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Table 2. Details about the investigated epochs.

Experiment Epoch Array Number of scans
IRIS313 1986.21 HR-O-WS-WT 308
IRIS316 1986.25 HR-O-WS-WT 404
IRIS345 1986.65 HR-O-WS-WT 293
IRIS359 1986.84 HR-O-WS-WT 348
IRIS366 1986.94 HR-O-WS-WT 338
IRIS390 1987.26 HR-O-WS-WT 373
IRI1S422 1987.70 HR-O-WS-WT 318
IRIS457 1988.18 HR-O-WS-WT 455
IRIS464 1988.28 HR-O-WS-WT 464
IRIS468 1988.33 HR-O-WS-WT 443
IRIS477 1988.46 HR-O-WS-WT 181
IRI1S492 1988.66 HR-O-WS-WT 251
IRIS496 1988.72 HR-O-WS-WT 250
IRIS506 1988.85 HR-O-WS-WT 262
E.ATL-5 1988.95 D-ME-O-WS-WT 295
IRIS513 1988.95 HR-WS-WT 78
IRIS531 1989.20 HR-O-WS-WT 231
IRIS540 1989.32 HA-O-WS-WT 259
IRIS-P30 1989.72 G-K-M 69
IRIS-S26 1990.08 M-WS-WT 37

SHAWE90A 1990.25 K-SE-WT 99
IRIS-S29 1990.31 M-WS-WT 97
IRIS-S30 1990.38 M-WS-WT 104
IRIS-S31 1990.48 M-WS-WT 65
IRIS-S32 1990.54 M-WS-WT 43
IRIS-S33 1990.61 M-WS-WT 42
IRIS-S34 1990.74 M-WS-WT 23
IRIS-S37 1990.94 HA-M-R-WS-WT 65
IRIS-S39 1991.12 M-WS-WT 100
IRIS-S40 1991.23 M-WS-WT 103
IRIS-S41 1991.31 M-WS-WT 106
IRIS-S42 1991.34 M-N-WS-WT 43
IRIS-S43 1991.44 M-WS-WT 89
IRIS-S44 1991.54 M-N-WS-WT 127
IRIS-S45 1991.59 M-N-WS-WT 148
IRIS-S46 1991.67 M-N-WS-WT 123
IRIS-S47 1991.82 M-WS-WT 131
IRIS-S48 1991.86 M-WS-WT 130
IRIS-S49 1991.94 M-WS-WT 110
IRIS-S51 1992.15 M-WS-WT 111
IRIS-S52 1992.19 M-WS-WT 104
IRIS-S54 1992.34 M-SE-WS-WT 176
IRIS-S73 1993.95 HA-FO-WS-WT 80

radio telescope. Although the u — v coverage is sparse (though
uniform across epochs) and gain curves, as well as simultaneous
flux-density data, are not available in astrometric/geodetic experi-
ments, it has been recently demonstrated that such experiments can
provide valuable maps (Britzen et al. 1999, 2000). A careful and
cautious calibration is indispensable for the reliability of the results.

The system temperatures and sensitivity at each radiotelescope
were combined to produce correlated flux densities by the usual
VLBI calibration scheme. For the initial amplitude calibration of
the data, the sensitivity of each station was approximately estimated
from the VLBI data acquired on 4C39.25. This source is included in
the geodetic sample and its structural evolution at different frequen-
cies is well known from astronomical observations (Marcaide et al.
1989; Alberdi et al. 1993a,b). After data export from the correlator,
the data were transferred into the California Institute of Technology
VLBI Reduction Program (CIT-package) and were analysed us-
ing the standard procedures provided within this package (Pearson
1991).
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Figure 1. A CLEAN map of S5 18034784 (epoch 1991.23) at 8.4 GHz is
shown. The complex jet structure extends beyond the inner 3 mas discussed
in detail in this paper. Components at larger core separations have not been
considered further here.

The data analysis of each observation was done in several steps.
Starting from a point-source model, we mapped the source using the
standard phase self-calibration and CLEAN algorithms. In parallel, we
fitted elliptical Gaussian components to the visibilities. Starting in
each case from a single-component model, the agreement between
model and data was improved by adding further components to
the model. Depending on data quality and u — v coverage, we ob-
tained models with typically five to eight Gaussian components,
providing final component parameters and error estimates for the
individual jet components. Structure associated with all of the el-
liptical Gaussian model components was also seen in the CLEAN
maps. The Gaussian parameters include flux density, position rel-
ative to the VLBI core, component size, axial ratio and orienta-
tion. The parameters obtained via model fitting are given in Britzen
(1997). The values and errors of the parameters of the individual
components were estimated from a comparison between alternative
Gaussian component models fitted to the same data set and from a
comparison between model fits and maps: as typical relative errors
we obtained ~20 per cent for the flux density, £0.15 mas for the
relative core separation, ~15 per cent for the component size and
5°-10° for the position angle relative to the core. Additionally, we
calculated the parameter errors using the program ERRFIT, which is
also implemented in and provided by the CIT-package. These er-
rors seemed to be more realistic because the errors for each data
set are calculated independently from all the others. We used these
errors as plausible estimates of the real error in the diagrams pre-
sented below. We show a CLEAN map describing the complex jet
structure of this source in more detail in Fig. 1. The jet of 1803
+ 784 clearly reveals more jet components than discussed in this
paper. In Fig. 2, we show the model-fit results for 40 epochs for the
jet components within 3 mas of core separation. We have chosen
to fold the model fits with a circular beam of 0.5-mas size. This
simplifies a comparison of the results for the different epochs and
reproduces the observational situation best with mostly circularly
shaped beams of this size. The high declination of this source leads to
almost circular beams, even in the extreme case of a purely east—west
array.

4 RESULTS

Consistent with observations at other frequencies (Eckart et al. 1986,
1987; Schalinski et al. 1988b; Witzel et al. 1988), we obtain a

© 2005 RAS, MNRAS 362, 966-974
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Figure2. Model-fitresults for S5 18034784 for the time 1986.21-1992.34.
Jet components within ~3 m as core separation are shown. Details concern-
ing the model-fit parameters are listed in Britzen (1997). The size of the
circular beam is 0.5 mas.
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Figure 3. (a) The jet components in S5 18034784 and the kinematics of
their core separation as a function of time between 1986 and 1994. (b) The
position angle distribution as a function of core separation. The brightest
jet components A, B, C and D from 43 epochs are included. To guide the
eye, we plot a least-squares fit of a sinusoid function to the data (solid
line).

one-sided core-jet structure, consisting of seven components ori-
ented mainly along a position angle of 270°.

The identification of the jet components was done in two steps.
First, a component located at r = 1.4 mas could be identified as
the so-called ‘stationary’ component (Schalinski et al. 1988b). We
labelled this component A. The prominence of the flux density of the
VLBI core and component A, which is about 5 times brighter than
the remaining jet components individually, facilitated the second
step of identifying the remaining jet components on the basis of their
relative positions. In Fig. 2, we show the results of fitting Gaussian

Table 3. The linear regression coefficient, the standard error and the appar-
ent velocity for each of the ‘moving’ components.

Component Proper motion Stand. err. Bapp
(mas/year) (mas/year)
B 0.225 0.019 8.7¢ +£0.7¢
C 0.285 0.027 11.lc £ 1.1c
D 0.201 0.038 7.8¢ £ 1.5¢
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Figure 4. The evolution with time of the core separation (dashed line) and
the size of the major axis (solid line) of the bright component A is shown.
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Figure 5. The core separation of component A (lower line) and the total
flux density as observed by the Michigan monitoring programme at 8.4 GHz
(upper line) as function of time.

models to the observed visibilities for 40 selected epochs (1986.21—
1992.34) for the inner 3 mas from the core. Fig. 3(a) shows the
core separation as a function of time for all seven jet components.
Fig. 3(b) shows the position angle distribution as a function of the
core separation (the ‘path’) for the brightest jet components A, B,
C and D. The average position angle increases (starting at a core
separation of ~0.2 mas) and reaches a maximum at a core separation
of 0.75 mas followed by a return to the original position angle at 1.5
mas. To calculate the apparent speeds (see Table 3), we did not take
the curvature into account.

Three inner jet components B, C and D seem to separate from the
core with apparent speeds of B, = 8.7¢ & 0.7¢, Bapp = 11.1c =
1.1c and B.p = 7.8c £ 1.5¢, respectively, as listed in Table 3.
We calculated the apparent velocities from the proper motions as-
suming cosmological parameters that were taken from the WMAP
data (Spergel et al. 2003; h = 0.71, Quh? = 0.0224, Q,h* =
0.135).

Adjacent to the bright component A, three much fainter compo-
nents X, Y and Z can be found. Significant deviations from appar-
ent stationarity is seen for component A, with its position shifting
between r ~ 0.7 mas and r ~ 1.5 mas (see Fig. 3).

We can distinguish three ‘core approaching events’ (hereafter
CAE) in Fig. 3. In the first two CAEs, the time A spends close to the
core is very short, while the third CAE takes longer and is defined
by many more epochs. A ‘approaches’ the core whenever a new
component seems to just have emerged from the core or is going
to emerge from the core. Component D is not seen any more after
apparently reaching the same core separation as A, while component
B can still be traced later on.

In Fig. 4, we compare the motion of component A with its ma-
jor axis. From inspection of this figure, it is obvious that minima
in core separation correlate with maxima of the major axis of this
jet component, although the increase in the size of the major axis
seems to trail slightly. The core separation of jet component A and
the total flux density of S5 18034784 (Aller, private communica-
tion) also show correlated behaviour: larger core separations seem
to correlate with a larger total flux density (see Fig. 5). The flux
density of component A alone instead shows some evidence for
an anticorrelated behaviour: smaller core separations correlate with
larger component flux densities (see Fig. 6b). The jet components
B, C and D show almost constant flux densities with time, as seen in
Figs 6(c)—(e). The flux-density stability of the components B, C and
D is atypical because most jet components reveal an exponential de-
cay in flux density with increasing core separation (e.g. Homan et al.
2002).

In Fig. 7, we present the motion parametrized in rectangular co-
ordinates X(r) and Y(#). For components B, C, D and A, we derive
a fit to the component offsets X(¢) and Y(¢) from the position of the
core. The form of the fitting function is selected individually for
each component and for each coordinate for each component in or-
der to give the best representation of the data so the fits adequately
represent the observed bends in the trajectories.

Based on the data presented in the previous sections, we can
divide the jet components into two groups: (i) the inner jet com-
ponents that have apparent superluminal, clearly outward directed
motion; and (ii) the ‘formerly stationary’ component A that reveals
CAE:s. The jet component at even larger core separations (Z, r ~
1.5 mas) seems to remain at the same core separation with some
evidence for similar oscillatory behaviour as in A. Components X
and Y show slight evidence for outward motion. However, because
of the large position errors, the motion of these jet components is
less well constrained. In Fig. 8, we plot X and Y with the same
symbol to stress the possibility that these might belong to the same
component.

5 DISCUSSION

The results presented above rely upon the simplest identification
scenario where the brightest component in all epochs is identified
with component A. Based upon these assumptions, justified by the
fact that A has been found to be the dominant jet component in
many previous observations (e.g. Schalinski et al. 1988b), we find

© 2005 RAS, MNRAS 362, 966-974
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Figure 6. (a) The total source flux density of 18034784 (stars) as well as
the flux density of component A (black filled squares). (b—e) Both the core
separation (solid black line) and the component VLBI flux density (dotted
grey line) at 8.4 GHz of 18034784 as a function of time for the individual
jet components A to D, respectively.
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the coexistence of components that move superluminally and at
least one component that oscillates or is stationary in the bent jet
of S5 1803+784. The mean jet axis as defined by the brightest jet
components A, B, C and D reveals significant curvature.

For several sources, coexistence of superluminal and stationary
jetcomponents has already been observed: for example, the superlu-
minal motion of a component lying between stationary components
in 4C 39.25 (Alberdi et al. 2000) and 3C 395 (Simon et al. 1988),
or several superluminal components in 0735+178 (Gabuzda et al.
1994).

This coexistence of superluminally moving and stationary jet
components can be explained within relativistic time-dependent hy-
drodynamical models (Agudo et al. 2001) as a result of the interac-
tion of the superluminal component with the underlying jet. Multiple
conical shocks form behind the main perturbation. Those appear-
ing closer to the core could be identified as stationary components.
4C39.25 is the most prominent source known for the simultane-
ous existence of stationary and moving components. Alberdi et al.
(2000) interpret the stationary feature in 4C39.25 as a bend in the jet
trajectory in a plane different from the observers plane. The moving
feature is according to them a shock turning around the bend. A
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Figure 8. X versus Y coordinates of the identified jet components within
3-mas core separation are shown. This is to stress the fact that individual
components like A, X and Y tend to populate certain parts of this diagram
while others (like B and D) tend to move within this diagram. Based on this
plot, we do not rule out that X and Y belong to the same jet component.

source similar to 4C39.25 has been found in the quasar 13384381
by Bouchy et al. (1998).

We do not want to rule out the possibility that the three CAEs in
S5 18034784 might be caused by different physical mechanisms.
Several scenarios to explain the observed first and second oscillation
of jet component A are possible.

(i) The jet component identification is wrong: instead of identi-
fying the brightest jet component as component A, we might have
identified it (at times of smaller core separation) as the jet compo-
nent approaching component A. It is also possible that we failed
to model an additional component, which would easily explain the
increasing major axis when A approaches the core (again a blending
effect). However, Z shows similar behaviour to A, which makes this
possibility less likely.

(ii) Blending of components unresolved by the interferometer
beam at X-band: component A is a blend of several individual com-
ponents that move (see Krichbaum et al. 1993).

(iii) Apparent shifts of the self-absorbed flat-spectrum VLBI core
used as the fiducial reference in the images at each epoch: the ap-
parent correlation of two of the minima of core separation observed
for A and also evident for Z, coincident with the appearance of the
components B in ~1988.5 and C in ~ 1990.5 (see Fig. 3) seems
to support the hypothesis of a shift of the core position. If the core
shifts due to blending effects caused by the emergence of new jet
components, however, such position offsets must be visible for all
components. This is not the case (i.e. components X and Y, which
do not show similar CAEs).

(iv) The core is moving physically: this should then be detectable
by phase reference observations, which have been carried out by
Pérez-Torres et al. (2000). However, this would imply other prob-
lems because components X and Y are quite stable.

(v) Intrinsic motion: A moves in the rest frame of the source on
an orbit perpendicular to the motion of the other jet components
and thus approaches or separates from the core in the observer’s
frame. It is possible, that two sorts of jet components exist, moving
‘normal’ jet components that move on helical paths away from the

core. In addition, A might represent a part of the jet, possibly bent
towards us, where we see into the jet at a different angle.

Based on VLBI polarization observations (including the space tele-
scope HALCA) at 5 and 1.6 GHz, 18034784 reveals a smoothly
bent jet structure, with the magnetic field transverse all along the
jet (Gabuzda 2000), reflecting the toroidal component of a helical
magnetic field associated with the VLBI jet of this source. We do
not rule out the possibility, that the motion of A is caused by this
field.

In the following chapter, we discuss the most likely mechanism
to explain the third observed oscillation of A.

5.1 Reconfinement shocks

The following analysis is based on a simplified treatment of recon-
finement shocks (R-shocks) in jets (Beckert et al., in preparation).
The third ‘event’, between late 1989 and the beginning of 1992 can
be understood according to Beckert et al. as a reaction of an R-shock
(Sanders 1983) to changes in the kinetic jet power Q. In a hydrody-
namics scenario of jet propagation, the jets can either be confined
or unconfined by the pressure in the ambient medium. A jet, which
starts out in pressure equilibrium with its surroundings, breaks free
if the external pressure decreases more rapidly than P o z72
(z is the distance from the origin of the jet along the jet axis). This
situation can appear in Bondi-like accretion flows within the accre-
tion radius of the central black hole. Beyond the accretion radius,
the pressure gradient is expected to have a much larger scalelength.
Hence, the pressure drops much more slowly and the jet will be
reconfined. As a consequence, an R-shock forms inside the highly
supersonic jet. The shock starts at the jet boundary at z, and extends
to the jet axis where it terminates at z,. The expected shape of the
R-shock is derived in Komissarov & Falle (1997). For a power-law
pressure distribution P = Py(z/z¢)"" in the ambient medium, the
termination point is given by

. es 1/
2= |z + " (D
with the parameter
1/2
4= - (DO @)
0 1Qu, '

where the exponent § = 1 — 1/2 in equation (1) is related to the
pressure gradient, ® is the half-opening angle of the jet before
the shock, u; is the pre-shock 4-velocity, I'; the Lorentz factor of the
bulk motion and p & 17/24 a constant according to Komissarov &
Falle (1997).

Beckert et al. (in preparation) associate the emission region of
stationary or quasi-stationary components with z, when practically
all jet material has passed the R-shock. For the reconfinement to be
effective, the pressure gradient must be flatter than n = 2, which
implies that § is positive. In the following, we assume 1 = 1.5.

5.2 The motion of quasi-stationary jet components

According to equation (1), the position of the stationary R-shock,
which we interpret as a jet component, depends on the parameter A.
Secular changes of A will lead to a motion of z;, which can be due
to changes in the jet power Q. The stationary component (A) would
approach the core for a decreasing Q (see equation 2) and a further
episode of increasing Q could move the component outwards again.
Beckert et al. (in preparation) perform simulations of the reaction

© 2005 RAS, MNRAS 362, 966-974
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Figure 9. Interpolation of weighted mean position of component A. A weak
disturbance with AQ = —0.150Q and large width §z = 0.4 travels along the
jet. The bulk Lorentz factor of the jet is I'j = 10, which is also the velocity
of the disturbance. During the time interval in which two shocks are present,
the position moves quickly towards the core and travels outwards again in
the wake of the disturbance.

of R-shocks to gaussian perturbations of AQ = —0.15Q travelling
with I" = 10 along the jet, taken to be the same as that of the jet flow.
The projected width of the disturbance is 0.4 mas and is assumed
to be constant. For a perturbation with sharp edges, an analytic
instantaneous approximation is shown in Fig. 9, where it is assumed
that the whole R-shock reacts instantaneously to the appearance
of the perturbation. A new R-shock forms at a smaller distance,
while the old R-shock survives and disappears when the information
of the perturbation has reached the old z,. Therefore, the reaction
is delayed when compared to the instantaneous approximation and
a weighted mean position for the component A as seen in Fig. 9 is
used.

All motions associated with the reaction of R-shocks are changing
patterns and the velocities of A in Fig. 3(a) are pattern speeds. In
addition, the fast backward jump of A shown in Fig. 9 is a blending
effect of two R-shocks, one fading and one newly appearing and
taking over.

The theoretical model presented above quite nicely reproduces
the observed third CAE. However, because the first two oscilla-
tion events show a significantly different signature, we can not rule
out that other processes might be at work as well. Further insight
might come from combining observations taken at different radio
frequencies. For a more detailed treatment of a possible R-shock in
18034784, we refer to Beckert et al. (in preparation).
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