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Abstract. From 2 epochs of VLBI observations, we present the
first 43 GHz maps of 3C 273 with an east-west resolution of 0.1
mas corresponding to 0.18pc (H, = 100kms~'Mpc~! and
go = 0.5). After an optical/infrared flux density outburst in
March 1988, also observed in the mm-region, a new component
appeared close to the core (at a radial distance r = 0.2mas).
Reobservation of 3C 273 after 9 months revealed a more complex
core-jet structure indicating superluminal expansion with ap-
parent speed f,,, = 5.5+ 0.8. The ejecta appear at position
angles relative to the core different from those of older compo-
nents, seen at larger distances, suggesting motion along curved
trajectories. The combination with data from the literature sug-
gests a quasi-sinusoidally curved ridgeline of the jet near the
core. We further identify a superluminally moving component at
r ~ 3mas with a feature previously denoted C8. Its observed
path coincides, within the measurement errors, with the curved
trajectory of the earlier component C7, visible at frequencies
below 43 GHz. A possible explanation of the jet oscillations is
an intrinsic three-dimensional (helical) bending of the trajectories
of the jet components.

Key words: interferometry — 7mm-VLBI - quasars: 3C273 —
relativistic jet physics — radio variability

1. Introduction

A primary goal of mm-VLBI observations is the investigation of
the generation and evolution of powerful radio jets of active ga-
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lactic nuclei (AGN) in regions very close to the “central engine”.
The bright quasar 3C273 (m, = 13, z = 0.158) exhibits violent
activity and is a well-known superluminal source. The high
degree of activity from the radio to the X-ray band in combina-
tion with the relative proximity of the source favour its investi-
gation with mm-VLBL. It is now possible for the first time to
investigate the unresolved and (at cm wavelength) compact cen-
ter of activity (the core) and the jet emerging from it with a spatial
resolution of 0.18 pc (adopting H, = 100kms™!Mpc~! and
qo = 0.5), corresponding to a beamsize of 0.1 mas which we obtain
with current VLBI at 43 GHz. This allows the investigation of
the motion of jet components and the determination of their tra-
jectories in regions very close to the core. Thus, direct images
become available from regions otherwise accessible only by in-
direct methods.

At frequencies below 5 GHz, VLBI images of 3C273 show a
50 mas long, slightly curved jet with a complex brightness distri-
bution. There are indications that the motion of some super-
luminal components in this jet follow a common fixed, curved
trajectory (Cohen et al., 1987, hereafter Co87; Zensus et al., 1988,
hereafter Z88, Zensus et al., 1990a, hereafter Z90). Millimeter-
VLBI with its higher resolution allows us to trace this bending
even closer to the core.

In 1985, Marcaide et al. first detected transatlantic fringes
with VLBI at 43 GHz on several bright sources, including 3C 273.
In 1986, the source was again observed during an experiment
primarily aimed at imaging 3C 84 (Dhawan, 1987; Bartel et al,,
1988). Owing to the sparseness of the data obtained for 3C273
and the technical problems arising at mm-wavelengths, these ex-
periments yielded only crude estimates of the source structure.

In this paper, we present 43 GHz images of 3C 273 at epochs
1988.48 and 1989.19, obtained from VLBI-observations made
shortly after a large flux density outburst in the optical/infrared
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band in March 1988 (Courvoisier et al., 1988). These are the first
VLBI images of 3C273 at this frequency and they show that
rapid structural changes occurred after this outburst.

2. The experiments

The observations of 3C 273 were performed on June 25, 1988 as
part of a scheduled 7mm-VLBI experiment, and in an ad hoc
experiment on March 8-9, 1989. The primary aim of the first
experiment was the imaging of 3C 84 and 3C 345 with the best
possible uv-coverage. 3C 273 was scheduled in gaps between the
observation of 3C 84 and 3C 345, at times that coincided with
its best common visibility by both European and American tele-
scopes. Because of the lack of common visibility, the antenna at
Nobeyama (Japan) was not scheduled to observe 3C273. Thus,
the source was observed with a 4 station sub-network [Bonn (B),
Onsala (T), Haystack (K), Maryland Point (N)] starting on June
25 at 18200 UT for 4 hours and earlier that day on the K-N base-
line for 4 hours, starting at 0*00 UT. The good results of the first
experiment led to the second, ad hoc observation of 3C 273. In
this VLBI experiment, the source was observed with the best
possible uv-coverage in order to check the previous results and
to look for structural variability. Five stations [B, T, K, Owens
Valley (O) and Nobeyama (X)] observed 3C 273 from March 8,
20"30UT until March 9, 14"15UT. In addition, the source
1803 + 78 (e.g., Schalinski et al., 1987) was observed as a calibrator
before, during, and after the observations of 3C 273. The experi-
mental setup and the characteristics of the 7-mm VLBI network
are described by Krichbaum, 1990b, and also by Zensus et al.,
1990b.

3. Data reduction and analysis

VLBI observations at 43 GHz can still be regarded as pioneering
work. Changing weather conditions, short integration times,
sparse uv-coverage, and technical difficulties with receivers and
telescopes make such observations far from routine. We therefore
elaborate here on the data reduction and analysis.

The data were recorded using the MkIII VLBI system (Rogers
et al., 1983) with a bandwidth of 56 MHz (mode A). Each scan
had a duration of 13 min. The observations were made at a center
frequency of 43222.99 MHz with left circular-polarized feeds.
The data were correlated, fringe fitted, and analyzed at the Mk ITT
correlator of the MPIfR in Bonn (for a description of the stan-
dard data reduction see, e.g., Alef, 1988a). Since 3C273 was
unusually bright (S,36n, = 28.6Jy) and compact during the first
experiment, we could detect strong fringes on each baseline inde-
pendently with signal-to-noise ratios (SNR) up to 462 on the
short baselines and not less than 8 on any baseline.

As a test, we additionally recorded the data with the smaller
bandwidth of 2 MHz, using the MkKII VLBI system (Clark, 1973).
Not unexpectedly, some sensitive baselines (BT, BK, TK, and
KN) also showed good MKII fringes.

Short timescale (¢t ~ 2s) phase fluctuations of the SMHz
reference signal from the hydrogen maser at Onsala (T) during
the second experiment (1989.19), resulted in coherence losses on
all baselines to this station, and a station-phase correction for
Onsala was necessary. Since at 43 GHz the structure visibility
phase from a source with several milliarcseconds extent is much
smaller than the phase noise introduced by the atmosphere, we
used the 2-second visibility phases on the short, sensitive baseline

B-T (where the fringes were always sufficiently strong despite the
loss of coherence) as a measure of the Onsala-maser phase fluc-
tuations and corrected the visibility phases of the remaining base-
lines involving T, thus recovering most detections (Krichbaum,
1990b). We note that this phase correction is station-dependent
and therefore does not affect the closure-phases and the source
structure. Station-dependent phase corrections cause only a shift
of the visibility phases including T, but in the closure triangles
this shift cancels.

The data were then segmented into 200 s intervals. For each
of these segments, closure relations for fringe rate, single-band
delay, and multi-band delay were computed. The data were then
global-fringe-fitted following the method of Alef and Porcas
(1986), which considerably improved the data quality and low-
ered the detection threshold. For the experiment of 1989 global-
fringe-fitting resulted in detections on all baselines with SNR > 5,
with the exception of three low-elevation scans on the baselines
B-O and T-O which had SNR < 4. Due to their low SNR the
latter scans were not accepted as detections and were conse-
quently not used in the imaging process. After fringe fitting, the
Mk ITI-data were segmented into time intervals corresponding
to the length of the coherence time, ie. 26s (13 times the pre-
integration time of the correlator of 2s). This was found to lead
to amplitude losses below 10% for all baselines, although for
some scans the coherence time was much longer.

At mm-wavelengths the atmosphere strongly influences the
measurements, and therefore special care was taken in the ampli-
tude calibration of the VLBI data. Before and during the VLBI
experiments we determined the flux density scale with the 100m-
telescope in Effelsberg by reference to the planets (Mars, Venus,
Jupiter, and Saturn). Before and after each 13 min VLBI scan,
the system temperature T,,, was measured at all telescopes. An-
tenna temperature measurements and pointing scans in gaps
between two adjacent VLBI scans were used to derive time- and
elevation-dependent gain corrections. At some stations (B, T,
and X) the optical depth of the atmosphere was determined from
T,,, measurements as a function of elevation (“sky dips”). With
this information the elevation-dependent atmospheric absorp-
tion was incorporated into the calibration.

The 26-second data were edited and hybrid maps were made
in the usual way, using the MPIfR-Hybrid Mapping Package
(e.g., Alef et al., 1988b; Witzel et al., 1988, and references therein).
Additionally, the data were exported into the Caltech VLBI-
Package, where they were incoherently averaged for 160s and
Gaussian components were fitted to the data (model fitting).
CLEAN- and Maximum-Entropy maps were made with the
averaged data (in the Caltech-package), which gave similar re-
sults to the previously derived maps from the unaveraged data.
To check the calibration, we compared the station-dependent
effective gain factors to those derived from maps and models
of 3C84, 3C345, and 1803+ 78 at the same epochs (see e.g.
Krichbaum, 1990c). On the basis of this comparison and the in-
spection of the closure amplitudes of 3C 273, we found no severe
calibration errors (>20%) for any of the sets of data. Since the
amplitude calibration for Maryland Point (N) for the first epoch
observations was more uncertain than for B, T, and K, we also
made maps and models while allowing the gain of N to vary
(time-dependent amplitude self-calibration). Because three clo-
sure amplitudes were available in 1988.48, gain corrections for
N could be derived and applied to the data. The source structure
derived from data self-calibrated in this way does not differ signif-
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Fig. 1a. 43GHz CLEAN-map of 3C273, epoch 1988.48. Contours are
2, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, and 90% of the peak flux density
(10.3 Jy beam ~ ). The restoring beam is 0.5 x 0.1 mas, P.A. = —11°. The
NS elongation of the beam is artificially reduced by a factor of 3

icantly from the previously derived structure, but sidelobes and
noise in the maps are reduced. Since 3C 273 has a declination of
é = +2°, observations with the current 7mm VLBI network re-
sultin an elongated beam for this source, which gives high resolu-
tion in the east-west direction (~ 0.1 mas) but low resolution in
the north-south direction (~ 1.5mas in 1988.48 and ~ 1.0 mas
in 1989.19). For a representation of the source structure more
pleasing to the eye, we show in Fig. 1a and b the CLEAN-maps
restored with a beam artificially reduced in NS elongation. We
decided to limit the size of our maps to a field of view which is
appropriate to the quality of the data. The CLEAN-maps (Fig.
1a and b) therefore include only components close to the core
(r < 1 mas).

Owing to the sparseness of data and the uncertain errors at
mm-wavelengths, the maps have a low dynamic range, and may
exhibit spurious low-brightness features or may be affected by
unrecognized sidelobes. Our discussion therefore will be mainly
based on the results of model fits, which are more reliable than
maps in the case of sparse uv-coverage. However, the representa-
tion of the basic structure of the source in the maps is consistent
with the model fits. We obtained a quantitative description of
the source structure (measurement of the flux densities and posi-
tions of the components visible in the maps) by fitting a number
of elliptical Gaussian components to the data, using the model-
fitting program of the Caltech-package. The detailed form of the
visibility amplitudes and the closure phases' suggests that the
data can be most simply represented by the models given in
Table 1a and b. To ensure that the observed structural differences

! In contrast to previous 7mm VLBI experiments, which gave
essentially little or no closure information for 3C 273, the mea-
surement of these closure phases is mainly responsible for the
fact that we were able to make maps and obtain well-defined
model fits.
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Fig. 1b. 43 GHz CLEAN-map of 3C273, epoch 1989.19. Contours are
5, 10, 15, 20, 30, 40, 50, 60, 70, 80, and 90% of the peak flux density
(5.2Jybeam ™). The restoring beam is 0.5 x 0.13 mas, P.A. = —7°. The
NS elongation of the beam is artificially reduced by a factor of 2

in the maps are not caused by differences in the uv-coverage at
the two observing epochs, we investigated the influence on the
visibilities of hypothetical components, hidden in gaps of the uv-
coverage. In the region (0.3 < r < 1.5) mas, an extended elon-
gated component with a flux density of ~4Jy may be hidden as
low-level jet emission in the map of 1988.48. We can exclude that
this emission is concentrated in one single bright, compact jet
component, because of the observed form and amplitude scale
of the visibilities. We adopt the commonly accepted scenario of
the ejection of a jet component from an unresolved core and its
subsequent motion along the jet.

A comparison between the total flux densities of 3C273
during the VLBI experiments [S,3u(1988.48) =28.6]y,
S4360(1989.19) = 24.7 Jy] and the measured flux densities in the

Table 1a. Model fit parameters (epoch 1988.48)

Comp. Flux r PA. FWHM
Uyl [mas] [’ [mas]

1 184+16 O 0 0.22 + 0.06

2 28+ 12 0234006 246739 0.23 +0.10

3 1.1+04 28 +02 238+ 5 0.19+0.10

Table 1b. Model fit parameters (epoch 1989.19)

Comp.  Flux r PA. FWHM
[y] [mas] [’ [mas]

1 134+21 0 0 0.26 + 0.06

2 1.84+02 0244006 271+14 010+ 0.04

3 14403 0554010 253%5 0.10 + 0.04

4 53+06 081+002 24545 0.23 + 0.06

5 09+02 33 +02 223 +10  0.74 £ 0.20
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model fits, reveals that 80 to 90% of the total flux density is
detected in our experiments. The missing flux density can be at-
attributed to extended and resolved jet emission outside our field
of view. An additional component not shown in the maps (Fig.
la and b), at a distance from the core of r = 2.8 mas (1988.48),
later r = 3.3 mas (1989.19), was found by model fitting. This com-
ponent introduces a smooth curvature into the model closure
phases of the data of 1988.48 and a much better fit to the B-T
visibility amplitude in the data of 1989.19. The fact that for both
epochs of observation this component is at a position expected
from 10.7 GHz (Co87) and recent 22 GHz observations (Z90) is
a strong argument for the reality of its existence. Table 1 shows
the parameters of the Gaussian components from the model fits
to the two epochs of observation (flux density, position, and the
FWHM of the major axis). Errors are estimated formally (from
the least square fit algorithm) and during the model-fitting proce-
dure by using slightly different calibrated and edited datasets
and starting models. From these two methods, the more conser-
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vative error estimate was taken. Figure 2 displays the fit of the
models to the observed visibility amplitudes and closure phases.

4. Discussion

3C 273 underwent large, rapid infrared and optical flares between
late February and early April 1988 (Courvoisier et al.,, 1988).
During this period of enhanced acitivity, several events with
amplitude increases of up to 409, on time scales as short as some
days were observed. The flare with the highest amplitude oc-
curred on March 10, 1988. We will use this data as the reference
epoch of the outburst (1988.19).

At the same time the flux density at 230 GHz and 90 GHz
increased rapidly (H. Steppe, priv. comm.). At 90 GHz an increase
in flux density by a factor of at least ~ 1.5 (Syogu, = 16.5Jy on
February 12, 1988 and Sgogy, = 25Jy on March 8§, 1988) in
At < 24d was measured (H. Steppe, priv. comm.). Such rapid
flaring at this high frequency implies a brightness temperature
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Fig. 2a and b. The visibility data, epoch 1988.48 and 1988.19. The measured visibility amplitudes and closure-phases with superimposed model fit
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of T%CH2 > 11-10'2 K, exceeding the inverse-Compton limit of
T = 10'2K (Kellermann and Pauliny-Toth, 1969) by at least
an order of magnitude. This suggests relativistic Doppler boost-
ing (e.g. Cohen and Unwin, 1984) in the variable core with a
Doppler boosting factor D > 2.2. The spectral index ¢s,906H,
(S oc v?¥) of the total flux density of 3C 273 flattened dramatically
from —1.1 (November 1987) to —0.15 (June 1988). At 43GHz
the total flux density reached a first maximum in June 1988
(S43guz = 30.4Jy), and remained at this relatively high level at
least until 1988.5 (Abraham, 1990, hereafter A90). At 37 GHz an
increase in flux density from a minimum value of S;,gy, = 16Jy
in 1988.12 to a maximum of S;,6y, = 35Jy in 1988.68 is clearly
visible in the data of the Metsdhovi flux density monitoring pro-
gram (Valtaoja et al., 1988 and references therein; E. Valtaoja,
priv. comm.). From this change in flux density we calculated a
brightness temperature of T37°H? = 6-10!2 K, indicating that the
brightness temperature decreases with decreasing frequency. A
pronounced flux density maximum at 22 GHz, which peaked
around 1988.92 (A90) may be interpreted as the time-delayed
propagation of the flare through the spectrum. Thus the major
characteristic of this outburst is a very rapid growth in amplitude
over a wide frequency range (from the optical to the radio band).
A comparable outburst with similar characteristics also occurred
in 1983 (Robson et al., 1983; Robson et al., 1986) and has been
interpreted as a shock wave passing through a relativistic jet
(Marscher and Gear, 1985; Valtaoja et al., 1988).

The ejection of new superluminal components into a pre-
existing jet is usually thought to be triggered by enhanced activity
of the “central engine”. It is observed for many AGN that the
total flux density of the source and/or that of the compact VLBI
core increases when a new VLBI component appears (e.g., BL
Lac: Mutel and Phillips, 1987; 0836+ 71: Krichbaum et al.,
1990a). However, observations of the structural variability of jet
regions near the core soon after major flux density outbursts are
still rare.

The time lag between the March 1988 IR/optical outburst
and our detection of a new component at » = 0.2mas is 108d,
indicating that the new component was ejected with an angular
velocity p = 0.8 masyr~!, comparable to that of C7 and CS8.
Comparison of the maps in Fig. 1a and b shows clearly an in-
crease in size of the envelope of emission near the core, also sug-
gesting motion with a similar velocity. From the second epoch
observation in 1989.19, the brightest secondary component,
which accounts for the major features of the visibilities, is com-
ponent 4 in Table 1b, at a radial distance r = 0.8 mas from the
core. If we identify this component with the 0.2 mas component
from 1988.48, the resulting angular motion of x = (0.82 + 0.12)

Table 2. Position changes of the inner jet components

7

masyr~! and the extrapolated “zero spacing time” ¢, =

(1988.2 + 0.2) yr strongly suggest that a new component, which
we now label C9 (according to the established nomenclature),
was generated during the preceding flare and is now moving out-
wards with apparent superluminal speed of f,,, = 5.5 + 0.8 (see
Table 2).

The map in Fig. 1b shows additional components in the
region between C9 and the core, at distances r = 0.24 mas and
r = 0.55mas (components 2 and 3 in Table 1b). An identifica-
tion of one of these components with the 0.2 mas component of
1988.48 (component 2 in Table 1a) seems not plausible, since the
resulting apparent velocities would be much lower than expected
for this source and the extrapolated times of zero separation
cannot be attributed to pronounced flux density changes.

Structural changes close to the core (r < 0.3 mas) of 3C273
were also detected in previous 43 GHz snapshot experiments
from 1985, 1986, and 1987 (Marcaide et al., 1985; Dhawan, 1987;
Bartel et al., 1988). From these data we find that an increase of
the correlated flux density on long baselines was accompanied
by a general flattening of the total source spectrum. However,
because of the limited data available and the probably complex
source structure no models or maps could be made for these
early observations.

Independent evidence for emission close to the core at posi-
tion angles similar to those we observed [P.A. ~ (240 — 260)°]
is also provided by recent 100 GHz VLBI measurements (Epoch
1988.21) of 3C273 (Baath, 1990). These observations show at
least two secondary components close to the brightest feature
(possibly the core) at » ~ 0.1 mas and r ~ 0.25mas. Thus, from
independent and closely spaced VLBI observations at 43 and
100 GHz, a core-jet structure oriented in east-west direction is
confirmed consistently. The above numbers also suggest a pos-
sible, though speculative identification of the component at
r = 0.1 mas with C9.

As mentioned above, the brightness temperature of the source,
derived from its variability at 90 GHz, exceeds the inverse
Compton limit by a factor of >11. Assuming that the jet com-
ponents move at an inclination angle i, to the observer’s line
of sight which maximizes the observed apparent superluminal
velocity f,,,, @ minimum Lorentz factor y,,;, = 5.5 and a Doppler
factor of D =971 (1 — Bcosiy,,) ! = 11 is derived. This is con-
sistent with the lower limit of D calculated from the flux density
variability. Using the parameters of the core derived from the
model fit (see Table 1a, component 1), a brightness temperature
of at least 2.5-10'' K is calculated for the epoch nearest to the
outburst, decreasing to 1.3-10'* K in 1989.19, indicating now a
decreasing activity of the “central engine” of 3C273.

Comp. to u Basp d(P.A))/dr Comment
[yr]? [masyr™'] [degmas™!]
C4 19760 £ 0.6  0.99 + 0.24 6.6 + 1.6 —0.8+0.5 U85, Co87
CS5 1978.6 + 0.2 1.20 + 0.03 80+ 0.2 —15+0.6 Uss, Co87
C7 1982.0 + 0.2 0.59 + 0.05 40+0.3 2.7 +0.9° Co87, 290, A90
C8 1984.6 + 0.2 0.76 £+ 0.05 51403 1.8+13 790, A90, this paper
Co9 1988.2 + 0.2 0.82 +0.12 55+0.8 —19 + 36 This paper

# Zero spacing epoch extrapolated from a linear regression analysis.

b Using components C 7a and C 7b.
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On the assumption that the core emission is dominated by
synchrotron radiation from a self-absorbed homogeneous sphere
(with turnover frequency v,,,, > 43 GHz), a magnetic field B >
(2-5)-10"2D G (with Doppler factor D ~ 10) is derived. From
the optical variability, Courvoisier et al. (1989) derive a magnetic
field B =0.7G in the core, assuming synchrotron cooling close
to the cut-off frequency. Thus both results for the field strength
are of the same order of magnitude for the adopted value of
the Doppler factor. A very similar magnetic field strength of
B ~0.15-1.0G has also been derived by Marscher and Gear,
1985 for the IR/mm-flare of 3C273 in 1983. This suggests that
the magnetic field in the proximity of the core is relatively high
and may be dynamically important, i.e., could be responsible for
the observed curved trajectories in the jet.

The component at r = 2.8 mas (component 3 in Table 1la)
and at r = 3.3 mas (component 5 in Table 1b) may be identified
with component C 8 in the 10.7 GHz maps of Co87. This identi-
fication is supported by the 22 GHz observations (Z90). From
those data, the distance of C 8 from the core can be linearly extra-
polated to our observing epochs. The extrapolated positions
agree very well with those measured by us. In Fig. 3 we plot the
separation of the components C 5, C7, C8, and C9 from the core
versus time (Unwin et al., 1985, hereafter U8S; Charlot et al.,
1987; Co87, Z90, and Zensus, priv. comm.), together with the
new 43 GHz data for C8 and C9 (enlarged symbols). To each
component we fitted a straight line. Table 2 summarizes the re-
sulting angular motion u [masyr™'] (Table 2, col. 3), apparent
velocity B,,, = v,,,/c (Table 2, col. 4), and the extrapolated “zero
spacing time” ¢, (the time for which r = 0, Table 2, col. 2). Formal
errors are given from the regression analysis. From these data,
the observed angular velocity u of the components ranges be-
tween 0.6 and 1.2mas yr~ !, with no evidence for acceleration or
deceleration for each component. It is obvious that different
components exhibit different velocities.

For 3C273 a correlation between flux density outbursts in
the high frequency radio regime and the appearance of new
superluminal jet components is suggested by our observations
and the published observational data. The extrapolated time of
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Fig. 3. The expansion diagram for the jet components. Separation versus
time is plotted for components C 5 through C9. Symbols denote different
frequencies. Open circles 8.4 GHz (Charlot et al., 1987), open triangles
10.7 GHz (Co87; Zensus, priv. comm.), open squares 22 GHz (Z90), filled
squares 43 GHz (this paper). From regression analysis, fit lines are super-
imposed. The separation rate is shown for each component. Extrapolated
“zero spacing epochs” are indicated by filled circles on the time axis

origin for each of the jet components C4 to C9 (see column 2
in Table 2) coincides well with the beginning of increases in flux
density, which are visible in the radio lightcurves of 3C273
(43 GHz and 22 GHz: Botti and Abraham, 1988; 37 GHz and
22 GHz: Salonen et al, 1987). The typical amplitudes of these
outbursts are 4S,,q4, = 8 — 15Jy. Less well pronounced flux
density increases can also be seen in the data at lower frequencies
(e.g. at 10.7 GHz: Aller et al., 1985; Haddock et al., 1987). The
time lag between the beginning of an outburst (defined as the
minimum of flux density closest to a subsequent pronounced flux
density maximum) and the subsequent maximum in flux density
is typically 4t,, = (0.4 — 0.8) yr (at 43 GHz and 22 GHz). Adopt-
ing a typical angular velocity of yu ~ 0.8 masyr~! for a newly
expelled jet component, the distance at which the total flux den-
sity of the source becomes brightest is of order r,,, = p 4t ~
(0.3 — 0.6)mas. This is in quantitative agreement with the evolu-
tion of C9. The brightness temperature of C9 nearly doubled
while this component moved from r = 0.2mas to r = 0.8 mas.
Even allowing for possible calibration errors, this increase re-
mains significant. From observations at lower frequencies which
are sensitive to somewhat larger core distances (r = ry,,), Co87
and Z90 report that secondary components decay in brightness
as they move out. Thus it seems reasonable to assume that in
3C273 after a flux density outburst the ejected component is at
first self-absorbed and becomes optically thin in a later stage of
evolution. In the region r < r,,, the opacity probably decreases
with time and therefore with r, causing the observed brightening
of C9. On the basis of the 22 GHz data of earlier components
(Co87,790) a decay in flux density could be expected for r > 1.,
but further VLBI observations are required to follow the spectral
evolution of C9.

In the case of C9 a correlation between t, and the time of
an IR/optical flare is highly probable; however, due to more mea-
surements available now for C7, we cannot confirm the correla-
tion of a similar IR/optical flare in early 1983 (Robson et al,
1983; Robson et al., 1986) with this component. Possible explana-
tions could be that either this flare did not produce any observed
VLBI component, or that such a component was short-lived or
merged with another component. Co87 find an additional com-
ponent C 7b next to C 7 at 10.7 GHz. The extrapolated zero spac-
ing time for C 7b from only 3 epochs of observation is (1982.1 +
1.1) yr, marginally coincident with the epoch of the 1983 flare.

In a simple model, flux density outbursts indicate rapid
changes in the density distribution of the radiating synchrotron
electrons, which could result in a relativistic shock (“blast-") wave
(Blandford and McKee, 1977; Begelman et al., 1984), propagating
into an already existing relativistic jet. Following such a primary
shock, which here may be attributed to the brightest jet compo-
nent (C9), additional weaker shocks are not unexpected in the
post-shocked regions (Norman et al., 1983), especially if the cen-
tral energy-supplying machine remains active on a reduced level.
Such continuing activity is suggested by the relatively high level
of the total flux density of 3C 273 at 43 GHz between 1988 and
1989 (A90). Thus the radiation from the fainter intermediate jet
components (components 2 and 3 in Table 1b) could be assigned
to this activity. We further note that the optical/infrared outburst
was composed out of several flares, which also could introduce
a more complex shock pattern, leading to the observed bright-
ness distribution. Further flux density monitoring combined with
high frequency VLBI monitoring is necessary to obtain further
constraints on the model.
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Fig. 4. The bending of the inner VLBI-jet. The location of the centroids
of the jet components of 3C273 in a plot of position angle versus core
distance. Symbols denote different jet components; open squares are for
C4 and CS5, open circles for C7, triangles for C8 (filled triangles from
the 43 GHz experiments), filled diamonds for C9, asterisks for two new,
not yet identified 43 GHz components. Data not from 43 GHz observa-
tions are from U85; Co87, Z90 and Zensus, priv. comm. The 43 GHz
data are marked by enlarged filled symbols

The jet of 3C273 is well pronounced, partially sinusoidally
oscillating and extends out to at least 20” (Z88; Davis et al.,
1985). To measure the ridge line of the VLBI jet, we combined
all available data from the literature with our observations. Fol-
lowing Co87, we display in Fig. 4 the position angle P.A. of the
jet components with respect to the core versus their distance r
from the core. A linear regression analysis yields the formal rate
of change d(P.A.)/dr, a measure of the curvature of the trajectory
of each component. Table 2, column 5 summarizes this result.
From Table 2 and Fig. 4 the components C4 and C5 seem to
move on a common curved trajectory, with P.A. decreasing with
increasing distance. In contrast, the P.A. increases with distance
for the components C7 and C8 (1 mas < r < 4mas). For these
two components, the data are consistent with a common curved
trajectory, which may however be different from that of C4 and
C5. The large errors on the P.A. of C9 do not allow us to esti-
mate its path accurately. However, as is obvious from the maps,
the jet of 3C273 bends from P.A. ~260° at r = 0.2mas to
P.A. = 245° at r = 0.8 mas. This is indicated by straight lines
added to Fig. 4. The P.A. may decrease with increasing r within
(0.2 < r < 1)mas. More data are needed to follow the path of
C9 and those of the additional components at r = 0.24 mas and
r = 0.55mas (Table 1b). In order to display the bending in 3C 273
more clearly, we divided Fig. 4 into bins of width Ar and aver-
aged the values of the P.A. for all components within each bin.
The resulting histogram is shown in Fig. 5. Since only few data
are available for r < 0.8 mas, the jet bending in this region must
still be regarded with some care. The occurrence of bending along
the entire jet is not unexpected since the source also displays
pronounced bends on larger scales (see e.g. the 5GHz map in
Z.88). Figure 5 then measures the ridge line of the inner jet, which
appears as a quasi-sinusoidally varying track.

Three-dimensionally (e.g. helically) bent jets should display
differential Doppler boosting [that means a Doppler factor vary-
ing as a function of the local inclination angle i to the observers
line of sight of the jet components, D(i) =y~ *(1 — fcosi)™!]
and therefore velocity changes f,,,(i) of components along the
jet. In Table 2 the apparent velocities f,,, of components C9 to
C4 are summarized. Although the errors are large a systematic
variation of f,,, seems obvious. The velocities of C9 to C7 de-
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Fig. 5. The mean ridgeline of the jet. The binned and averaged position

angle (see text) of the jet components in Fig. 4 plotted versus the distance
from the core

crease from 5.5¢ to 4.0c. The velocity of C5 is quite high (8.0c)
whereas the velocities of the older components C4 and C 3 again
are lower (C4: 6.6¢, C 3: 5.3¢; U 85). Recent observations indicate
that for component C2 the velocity is higher than for C4 and
C3 (B.pp = 6.7 — 8.7,Z88). Thus there is some evidence for a
periodic or at least quasi-periodic variation of f,,, within the
VLBI components of 3C273. An oscillating jet axis with alter-
nating changes of the mean jet inclination i + 4i of 4i ~ a few
degrees may explain the apparent variation of f,,,. From Fig.
4, the curvature in the motion of C7 and C8 is d(P.A))/dr ~
+(2 — 3)°mas ™! while that of C5, C4, and C3 is d(P.A.)/dr ~
—(1 — 2)°mas ™! (see Table 2, Co87, Z88, and references therein).
In regions r < 0.8 mas the curvature is probably negative. These
changes of sign of d(P.A.)/dr with r, in combination with the
possible velocity gradients along the jet for the different compo-
nents, suggest motion along a helical path.

Motion along curved trajectories is so far established only
for 3C 345 (Biretta et al., 1986). 7mm-VLBI observations in com-
bination with VLBI observations at lower frequencies (especially
at 22 GHz) suggest, that strongly bent jets in regions close to
the core are a common phenomenon and appear not only in
3C 345 (Krichbaum, 1990b; Zensus et al., 1990b) and 3C 273, but
also in 3C84 (Krichbaum, 1990b and 1900c; Readhead et al,,
1990; Marr et al., 1990) and 1803 + 78 (Krichbaum, 1990b and
1990c).

The oscillations and bends of jets may be interpreted as due
to Kelvin-Helmholtz instabilities (e.g., Hardee, 1987), by preces-
sion of the central source of energy (e.g., Roos, 1988) or by
models involving magnetized jets (Camenzind, 1986; Konigl and
Choudhuri, 1985). Motion along curved trajectories is not ex-
pected for precessing jets, where components should move bal-
listically. In relativistic jets, hydrodynamical instabilities are
expected and may be responsible for apparently curved paths.
To allow for component motion along a fixed and curved path,
the lifetime of the instability must be longer than the interval
between the appearance of new jet components, so that adjacent
jet components encounter the same physical conditions and are
deflected in a similar manner. Instabilities tend to disrupt a jet.
An instability in regions very close to the core must be so weak
that the jet is not disrupted or recollimation must occur. Other-
wise, long and pronounced jets (as is the case in 3C273) would
not be observable.
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On the other hand, motion along fixed curved paths may be
interpreted within magneto-hydrodynamical jet models, in which
the magnetic field determines or influences the jet propagation.
Such a scenario is supported by polarization VLBI measure-
ments (Roberts and Wardle, 1987), and by the relatively large
magnetic field strengths deduced for the core region of 3C273.
Assuming for example a helical magnetic field geometry, the ob-
served strong bending of the jet and the motion of the VLBI
components along fixed trajectories at parsec and sub-parsec
scales may reflect the field geometry. The observed sinusoidal
bending, which is larger at smaller distances from the core, may
then be indicative of a magnetic field structure, twisted by rota-
tion of its generator (Camenzind, 1986; Camenzind, 1989).

5. Summary

The first 43 GHz images of 3C273 are presented. The source
exhibits rapid evolution towards a complex jet structure. A new
superluminal jet component (which we label C9) is detected in
two epochs of VLBI observations at 43 GHz. This component
has been attributed to the large IR /optical outburst in early 1988
and the associated increase of the flux density in the radio band,
which was observed in early 1988. Additional jet components,
closer to the core than C9, indicate either a continuing enhanced
activity of the core, or require more complicated jet physics. The
investigation of the expansion graphs (Fig. 3) of components C4
through C9 leads to a correlation between “zero spacing times”
with the beginning of total flux density increases at mm-wave-
lengths. '

The position of the new component C9 relative to the core
differs from the direction to the outer jet. The latter displays
transverse oscillations at lower frequencies (Z88). Taking into
account the new 43 GHz data, a possible quasi-sinusoidal bend-
ing (bends followed by reverse bends) of the jet within (0.2 < r <
14)mas is indicated (see Figs. 4 and 5). A possible systematic
variation of the apparent velocities of the jet components C2 to
C9 supports the hypothesis of an oscillating jet axis.

The identification of C8 at 10.7 GHz (Co87; Zensus, priv.
comm.), 22 GHz (Z90) and 43 GHz leads to apparent super-
luminal motion along a curved trajectory, similar to that of the
earlier component C 7. Superluminal motion along curved trajec-
tories in a bent jet is also seen in 3C 345 (Biretta et al., 1986;
Zensus et al., 1990b) and is still neither well understood nor
established for many sources. Further monitoring of 3C273 at
mm-wavelengths will clarify how the components seen at 43 GHz
move outwards and whether they follow the path defined by
previously ejected (older) jet components.
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