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ABSTRACT

WC present, highresolution VLBI radio images of the closest classical radio

galaxy, Centaurus A, including the highest resolution image yet for this source.

‘1’he images were made from data obtained over a period of approximately 8 yr

at the frequencies of 2.3, 4.8, and 8.4 GHz with the Southern IIemisphere VLBI

Experiment (SHEV13) array and at 2.3, 8.4, and 22.2 GHz with the VLBA. We

give complete details of the data reduction and analysis procedures.

l’he sub-parsec-sca]e structure of Centaurus A is complex, consisting of a

bright, jet and a fainter counterjet. q’he bright jet contains components which

have sub-luminal speeds of approximately 0.1 c and undergo irregular episodes

of rapid internal evolution. The rapid evolution sometimes observed could be

interpreted as evidence for an under] ying jet flow much faster (>0.45c) than

observed from the proper mot ion of components (~0, 1c). Considering the

large-scale morphology of the source, the motions and temporal variations in

the jet, and the detection of a counterjet, we conclude that the axis of the

(kmtaurus A jet lies between N50° and ~80° to our line of sight.

WC find that the estimated times of component ejection from the compact

core are reasonably coincidmcent with enhancements in harcl X-ray intensity

and 22 GIIz flux density.

III the context of the radio-galaxy population Centaurus A is a low-luminosity

FR-I-type source and in general has the properties observed in other FR-I radio

galaxies. Overall, the observations of Centaurus A presented here, and from

other investigations, are consistent, with the idea that sources with an FR-I

appearance are not aligned with our line of sight and have relativistic flow on the

sub-parsec scale. l’he apparently sub-luminal sub-parsec-scale jet components

are interpreted as being slow patterns on the relativistic flow.
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S’ubjccf headings: Galaxies: Active, individual (NGC 5128, Centaurus A, PKS

1322–427) -- Radio Continuum: Galaxies -- Methods: lntcrferometric
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1. INTRODUCTION

Centaurus A (PKS 1322–427, NGC 5128) is the closest classical radio galaxy, at a

distance of approximately 3.5 hlpc (Hui et al. 1993). It was one of the first radio sources

to bc identified with an extragalactic object (Bolton, Stanley, and Slee 1949) and is one

of the brightest extragalactic radio sources in the sky with an integrated flux density of

681 -+ 34 Jy at a wavelength of 6 cm (Junkes et a]. 1993). Its proximity offers excellent

spatial resolution at the source in return for high angular resolution observations; 1 mas

corresponds to approximately 24 light days and 1” corresponds to approximately 20 pc.

Including the results presented in this paper, Centaurus A/NGC 5128 has been observed

over eight orders of magnitude in spatial scale and 12 orders of magnitude in photon energy

(Odcnwald, Gehrels, and IIoward 1994).

The entire raclio source occupies approximately 3.5° x 8.5° on the sky, including tile

faint extended emission which is oriented along a position angle of approximately 0° (Junkes

et al. 1993; Combi and Romero 1997). Straddling the optical galaxy along a position

angle of approximately 50° ancl separated by approximately 15 kpc are two lobes of radio

emission which have been imaged in detail with the VLA (Clarke, Bums, and Norman

1992). An unresolved and inverted spectrum radio core which is coincident with the center

of the optical galaxy is connected to the north-east lobe by a radio jet (Burns, Fiegelson,

and %hreier 1983). ‘l’he jet is obscured at optical wavelengths but has been detected at

infrared (Joy et al. 1991) and X-ray (Dobereiner et al. 1996) wavelengths.

VI,13] Observations of Cellta,llrus A are ai]ned at imaging the inverted spectrum

raclio core. Wade et al. (1971) undertook the first high resolution radio observations of

Centaurus A and reported a source less than 0.”5 in extent, although noting that the

inverted spectrum of the core implied a much smaller extent. Using VI,BI observations,

Preston et al. (1983) suggested a model for the nuclear radio source in Centaurus A which
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consisted of two components, a 50 rnas jet which was seen with 2.3 Gl]z observations, and

a more compact component likely to be the core, seen only at higher frequencies since it is

severely se] f-absorbecl at lower frequencies. Based on 2.3 and 8.4 (3Hz VLB1 observations

of Centaurus A that, were undertaken during the first S11EVE (Southern Ilemisphere VI, III

Flxperiment) observing session in 1982, Meier et al, (1989) proposed a model for the source

which consisted of a weak self-absorbed core and an extended jet component some 100 mas

away which can be seen at both frequel]cies; the core-jet positio]l angle was estimated to

be 510+30, in agreeing with the jet position angle from VLA images of the kiloparsec-scale

radio structure.

In this paper we present detailed multi-frequency VI,B1 images of the sub-parsec-scale

structure of Centaurus A. The observations span more than 8 yr and use both the SIIEVE

array and the VL13A. Using a long series of VLBI observations at 8.4 GHz, we develop a

detailed model for the structure and evolution of the source. We also compare these results

with multiwavelength monitoring observations of Centaurus A by other investigators, in

particular the 22 GHz flux density monitoring of Botti & Abraham (1993) and the hard

X-ray monitoring of hlorini et al. (1989), Bond et al. (1996) and Kinzer et al. (1995).

2. DATA REDIJCTION AND ANALYSIS

2.1. Observations

q’able 1 lists our VI,131 observations of Centaurus A between 1988 and 1996, All of the

data were recorded with single circular polarizations according to 1EEE convention and at

the standard global network observing frecluencies at 2.3 GHz (RCP), 4.8 GHz (I,CP), 8.4

GHz (RCP), and 22.2 GHz (LCP).

All of the VI,BA observations using the VL13A recording format were made with an
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aggrcgatc bit rate of 128 h~b s–l, l-bit sampling, and a. 64 Mllz band broken into eight IFs,

except for the observations of 95/07/03 where four of the eight IFs were at 2.3 GHz ancl the

remaining four IFs were at 8.4 GHz, giving simultaneous dual-frequency data. All of the

h!Tark 111 observations were made with upper and lower sidebands of 2 MHz at seven IFs,

giving a total recorded bandwidth of 28 hlHz. All of the Mark 11 observations used upper

sideband and a 2 hIHz bandwidth.

2.2. Correlation and fringe-fitting

All VI,HA clata recorded in VI,BA mode were correlated at the VI,BA processor in

Socorro. ‘1’llc resulting data were read directly into AIPS and reduced and fringe-fitted

using the method recommended in the AIPS cookbook. This reduction path includes

fringe-fitting with the task FRING. Up until the epoch of 96/03/23 all of our V1,BA format

data reduced in this way required manual calibration for instrumental effects such as channel

phase offsets and single-band delays. After and including the 96/03/23 observations, the

initial instrumental calibrations were available from the observation log file.

The Mark III data recorded during the 92/1 1/22 observation were correlated at the

h!ark 111 processor of the US Naval Observatory in Washington I),C. (the data from

the correlator were exported to us after being fringe-fitted). All other hIark 111 data

were correlated as global experiments at the VL13A processor in Socorro and fringe-fitted

according to the suggested reduction path in the AIPS cookbook.

All the Mark 11 data were correlated by us at the JPL/Caltech Block 11 processor in

Pasadena. Initially we examined the correlated data for calibrator sources observed at each

epoch, over a wide range in delay (64 ps) on baselines to a reference antenna, in order to

find the fringes and determine clock offsets and rates at each station. For much of the
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SHI;VE data this is an important step since some of the antennas were equipped with

Rubidium clocks, which commonly have high drift rates and can undergo frequent clock

jumps. After determining the behavior of the clocks and adding that information to the

comelator model, the data could be correlated on all baselines simultaneously with a much

smaller delay window of 2 ps. The data from the final correlations were exported into AH’S

as a FITS file and fringe-fitted using the task FRING.

Once the fringe-fitted and frequency-averaged data were available from each set of

observations, the visibility data were self-calibrated with a point-source model to straighten

the phases. ‘1’he data were then averaged coherently with time to produce one visibility

point pcr 60 s, reducing the datasets to manageable sizes.

2.3. Amplitude calibration

For all of the data before and including 95/07/03 the l~ITS format visibility file output

from fringe-fitting in AIPS was converted to a MERGE format file for use with the Caltech

VI,BI reduction package (Pearson 1991). The available system temperatures, correlator

1) factors, nominal antenna sensitivities, and gain-elevation curves for each datasct were

used to produce files in the format suitable for the Caltech task CA],. Using CAL, the

amplitude calibration information was applied to nearly unresolved calibrator sources from

the same observing session as the Centaurus A observations. The visibility amplitudes of

the calibrators were then examined and compared from baseline to baseline. Usually, the

base]inc amplitudes were within 10% of each other. Occasionally, however, the baselines to

a particular antenna were very different to the rest of the baselines in a dataset. This was

usually caused by a change in one of the antenna sensitivities away from the nominal value.

In these cases a single amplitude self-calibration was performed on the calibrator source

to obtain a. correction to the a priori calibration data. The corrected calibration was then
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applicd to the Centaurus A data.. If the uncorrected amplitudes of calibrator sources were

consistent to within 10(70 on all baselines, the a priori calibrations were applied directly to

the Centaurus A data.

l’or data obtained after 95/07/03 (all from the VI,BA in VL13A format) the amplitude

calibration was applied to the data before fringe-fitting, with the Alps ~as~s ANTA~ and

APCAI,. After fringe-fitting and averaging in frequency and time, the amplitude scale was

checkecl by examining plots of amplitude versus u — v-distance for both calibrator sources

and Centaurus A itself. For both Centaurus A and the calibrator sources the baseline

amplitudes were never discrepant, by more than 10c%.

2.4. Imaging

All of the VI,131 data, once averaged in frequency and time and amplitude calibrated,

~,ere illlaged~lsillgthe ])IFM A]> software (shepherd, pearson, and Taylor 1993). Initially,

phase-on] y self-calibration was used in conjunction with a tight clean window on the

brightest region of the source. in subsequent clean–self-calibrate iterations the clean

winclows were extended to include fainter emission although, still, only the phases were

self-calibrated. Finally, when the flux density of the clean model reached the level of the

amplitudes on the shorter baselines, amplitude self-calibration was performed initially

~,it]l a tillle-scale Illllch longer tllallthe observation length and subsequently o]) shorter

time-scales, until point-to-point amplitude self-calibration was performed.

It should be noted that at three epochs, 92/11 /22, 93/07/03, and 93/10/20, both hlark

II and Mark 111 data were available. Once correlated, fringe-fitted, averaged, and calibrated,

the Mark 11 and Mark 111 datasets were combined using the Caltech package task hIERGE.

The signal-to-noise ratio of the VL13A Mark 111 and SHEVE Mark 11 data were well
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matched since the wide bandwidth of the Mark III observations was balanced by the usc of

large antcnllas (Tidbinbilla, 70 m; Parkm, 64 m) to anchor the SHEVE h~a.rk 11 array. Also

the amplitude calibrations of the two separate arrays agreed to better than 1070 with no

discernible systematic offset between the two.

‘l’he combined data gave u – v coverages which were far supcwior to those from either

of the individual arrays alone, the east-west baselines of the VL13A supplementing the

nort}l-sout,h baselines of the SHIIVE array. The combined clata were imagecl as outlined

above.

3. RESULTS

3.1. The maps

q’he maps resulting from the imaging procedure are shown in frequency order in Figure

1. (Images from the combinecl SIIEVE and VI,BA epochs are shown in Figures 1h, lj, and

11.) Table 2 lists relevant parameters of the maps.

I,imitecl results from the nearly coeval 8.4 and 4.8 GHz observations of 92/11 /22 and

92/1 1/25, which unambiguously identify the compact core of Centaurus A, have been

published previously (Jauncey et al. 1995). The core appears in the 8.4 Gl]z images as the

bright, compact component at the south-west end of the jet.

g’he core is self-absorbed (Jauncey et al. 1995; Jones et al, 1996) and therefore is not

visible in the 2.3 C~lIz images of Figure 1. Registration of the 2.3 and 8.4 GHz images is

done via a prominent “kink” in the jet, as described in Jones et al. (1996). These images

are discussed in more detail in $4,2. The core is only weakly seen in the 4,8 GHz images.

The phase center in the 2.3 ancl 4.8 GHz maps coincides with the brightest feature in the

source at this frequency, which lies mid-way along the jet.
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lt is the long series of 8.4 GIIz images, in which the core is the dominant feature, that

provicle the best opportunity to quantify the sub-parsec-scale structure and evolution of

Centaurus A, and this is undertaken in the next Section. A montage of all the 8.4 GHz

images with similar resolution is shown in Figure 2, ‘1’he solid lines superposed on Figure 2

are cliscussed in $3.3. Finally, the 22 GHz image shown in Figure 1u is the highest resolution

image obtained to date of this source. It is discussed further in $3.3.

3.2. Quantifying the sub-parsec-scale structure of Centaurus A

To quantify the sut>-parsec-scale structure of Centaurus A, using its compact core as

our reference point in the image plane, we analyzed of the VLR1 data using the Caltech

V1,B1 package task N1ODEI,FI’I’ (Pearson 1991). h40DELl~Irl’ uses a nonlinear least-squares

algorithm to fit the parameters of a set of simple components in the image plane (a model)

to the visibility amplitudes and closure phases of the VLB1 data, and reports a measure of

the goodness-of-fit (defined as the square root of the reduced chi-squared value for the fit of

moclel to data). ‘1’he best-fitting model is the one which minimizes the reduced chi-squared

valLleo

TO begin model-fitting an initial model must be chosen. We used a model which

consisted of components representing the major features that could be seen in the 8.4 C;HZ

images: a brig}lt, compact component at the south-west end of the source which represents

the core, a component approximately 8- 10 mas away from this component at a position

angle of approximately 51° (designated C2), and a component approximately 15 - 20 mas

away from the core at the same position angle (designated Cl).

hlODELFIT was then run using this initial model ancl the self-calibrated visibility data

from 13 of the 168.4 GHz images (the three images producecl from the combined SHEVE
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ancl VI.BA u-v coverage were cxcluclecl because the high-resolution visibilitics were too

complex to fit the model meaningfully). When MODEI,I~IT completed fitting the ]nodel to

data at a given epoch, the data were compared to the model, to cletcmnine if the model

was a good representation of the data, At, every epoch the simp]c model did not fit the

data well. Guided by the images once again, a further component was aclded to each initial

model aucl MO D131,FIT was attempted once again.

At 8 of the 13 epochs, the visibility data were well fitted by four-componcmt models

in this way. For the rcnnaining five epochs four-component models did not fit well but

five-component models clicl. Table 3 contains lists of the model components used at each

epoch.

The core component appears strongly in each of the models. The component C2

can also be identified in the models at each epoch. ‘l’he component C 1 can be iclent ified

at 11 of the 13 epochs in the models. At two epochs, 91/1 1/24 and 93/10/20, it is not

clear which, if any, of the model components corresponds to Cl. In the last 8 epochs,

an additional component can be identified between the core and C2 in the moclels, ancl

is clesignated C3. Last] y, at 8 of the 13 epochs one or more of the components in the

models have been identified as possible or definite jet-like components. ‘Ilese components

are often required by the data to take an extended (elongated along the jet) and diffuse

appearance, with a constant surface brightness over their extent, in contrast to the discrete

Gaussian components Cl, (I2, and C3. Such a jet-like component was first noted by Meier

et al. (1989) in their model of the first 8.4 GHz VI.B1 observations of Centaurus A. This

component probably represents the underlying, smooth emission from the jet,

It should be noted that the jet component in 91/03/06 is somewhat in question, since

only four telescopes were available at that epoch. l’he component identified as the possible

jet is a Gaussian and therefore may be a true discrete component, possibly part of Cl.
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IIowcver, given the lack of telescopes at this epoch and the consistency of the overall data,

we fed that the most plausible explanation for this component is that it is the extended jet,

truncated by the lack of u – ~~coverage in the observation.

3.3. Quantifying the sub-parsec-scale evolution in Centaurus A

The ultimate aim of the model-fitting analysis was to quantify the evolution of

the components in the source. To achieve this aim further analyses of the models were

undertaken to estimate the errors on tile best-fitting parameters at each epoch. The

moclel-fitting errors are requirec] to determine whether or not the differences between the

models at each epoch are significant.

’110estimate errors, tile best-fitting model at a given epoch and its corresponding

dataset were taken back into the MOI)EL1{lIT program. The best-fitting value for a single

parameter of a given component in the model was then altered by a small (typically 5- 10%

of the value of the parameter) amount and fixed at the new value. hlODELFIT was then

allowed to re-converge the model with all parameters varying, except for the parameter

wh ic% had been fixecl and the position of the core. When the moclel had r-e-converged

to its new gooclncss-of-fit (worse than for the best-fitting model), its fit to the visibility

amplitudes and closure phases was compared to the fit of the best-fitting model. The

Ca]tech VLB1 task VPLOT was used to plot the data against the model predictions and

a visual comparison of the two fits was made. If no significant difference could be found

between the fit of the two moc]els then the process was repeated, after the parameter being

con sidered had been fixecl again at a new, larger displacement from its best-fitting value.

This process allowed us to see how far from best-fit we could force certain components of

the models, while the model as a whole retained a good fit to the data.
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When a displacement was reached at which the fit of the re-convergecl model to the

data was significantly worse than for the best-fitting model, the displacement defined the

error bar in one direction. l)isplacements in the opposite sense were used to define the error

bar in the opposite direction.

The comparison of model fits was necessarily a subjective one. ]Iowever, several ground

rules were established for the purpose of deciding whether a difference between fits was

significant or not. First,, none of the fits was perfect, there were differences between model

and data 0]1 some baselines and closure triangles in every data set. The baselines and

closure triangles which were very well fit ted by the best-fitting model were most closely

monitored in the error-cleterlll i]latioll process. I’he fit was cleaned to be significantly worse

than the best-fitting moclel if the model prediction was outside the scatter in the risibilities

for periods longer than 2 hr on two or more baselines and/or closure triangles which were

well fitted by the best-fit,ting model, and if further steps away from the best-fitting solution

caused even greater divergence froln the clata. Otherwise any differences in the fits were

deemed not significant.

‘1’his method can be applied to any of the parameters in the models. ]Iowever, the

analysis was most successful in its application to the core-component, separations for the

discrete components in the source, namely Cl, C2, and C3, For example, from an analysis

of the errors on the flux densities of individual components it became clear that the various

conlpollents in a given model were easily able to “trade” flux density in a way which satisfied

the h!lOl)ItI,FIT program over a large range in displacement from bmt-fittiing values,

giving no useful estimate of the errors. The core-component separations for the discrete

components were the best constrained parameters, probably because the closure-phase

information maintained a strong influence.

Figure 3 presents the results of the model-fitting error analysis for the core-component
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scpa.rations of Cl, C2, and (33, showing the dependence of the model-fitting error results

on the form of the model. In the early epochs, when the component C2 was very bright,

small, and C1OSCto the core, the errors on the position of C2 are small because the model

was relatively simple and fitted the data very well. Small deviations from the best-fitting

model disagreed significantly with the data. IIowever, as time passed and C2 evolved,

becoming larger and weaker, the error on its position increased, especially after the time at

which C3 was ejected from the core. The more complex mocle] involving more parameters

agreed with the data. over a wider range in displacements from the best-fitting position.

Over the entire 5.3 yr period of monitoring, however, Figure 3 shows that components Cl

ancl C2 have significantly changed their positions relative to the core. A linear least-squares

fit of a constant separation speed to the series of core-C2 separations gives an angular

motion for C2 relative to the core of 1.7~+~ mas yr–l corresponding to an apparent speed

of ~~F,P=v”PP/c=O. 11~~”~, with s)nall residuals at most epochs (mean deviation from fit is

0.5 mas with a standard deviatio]l of 0.6 mas). Extrapolating the motion back in time gives

a core-C2 zero separation time of 1989.2~~:~.

A similar linear least-squares fit to the core-Cl separations gives an angular motion for

Cl relative to the core of 2.0 + 0.4 mas yr-], corresponding to /3.Pi,=v.PP/c=0. 13 + 0.03,

giving a core-Cl zero separation time of 1983.5t~:~. IIowever, the residuals on this fit are

larger than for C2 at most epochs (mean deviation from fit is 1.2 mas with a standard

deviation of 0.8 mas) and it may be that a single, constant expansion speed may not be the

best description for the evolution of this component. In Figure 2 the solicl lines superposed

onto the 8.4 Gllz montage represent the linear least-square fits to the Cl and C2 data

shown in 1{’igure 3. In acldition the position of the core component is marked.

From the visibility data, the images, and the modek+, it is apparent that Cl undergoes

strong internal evolution. Over the periocl of the first three epochs (91 /03/06 to 92/03/26)
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Cl changed its structure appreciably, from being a discrete component at 9] /03/06 (see

images and model) to being possibly absent from the source model at 91/11 /24, and

returning as a bright and discrete component some time during the following 4 months

to 92/03/26 (see also hlcier et al. 1993; Tingay et al. 1994; Preston ct al. 1996). The

evolution between 91/1 1/24 and 92/03/26 could be characterized by the appearance of a

component within (31 approximately 0.3 ly (4.5 mas) in projected extcmt (from a comparison

of the models) over the 0.34 yr period (Figure 4). Alternatively, the two s[~}]-co]ll]~ollellts

which appear to make up the Cl component at 91/1 1/24 may have moved together over

the 0.34 yr periocl to form a single component at 92/03/26. If this is the case then each

sul>-component would have had to have moved a projected distance of 0.2 – 0.3 ly in the

0.34 yr period.

Also betvmcn the epochs of 92/11/22 and 93/10/20, (21 altered its appearance

considerably. C 1 appears to have increased its separation from the core by approxima.tel y

0.4 ly (6 mas) over the 0.9 yr period, remaining close to that separation until the end of the

series of observations. ‘1’bus, the behavior of Cl could lx accounted for by a slow, linear

motion combined with internal changes on much shorter time-scales.

‘1’he component C3 was detected only in the data starting at the 93/1 0/20 epoch,

and the error bars do not indicate any significant motion, /3aPP=v.PP/c=0.04 & 0.1. If a

separation speed identical to that for C2 is assumed, then the core-C3 zero separation time

was between 1992 ancl 1993. The component C3 is clearly seen w5.5 mas from the core in

the 22 GIIz image (Figure lu), and this separation is well within the error bars of Figure 3.
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4. DISCUSSION AND CONCLUSIONS

4.1. Structure and flux density variability

O]ltl]c s~~b-I}arsec scale Ce~ltaurusA isaco]ll]~lexc ore-jet source. Our model-fitting

analyses of the 8.4 GHz VLBI data have shown that three main discrete components lie

within the jet (Cl, C2, and C3), to the north-east of the core and are moving with apparent

sub-luminal speeds of the orcler of approximately 0.1 c. However, in one component, Cl,

which is the largest and most distant from the core of the three, we see evidence for internal

evolution on short time-scales; Cl appeared to change its internal structure dramatically

near two epochs, 91/1 1/24 and 93/07/03.

The behavior of Cl is difficult to interpret since the epochs of observation have

under-sampled the episodes of rapid evolution and the angular resolution of the observations

does not allow us to probe Cl in fine detail. However, two simple interpretations were

put, forward in $3.3, the rapid brightening of a discrete region of C 1 (applicable between

91/1 1/24 92/03/26) or the rapid motion of sul]-colll~]ollel]ts in Cl (applicable between

91/1 1/24 and 92/03/26 and between 92/11 /22 and/or 93/10/20).

Between 91/1 1/24 and 92/03/26, if the first of the two iuterpmtations is used and the

brightening of Cl is attribute] to the advauce of jet material through the component, then

the brightening of a 0.3 ly (projected) region in <0.34 yr implies an apparent jet speed of

>0.90 c. If the second interpretation is used and the two sub-components at 91/11/24 were

in motion in such a way as to come together to form a single component at 92/03/26 then

0.2 --0.3 ly (projected) was traversed by each sub-component in <0.34 yr, corresponding to

apparent speeds of >0.60 c.

Between 92/1 1/22 a.ncl 93/1 0/20, if the second interpretation is used and the component

Cl has shifted by 0.4 ly (projected) in <0.9 yr, then an apparent speed of >0.45 c can be
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inferred. ILacl] of t}]cse interpretations is uncertain, but all point to speccls much larger

than measured from the graclual separation of the component C2 from the core.

The parsec-scale structural variability in Centaurus A can also be compared to the

total flux clensity light curves at 22 GHz of Botti & Abraham (1 993) and the hard X-ray

data of hlorini et al. (1 989), Kinzer et al. (1995) and 130nd et al. (1996).

The estimated zero separation times for Cl, C2 , and C3 are 1983.,5~~:~, 1989.2~~:~,

and 1992 - 1993, respectively. The 22 GHz light curve of Botti & Abraham (1993) over the

period from 1984 to 1992 is characterized by a. gradual clecline in flux density, superimposed

with low-anlplitude, fast variations. A dramatic outburst in flux density, from 20 Jy to 30

J y and back to 20 Jy, occurred over two months around 1985.7, suggesting a match to the

core-Cl zero separation time. !l’here is no significant 22 GHz flux density variation apparent

at the c.ore-C2 zero separation time, although Botti & Abraham (1993) point out that

outbursts on such short time-scales could have been easily missed due to llllder-salllIJlillg.

No 22 GIIz monitoring data are available to compare against the core-C3 zero separation

time. The highest flux density in the 90 GHz monitoring of Tornikoski et al. (1 996)

between 1990.2 ancl 1994.5 was recordecl in 1993.2, but, the large gaps in the monitoring

(no measurements were made in 1991) and the uncertainty in the speed of C3 prevent any

conclusions being clrawn about a correlation for that component. No significant variations

can be seen during the periods of rapid evolution in the component Cl.

IIond et al. (1996) present a light, curve summarizing X-ray observations of Centaurus

A spanning the period of our 8.4 G}lz VI,BI observations. From the light curve, three

enhancements in hard X-ray intensity are apparent near 1985.5, 1988.5–1 989.5, and 1991.5.

These times agree reasonably well with the core-component zero separation times, and

the 1985.7 22 GHz flux density outburst, suggesting that components are ejected from

the core accompanied by an enhancement in hard X-ray flux and perhaps an outburst at
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radio wavc]engths. ‘1’he sparseness of the X-ray light curve ancl the uncertainties in our

estimated zero-separation times suggest, rather than compel, the match between the X-ray

enhancements and component, ejections.

It is also possible that some of the variation in hard X-rays could bc identified with the

short time-scale internal variability in the Cl component, in particular the 1991.5 X-ray

enhancement with the 91/1 1/24 -- 92/03/26 Cl episode. IIowever, this is not likely since

IIond et al. (fl996) have constrained the size of the X-ray emission region to be <1016 cm

in extent. Cl has a measured angular size ranging between 4 and 14 mas, corresponding to

>2 x 10]7 cm. ‘1’hc only component in Centaurus A with a size comparable to 1016 cm is

the core; Kel]ermann, Zensus, & Cohen (1997) measured a size of O.Olpc. N 3 x 10]6 cm

with the VLBA at 43 GIIz. Thus the core component is the likely source of hard X-rays,

not components in the sub-parsec-scale jet.

WC have established that at least two of the three components in the jet of Centaurus

A show cwidcmce for motion. WC can also examine evolution in the flux density of the

components.

The 8.4 GHz flux densities of the four compact components in the images, derived

from the model-fitting analyses, are plotted in Figure 5. There is an uncertainty of *1O%

in the flux density calibration of our VLBI observations, which is not shown. It should also

be noted that, as indicated in Table 3, the shape and size of the component cletermined

from the model-fit ting procedures varies from epoch to epoch. Nevertheless, a number of

conclusions can be drawn from the figure.

The core has remained relatively stable in strength over a 6 yr period. C3 has also

shown little evolution in flux density since its ejection.

I]owever, significant variation in the model-fitted flux density of Cl is eviclent over the
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first four epochs. ‘he sizes of the fitted components is significantly larger at the two epochs

of higher flux density, coinciding with the epochs of significant structural evolution, and

possible explanations for these variations have been considered in $3.3. After this period

of activity the flux density declined and from 94/06/20 onwarc]s has remained relatively

constant.

‘1’he behavior of component C2 is much simpler. Its brightness decreased by a factor of

W3 O\rer the first two years, and has remained relatively constant since. An extrapolation

of its nlotion reveals ihat during 1998 it will reach a similar distance from the core to that

where Cl undcrwcmt dramatic variation. If C2 were to show similar activity at that time,

it would suggest the presence of an underlying feature in the jet such as a quasi-stationary

shock, responsible, perhaps, for both the structural and flux clensity variability we have

observecl on the sub-parsec scale.

4.2. The sub-parsec-scale counterjet

The discovery of the sub-parsec-scale countcrjet in Centaurus A has been reported

previously (Jones et al. 1996). q’he counterjet has been detected at two frequencim, 2.3

GHz (Figures 1a and lb) and 8.4 GIIz (Figures lh, lj, and 11) with three different array

configurations (g’able 1). ‘l’he counterjet components arc discrete and no smooth extendecl

component is evident underlying these components; they are also faint compared to the

emission of the main jet. Thus, it is not surprising that the counterjet is detectable in our

data only when it is observed at our lowest frequency (2.3 GHz) or when we have the most

sensitive arrays (combined SHEVE and VI,HA). At some other epochs, even though the

counter jet is not seen sufficiently well to be included as part of the clean component model,

the brightest residual flux in the image appears on the counterjet side of the core (Figures

1k, 1m, 10, 1c], and 1r), The counterjet was not detected at 4.8 GHz because the lack of
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telmcopes and the long baselines used allowed us to image the brightest emission only at

this frequency reliably, the main jet.

Future observations which combine the SJIEVE and VI,BA arrays wi]

to gain images with good resolution and high sensitivity, like Figure 11. If

be requirecl

l)e motion of

components in the counterjet is similar to the jet components then only a few years of

observations will be required to measure their apparent speeds accurately.

Jones et al. (1 996) found the jet-to-counter jet surface brightness ratio, R, for (lmtaurus

A on the sub-parsec-scale to be between 4 and 8, assuming intrinsically identical, oppositely

directed jets,

‘i=(%33-” (1)

Iiere, o is the spectral index of the jet emission and O is the angle between the jet

ancl the line of sight; 3 — Q was chosen as the exponent for this calculation since it is

appropriate for a spherical plasmoid rather than 2 —a for a smooth jet. We have detected

the jet at two frequencies at the same epoch, but cannot accurately constrain the spectral

index since it is likely that free-free absorption is strongly affecting tile observed spectral

index (Jones et al. 199[i). However, the SIC)Wspeed measured for C2 is inconsistent with a

surface brightness ratio ill the range 4 - 8, if optically thin synchrotrons emission from the

jet, o = –0.6, is assumed. On the other hand, under the same spectral index assumption,

the interpretat ion-depenclent speeds inferred from the rapid variability of Cl are consistent

with the range in measured surface brightlless ratio if O is in the range W50° -- ~80°. The

lower limit is clcrivecl from an apparent speed of 0.45c, ~ = –0.6, ancl Ii? = 8. The upper

limit is derivecl from the maximum speed of 1c, a = –0.6, and R = 4.

It is interesting to note that Skibo, Dermer, & Kinzer (1 994) infer an angle to the
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line of sight, of 610+50 assuming that the 50 keV --10 MeV emission detected by 0SS11

is beamed radiation that is Compton scattered into our line of sight. Such a large angle

between the jet and our line of sight is also consistent with the large-scale radio morphology

of Ccmtaurus A.

4.30 Implications for the FR-I class

Centaurus A is the nearest example of an FR-I radio galaxy, As such, the detailed

investigations possible for this source will have important implications for the FR-I class.

FR-1 raclio galaxies have, in general, been shown to be asymmetric close to the core,

gradually attaining a more symmetrical appearance on larger scales. This is emphasized by

VI,BI observations of FR-I sources which give high lower limits on jet-to-counterjet surface

brightness ratios (Venturi et al. 1994), indicating that the jets in FR-1 radio galaxies

may be initially relativistic on the parsec-scale; few have been shown to have observable

counteracts (3 C338, Venturi et al. 1994; NGC 4261, Jones & Wehr]c 1997)

VLBI observations of FR-I radio galaxies also show that the apparent motions of

components in their jets range from sub-luminal (Venturi et al. 1994) to mildly superluminal

(] ’carson 1996). For the sub-luminal sources, if the simple assumption is macle that the

intrinsic jet speed, ~.i,~, is approximately equal to the observed speed of the components,

/?.PP, then small jet angles to the line of sight are required to achieve high jet-to-counterjet

brightness ratios and the intrinsic size of FR-1 radio sources would have to be many times

larger than their already large projected sizes (e.g. NGC 31,5; Venturi et al. 1993). TO

ease the requirement for extremely large intrinsic size, it has been suggested that the

speed of colnponents in parsec-scale jets does not reflect the true speed of the jet flows;

the components are slow-moving patterns on an underlying relativistic flow. For example,
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Bickne]l (1994) suggests reverse shocks, advectecl along with the jet flow as a possible

mechanism for producing slow-moving or even stationary features in parsec-scale FR-1 jets.

‘1’his type of behavior has been seen in the two best studied F]{] radio galaxies,

M87 ancl Centaurus A. On the parsec-scale in M87 Biretta (1996) reports that the most

prominent features in the jet move with significantly sub-luminal speeds over the long term,

being perhaps consistent with stationary. However, on shorter time-scales the positions of

components are somewhat chaotic, large regions of the jet brighten, and less prominent

features appear to move rapidly. Biretta estimates apparent speeds in the jet of up to 2.5 c,

applying similar arguments to those outlinecl in $4.1 to their observations.

in Centaums A we have observed behaviors very similar to M87. We have seen that the

slow NO. ] c motions of components in the sub-parsec-scale jet persist in the long term but

that the component Cl sometimes evolves on time-scales of months, leading to estimates for

speeds much greater than O.lc. For Centaurus A, however, we have an additional constraint

on the parsec-scale jet since we have detected a counterjet. ‘1’he slow long-term speeds in

Centaurus A are not consistent with the observed range in jet-to-counterjet brightness ratio

for any angle to the line of sight, an extreme example of the component speed - brightness

ratio inconsistency notecl for other FR-I radio galaxies (Venturi et al. 1994). However, the

fast motions impliecl from the rapid variation of Cl are consistent with the appearance of

the counterjet, which is in turn consistent with the large-scale morphology of the radio

source. The presence of both fast (inferred) and slow (observed) speeds in Centaurus A

and M87 may suggest that slow patterns exist in an underlying relativistic jet flow for FR.-I

radio galaxies on the parsec scale.

l’his suggestion has important implications for the difference between FR-1 and FR-11

radio galaxies. If it can be shown that both galaxy types have similar jet speeds on the

parsec scale then differences in extended morphology and power may be more likely to be
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causecl by the kiloparsec-scale environment.

5. SUMMARY

WC have presented VI,BI imagesof Centaurus A with angular resolutions ranging

between 1 and 14 nlilliarcscconds,ove rthefrequenc yrange2.3 to 22.2 GIIz, and spanning

the period 1988 November to 1996 July. The images probe the structure of Centaurus A on

sub-pamec scales.

Our model-fitting analyses of 8.4 GHz VI,B1 data have shown that the sub-parsec scale

source consists of an inverted spectrum core component and a jet which contains three

discrete components. l’hese components have overall sub-luminal motions of approximately

0.1 c. IIowever, Cl appears to unclergo short time-scale changes, perhaps reflecting a faster

underlying jet speed of > 0.45c. ‘l’he detection of a sub-parsec scale counterjet in Cents.urus

A with a. jet-to-counterjet surface brightness ratio of 4-8 is inconsistent with a jet speed

of 0.1 c. If the jet speed is taken as >0.45 c then the counterjet, the jet speed, and the

large-scale radio and optical morphology of Centaurus A are consistent. This result for

Centaurus A and similar results for M87, the other well-studied F]{-] radio galaxy, may

support a model for VI,B1 jets ill which the commonly observed moving components are

slow patterns on a much faster underlying jet flow.

There is some evidence that the core-component zero separation times for Cl, C2, and

C3 are linked to enhancements in the X-ray flux from Centaurus A. q’he X-rays are more

likely to come from the core rather than from the more extended jet components.
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6. TABLE CAPTIONS

Table 1 ‘1’}lelog of VI,}31 obsermtions: Column 1 contains the observing epoch. Colwmn 2

contains the observing frequency. Column 3 contains the array configurations (S = SIIEVE,

V = V1,BA) and the recording formats (II = hlark II, 111 = hlark 111, V = VI.BA) used at

that epoch. Column 4 lists the telescopes according to the codes listed below. Cohimn 5

contains the number of useful baselines and closure triangles from the observation used in

the imaging process. Column 6 contains the observation length, q’.

Antenna codes: IM3 = ‘1’iclbinbi]la (70n1), 1)45 = Tidbinbilla (34m), PA = Parkcs (64m),

110 = ]Iobart (26n1), h!fP = hlopra (22m), AT = Narrabri (22m), AS = Alice Springs

(26n1), IIH = Hartcbccsthoek (26m), PR15 = Perth (15m), l’]) = Fort Davis (25m), OV

= Owens Valley (25m), PT = Pie ‘1’own (25nl), I(P = Kitt Peak (25nl), I,A = I,os Alamos

(2.5nl), Ml{ = hlauna Kea (25nl), SC = Saint Croix, S11 = Shanghai (2.5nl), PR27 = Perth

(27nl).

Table 2 Parameters of the VLBI maps: Column 1 lists the figure number. Colum?2 2 gives

the observing frequency. Column 3 lists the observing epoch. Column 4 lists the mapsize

in pixc]s and cellsize in milliarcseconds. Column 5 lists the peak flux density in the map in

Jy/beanl. Column 6 lists the off source RMS noise level in the map in nlJy/bcanl. Column

7 lists the total flux density in the map in Jy. Column 8 lists the restoring beam FWHL1

dimensions in milliarcseconds and position angles in degrees.

Notes to tab~

1. 2.3 GHz component of dual-frequency, simultaneous observations at this epoch.

2. image produced from combining the VI,13A and SHEVE array data at this epoch. No

baselines bet,ween the VI,BA and the SHEVE array (trans-Pacific) were used.

3. image produced from only the SHEVE array data at this epoch.

4. Image has been shifted West 10 mas and South 10 mas.
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5. 8.4 GIIz component of dual-frequency, simultaneous observations at this epoch.

Table 3 Best fit models for low resolution 8.4 GHz data: CohLmn 1, S, the integrated flux

density of the moclel component in Jy. Column 2, d, the distance of the model component

from the designated phase centre in milliarcseconds, Column 3, (), the position angle of

the moclcl component centroid from the designated phase centre in degrees east of north.

Column ~, A, the major axis extent of the model component in milliarcseconds. Column

5, B/A, the ratio of model component minor axis to major axis extent,. ColunLn 6, ~, the

position angle of the moclel component major axis in degrees east of north. Column 7, Type,

tllc type of nlodc] component. q’ype 1 components are elliptical Gaussians, in which case

the component extents are the FWHhl of the Gaussian. Type 2 components are elliptical

disks of uniform surface brightness, in which case component extent is the full extent. This

is a non-variable parameter in MO DELF1!I’. Column 6’, 1.1)., the component identification.
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7. FIGURE CAPTIONS

Fig 1 Contour Ie\els for a, b, cl, c, g, i, j, n, o, p, q, r, s, t, and u arc -1, 1, 2, 4, 8, 16, 32,

and 64% of the peak flux density in the map as given in Table 1. q’he contour levels for f, h,

k, 1, m are -0.5, 0.5, 1, 2, 4, 8, 16, 32, and 64% of the peak flux densities as given in Table 1.

Fig 2 hlontage of 8.4 GH z VI,B1 images, Left panel shows the series of clean component

models from the 8.4 GHz SHEVE images. An average restoring beam of 9 x 3 mas in

position angle –83° has been used for the SHEVE models, The right panel shows the series

of clean component models from the 8.4 GHz VI,BA images. An average restoring beam of

4 x 13 mas in position angle 2° has been used for the V1.BA models. All models and beams

have been rotated by 39°. Note that the two panels displayed have significantly different

scales, clue to the time-scales over which the observations were made,

Fig 3 Core -- Cl (top) , core -- C2 (middle) , and core – C3 (lower) separations as a function

of time, from 8.4 Gl]z modelfitting analyses.

Fig 4 Comparison of 8.4 GHz models from 91/11/24 and 92/03/26. The horizontal axes

are coordinate axes iu milliarcseconds and the vertical axis is the flux density in Jy/beam

(scale not sl,own, but is identical to the images in Figure 2).

Fig 58.4 GJIz light, curve for the Centaurus A parsec-scale components, as derived from

the modelfiiting results.
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Epocll l“req. Arr./For. Antennas Rase./Clos. T

Y/hi/D (3Hz hi’s

88/11/10 2.3 S/I] AT, MP, D43, D45, PA, HO, AS, HI1 19/24 12

91 /03/06 8.4 S/11 AT, 1)43, PA, HO 6/4 11

91/11/24 8.4 s/Ii AI’, MP, D43, PA, HO 10/10 11

92/03/26 8.4 S/11 AT, MP, 1)43, D45, PA, H()> ]111 14/16 10

92/1 1/22 8.4 S/II, 111 AT, MP, IM3, PA, HO, PR15, HI]

V/II, 111 SC, FD, LA, PT, KP, OV, Ml{

19/21 12

92/1 1/25 4.8 S/l] AT, MP, PA, HO, SH, PR27, HI] 9/7 12

93/02/16 4.8 S/J] AT, h4P, PA, HO, PR27 9/7 12

93/07/03 8.4 S/II, ]11 AT, MP, 1)43, PA, HO, PR15, H]]

v/11, 111 SC, H), LA, PT, KP, OV

23/23 12

93/10/20 8.4 s/11, 111 AT, MP, 1)45, PA, 110, PR15, 1111 25/30 12

V/11, 111 SC, FD, LA, PT, KP, OV, MK

94/02/27 8.4 S/l] AT, MP, 1)43, 1)45, PA, HO 10/10 14

94/06/20 8.4 s/H AT, hlP, 1)45, PA, HO 10/10 13

95/07/03 2.3/8.4 v/v SC, N]., I?D, I,A, PT, KP, OV, NIK 18/20 4

95/11/17 22.2 Vjv SC, N],, FD, I,A, PT, KP, OV, MI{ 10/10 4

96/03/23 8.4 v/v SC, N],, FD, LA, PT, I{P, OV, MI{ 10/10 5

96/04/30 8.4 v/v SC, NJ,, FD, I,A, PT, I(P, OV, MK 15/20 5

96/06/02 8.4 v/v SC, N],, FD, LA, PT, KP, OV, MI{ 10/10 5

96/07/01 8.4 v/v SC, N],, 1+’D,LA, PT, KP, OV, MK 10/10 4

Table 1:
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13eamNoise 9~ totalFigure Freq. Epoch Map/Cell Peak

GHZ Y/M/1) pixel/mas Jy/beam mJy/beam Jy mas/mas/O

Notes

la 2.3 88/11/10 512/1 1.4 6 4.0 5.6/7 .2/6.7

lb 2.3 95/07/03 1024/1 1.0 3 7.1 2.5/6 .5/-0.6 1

lC 4.8 92/11/25 512/0.4 0.7 3 4.8 2.6/3 .1/-24.4

1d 4.8 93/02/16 512/0.4 1,0 4 5.4 2.6/3 .5/25.1

le 8.4 91 /03/06 512/0.5 3.0 9 7.6 3.0/7 .0/-81.3

If 8.4 91/11/24 512/0.!5 2.6 6 7.8 3.1/7 .2/-88.9

lg 8.4 92/03/26 512/0.5 2.6 5 7.7 3.1/9 .0/-81.3

1h 8.4 92/11/22 512/0.2.5 1.6 2 9.6 1.8/2 .2/4.7 2

8.4 92/11/22 512/0.5 3.0 3 10.1 4.1/5 .3/-56.3 3

lj 8.4 93/07/03 512/0.2 1.1 4 4.6 1..5/2 .2/-5.8 2

lli 8.4 93/07/03 512/0.5 1.6 4 5.6 2.9/7 .8/-74.7 3

11 8.4 93/10/20 512/0.3 1.8 1 7.1 1.7/3 .2/27.3 2,4

8.4 93/10/20 512/0.5 2.4 5 7.6 3.2/6 .8/-83.1 3

111 8.4 94/02/27 512/0..5 2.6 7 6.8 3.2/6 .3/-83.3
——

10 8.4 94/06/20 .512/0.5 2.1 7 5.4 3.0/6 .4/-84.2

1p 8.4 95/07/03 .512/0.5 2.0 6 6.0 2.3/12 .2/-4.2 5

1c] 8.4 96/03/23 .512/0.5 1.7 4 5.3 2.4/13 .6/-10.0

lr 8.4 96/04/30 512/0.5 2.1 4 5.2 3.0/13 .5/9.8

IS ‘s.4 96/06/02 512/0.5 2.1 4 5.1 3.1/13 .3/8.1

lL 8.4 96/07/01 512/0.5 1.8 4 4.3 3.1/13 .0/6.6

1u 22.2 95/11/17 512/0.1 2.4 6 4.0 1.2/5 .3/8.6
—

‘l’able 2:
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S (Jy) cl (mas) 0“ A (mas) B/A @ Type I.D.

91/03/06

2.34 0.00 0.0 2.94 0.00 73.6 1 core

2.93 3,47 53.1 2.62 0.27 66.9 1 C2

1.65 14.39 49.5 4.08 0.68 52.4 1 cl

0.73 22.97 51.3 3.94 0.15 21.8 1 Jet?
—

‘91/11/24

2.18 0.00 0.0 2.74 0.11 37.6 1 Core
—

2.75 4.35 .51.2 2.84 0.53 42.6 1 C2
—

] .22 12.79 52.2 4.59 0.32 41.5 1 Cl/Jet?

1.47 20.46 49.1 12.58 0.00 47.1 1 Cl/Jet?

0.60 32.54 49.5 35,02 0.00 46.5 2 Jet
——

92/03/26

2.40 0.00 0.0 2.04 0.00 62.1 1 Core
—

1.83 4.75 51.7 2.30 0,00 65.7 1 C2
—

3.02 15.92 49.t5 9.86 0.17 47.8 1 cl
—

1.02 28.15 51..5 32.90 0.00 4,5.1 2 Jet
——

92/1 1/22

3.31 0.00 0.0 2.90 0.18 50.8 1 Core

1.17 6.35 50.5 3.17 0.00 56.4 1 C2

1.05 16.96 47.9 5.42 0.00 32.8 1 cl
—

4.53 14.4 50.4 37.4 0.00 48.7 2 Jet
——

Table 3:
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S (Jy) cl (mas) 0° A (mas) B/A ~ Type 1.1).

93/07/03

2.30 0.00 0.0 3.65 0.00 49.6 1 Core

0.69 6.34 46.3 7.76 0.31 69.7 1 (2

0.26 16.46 56.6 6.4.5 0.00 0.11 1 Cl/Jet?

0.52 22.53 49.9 3.77 0.00 55.2 1 Cl/Jet?

1.93 15.00 50.2 25.96 0.14 49.9 1 Jet

93/10/20

2.35 0.00 0.0 1.86 0.00 56.5 1 core

1.05 3.16 49.1 0.00 0.00 00.0 1

].20 8.36 52.4 6.91 0.00 54.1 1 C2

2.39 22.69 50.3 13.7 0.00 45.4 1 c1

0.71 42.54 50.4 ]9.37 o.]2 45C2 1 Jet

94/02/27

3.26 0.00 0.0 3.20 0.00 60.1 1 Core

0.36 3.60 40.8 0.00 0.00 00.0 1 C3

1.21 10.27 52,3 6.00 0.00 43.6 1 C2

1.39 22,82 49.3 6.83 0.17 45.8 1 c1

0.73 35.00 50.6 20.1 0.11 46.5 1 Jd

94/06/20

1,97 0.00 0.0 2.04 0.00 45.8 1 core

1.05 2.91 50.6 1.58 0.68 31.5 1 C3

0.81 9.44 47.3 9.09 0.00 48.1 1 C2

0.78 16.31 53.5 38.22 0.00 47.7 1 Jet

0.87 24.20 49.0 9.38 0.19 57.3 1 cl



-37-

S (Jy) d (mas) 0° A (mas) B/A @ Type I.D.

95/07/03

2.82 0.00 0.0 2.62 0.70 35.9 1 core

1.39 4.51 44.7 3.15 0.77 148.4 1 (;3

0.89 11.04 52.5 4.80 0.49 52.8 1 (22

1.04 23.36 50.88 11.00 0.11 34.2 1 c1

96/03/23

2.44 0.00 0.0 2.94 0.00 54.3 1 core
——

1.04 3.79 43.7 3.15 0.82 -54.7 1 C3

1.04 10.07 51.7 12.56 0.43 25.9 1 (32

0.89 23.57 52.5 ]~.47 o.3g 50.4 1 cl

96/04/30

2.38 0.00 0.0 2.77 0.51 50.7 1 core

1.08 4.94 50.4 3.40 0.43 58.0 1 C3

0.72 12.37 52.6 8.05 0.27 30.1 1 C2

0.83 24.81 52.0 11.42 0.11 48.5 1 cl

96/06/02

2.35 0.00 0.0 2.62 0.60 43.5 1 core

1.05 5.31 50.0 3.09 0.00 74.4 1 C3

0.81 12.16 52.6 6.89 0.29 32.9 1 C2

0.99 24,69 51.9 13.75 0.27 35.0 1 cl

96/07/01

2.03 0.00 0.0 2.64 0.17 51.7 1 Col’c!

0.79 5.02 51.8 2.86 0.00 58.7 1 C3

0.84 12.40 53.3 8.97 0.34 24,8 1 C2

0.79 25.92 50.7 13.73 0.26 34.5 1 cl
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Cen A component flux density evolution

+ +
+ ++ +++

N + +

d

o I 1 1 1 1 I

90 91 92 93 94 95 96 97

* I I I 1 I 1

2
J

~
>m
.*
!

tj: : + + +++
+

m
v +

o I I 1 I I 1

90 91 92 93 94 95 96 9’?

+

* I 1 I 1 1 1

-s
C3
~m +

4 +
.,-(

8

ON
Q +

3 + + +~. : + +
+ •t

N

+++

v
o I 1 1 I I I

90 91 02 93 94 95 96 9’7

e 1 I 1 I I I
‘s
z
~m +

“!
-t

ON
a +

!!
+

c“ :
•t +

+ ++++

c
o I I I I I I -1

90 91 92 93 94 95 96 97

Time (Years)

l’ig. 5.-


