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Abstract. We present nine 3.6-cm VLBI observations of theource shows flaring with a characteristic timescale, we would
optically violent variable (OVV) flat-spectrum radio quasaideally have several VLBI observations spanning this timescale
PKS 0420-014 taken over a period of three years (1989.3®-allow us to correlate meaningfully any light curve events with
1992.48); we also show a VLBI map from observations at 481y derived structural evolution.
GHz in 1992.4. We trace jet evolution and variability with indi-  In order to study the kinematics of PKS 0420-014 in de-
vidual components. We find superluminal motion with,, ~ tail, we selected nine VLBI observations, spanning three years,
2-14 for five jet components. Components ejected more rigem the geodetic data base. While the VLBI morphology of
cently seem to separate faster from the core. All jet componeRISS 0420-014 is our principal interest, this source is also known
follow one common curved path within the jet. In addition tdor its pronounced flux-density variability in several regions of
presenting the results of the VLBI monitoring, we discusstae electromagnetic spectrum, making it a likely candidate for
possible correlation between component ejection and outbutsis sort of analysis discussed above. In fact, PKS 0420-014 did
seen in the radio/optical/gamma-ray regimes. The ejectionwfdergo a simultaneous optical/gamma-ray flaring event at the
several jet components can be linked to flares in the cm-ligihe of a radio outburst, providing an opportunity to investi-
curves; the most recently ejected component appeared shagtye the relation between the structural evolution and the flaring
before a simultaneous radio/optical/gamma-ray flaring. Our @ctivity seen in the radio, optical, and gamma-ray regimes. In
sults are in agreement with the predictions of the lighthoutiee following sections we give a brief overview of the flux-
model of Camenzind & Krockenberger (1992), which explairgensity variability recorded in the literature, report on previous
the observed optical flaring. We introduce an alternative modélLBI observations of PKS 0420-014, present the VLBI moni-
involving a precessing binary black hole. toring results, and discuss relations between the radio morphol-
ogy and the multi-wavelength flux-density variability. We also
Key words: techniques: interferometric — galaxies: quasars: ipresent two models, the lighthouse model and a binary black
dividual: PKS 0420-014 — radio continuum: galaxies — gamntele model (hereafter LH and BBH models, respectively), for
rays: theory PKS 0420-014. Wagner et al. (1995; hereafter W95) describe
implications for emission processes and these rotating jet mod-
els for PKS 0420-014, making use of a subset of the VLBI
observations presented here. We discuss the predictions of the
LH modelin the context of the full nine-epoch VLBI monitoring
VLBI monitoring of parsec-scale jets is a promising tool foprogram. We also explain the VLBI results and the optical flar-
studying the energy transport in AGN (active galactic nucleilg behavior in the context of the BBH model. This is the second
close to the central engine. The exact nature of this energy traofsthree papers describing the astrophysical analysis of geode-
port along the jets is still a question of debate. The jets of sevetial VLBI observations of three AGN (PKS 0528+134 (Britzen
AGN (3C 279, 3C 273, 3C 345, 1611+343, PKS 0528+134} al. 1999b), PKS 0420-014, and 1803+784 (Britzen et al. in
have been studied extensively; such study has inspired a varep.)).
ety of scenarios involving jet-component motion. In addition to
providing morphological information, VLBI monitoring, when
compared to flux-density variability across the electromagne
spectrum, can contribute towards understanding the physics o
active nuclei. Dense sampling of the VLBI observations in tim@ 1. Optical regime
is important in order to match the temporal resolution of signifi-

cant variability features as closely as possible. For instance, ﬁ)gtical monitoring lelpKS 04_20_0145 (& 0.915, Ifiljhr et_ail.
1981; 1 mas~- 4.21h~* pc, takingHy = 100h km s~ Mpc

Send offprint requests 1&. Britzen (britzen@nfra.nl) andqo = 0.5 throughout) dates back to 1969. An optical light
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curve presented by Webb et al. (1988) for the period Decemiserved during that time interval, indicating extreme variabil-
1969-January 1986 shows the source to be active, with typiitgl(Radecke et al. 1995). Information about earlier pointings
changes in brightness of 2—3 magnitudes on timescaleslof is given in Fichtel et al. (1994). PKS 0420-014 revealed its
year. Strong variability (maximumim =2 2.8 mag) is also seentwo highest gamma-ray fluxes.02 & 1.04 x 10~7 photons
in the 22-year light curve (1970-1992) reported by Clementsah—2 s~* and6.4243.42 x 10~ 7 photons cm? s~1) in viewing
al. (1995). The strong optical variability is seen by Villata et aperiod 21 and in viewing period 426 (August 8, 1995-August
(1997) and Raiteri et al. (1998) at later epochs. PKS 0420-042, 1995), respectively. In Fig.1Ll1 we plot the gamma-ray ob-
had a historical maximum (14.15mag in the R band) inits opticeérvations from EGRET (Hartman et al. 1999) and show upper
light curve on 15 September 1995 (Villata et al. 1997; Raitdimits of the non-detections. W95 report on the simultaneity of
et al. 1998) and continued to show intense activity afterwardse strong gamma-ray flaring in 1992 with a significant flaring
Five years of optical monitoring within the Hamburg Quasan the optical regime, one of the first detections of such simul-
Monitoring Program and at the Landessternwarte in Heidelbéegneous events made in any source. The epoch of the viewing
reveal two modes of variability at optical wavebands (W95jperiod 21 gamma-ray detection from PKS 0420-014 coincides
superimposed on an almost regular major flaring cycle havingvith the strongest outburst of optical emission observed in 5
timescale of- 13 months with each individual flare lasting abowears of monitoring since 1989 (W95).
one month (peaks in early 1990, 1991 and 1992; se€ Hig. 10 and
Tabl€[6), are variations on shorter timescales. . . . :

3. Previous radio interferometric observations
Antonucci & Ulvestad (1985) present VLA observations per-
formed at 20 cm, in which PKS 0420-014 has an angular size of
PKS 0420-014 is variable from long-cm to short mm42” (corresponding to a linear size Bf7h~! kpc) with a weak
wavelengths (Waltman etal. 1991; Tornikoski et al. 1993; Reigecondary component 20” to the northeast of the core and
et al. 1993). It belongs to the group of variable extragalacéeme extended emission to the south at separatid®(’. W95
sources that has been monitored in total and polarized flytesent four epochs of geodetic VLBI observations performed
density atradio frequencies (4.8-14.5 GHz) within the UMRA@! 8.4 GHz (a subset of the observations presented in this paper)
programme (Aller etal. 1985). Figl 8 shows the flux-density evéhat show superluminal motion>(3.9; > 0.15 mas/yr) for at
lution between 1982 and 1994. In Table 6 we list the times whggast one knot in the southern jet of PKS 0420-014 for the first
maxima are seen at different frequencies in the light curveigne. The maps indicate motion along a curved, possibly helical
The observed flux density variations of about a factor of 2 afajectory. Model calculations incorporating the LH model (Ca-
timescales of afew years are typical for highly polarized quasaignzind & Krockenberger 1992) explain the optical flaring as
(HPQs, Browne, 1989; W95). Reich et al. (1993) present obspeing related to the ejection of new VLBI components. Shen et
vations between 2.695 GHz and 90 GHz using the Effelsbeip (1997) report results of a 5-GHz southern hemisphere VLBI
100-m and the IRAM 30-m telescopes. These observations weigvey using the SHEVE array plus the telescope at Shanghai
carried out shortly after (2-3 days) the Compton Gamma-Retgm November 1992. The structure of PKS 0420-014 from
Observatory (CGRO, Fichtel et al. 1994) was observing thisese observations consists of a resolved core and a strong sec-
source. According to Fichtel et al., the source was “in a phaggdary component 0.96 mas south-west of the core at a position
of decreasing radio emission but still at a quite high intensity ahgle of —146°. Based on flux-density variability, they spec-
90 GHz" during the period of CGRO detection. Observations hyate about the ejection of a second component, which would
the Metsihovi Radio Research Station (&isranta et al. 1992) have a putative proper motion of 0.15 mas yand thus would
at 22 and 37 GHz reveal the flux-density of the source varyie@nfirm the value in W95. VLBI observations of PKS 0420—
between 3 and 7 Jy on time scales of about 500 days. PKS 04804 at 2.32 and 8.55 GHz are presented by Fey et al. (1996),
014 has also been observed at 90, 142, and 230 GHz with ##el at 5 GHz by Wehrle et al. (1992). Krichbaum et al. (1994)
IRAM 30 m telescope (Reuter et al. 1997; Steppe et al. 19§ftesent the first ever 43-GHz map from observations at epoch
1993). In Figl® we show the mm-light curves for the time sparp92.40, revealing a core-jet structure oriented north-south and
1985-1995. bending considerably (by more tha6°) near the core on mas

to sub-mas scales (see Fidd.2, 3).

2.2. Radio regime

2.3. Gamma-ray regime

Radecke et al. (1995) report the detection of gamma-ray enfts-VLBI monitoring at 8.4 GHz (X-band)

sion in the energy range above 30 MeV from PKS 042Gwe selected nine VLBI observations performed\aB.6 cm
014. EGRET detected gamma-radiation above 100 MeV dgiom the geodetic IRIS and IRIS-S database (International Ra-
ing two observation periods in 1992: in viewing period 21 (tW@jo |nterferometric Surveying, S=South: Carter & Robertson
weeks, February 20 — March 5) and period 29 (three week$ga: Carter et al. 1988). The observations cover a period of
May 14 — June 4) (Hartman et al. 1992; 1999). An intefnore than three years and were chosen to be fairly evenly dis-
sity decrease by a factor of at least 1.5 from a maximum ®fputed through the whole time span. The last observation marks
5.0 £ 1.4 x 1077 photons cm?s~! above 100 MeV was 0b- the time when the source was removed from the sample of
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Table 1. Antenna abbreviations used in Table 2 1989.32 .k 1990.08 1990.38

. c Lk L '::
Abbr.  Station Country, (State) Diameter [m] -0 -¢ o ::D
H Hartebeesthoek  South Africa 26 i e -~ E
FD Ft. Davis USA, (TX) 25 e N F
M Mojave USA, (CA) 12
R Richmond USA, (FL) 18 1991.82
S Shanghai China 25 K K
WS Westford USA, (MA) 18 -8 B
WT  Wettzell Germany 20 € <

- D - D
Table 2. Details of the VLBI observations performed on PKS 0420+ _ye By
014
1992.34

Exp. Epoch Antennas Scans K ; )
IRIS540  1989.32 FD-R-WS-WT 104 - .8
IRIS-S26  1990.08 H-M-R-WS-WT 72 °
IRIS-S30 1990.38 H-M-R-WS-WT 112 F - F R
IRIS-S40 1991.23 H-M-R-WS-WT 121 ¢ ‘
IRIS-S41 1991.31 H-M-R-WS-WT 108
IRIS-S47 1991.82 H-M-R-WS-WT 101
IRIS-S51  1992.15 H-M-R-WS-WT 110 Fig. 1. Images based on gaussian model-fits obtained for nine epochs
IRIS-S54  1992.34 H-M-R-S-WS-WT 133 of VLBI observations of PKS 0420-014 at 8.4 GHz. Contour levels
IRIS-S55  1992.48 H-M-R-WS-WT 48 arel,2,5,10,17, 25, 35, 45, 55, 65, 75, 85, and 95 percent of the peak

brightness at each epoch. Tick marks are at 1 mas separation.

geodetic VLBI sources. Details concerning the antennas par-
ticipating in the observations and the abbreviations used féfation of the minor to major axis of the component, in most
them are given in Tab[@ 2 and Tahle 1 respectively. cases the components are circular (1.0).

The observations were performed in the standard geodetic Capital lettersA-H denote individual elliptical Gaussian
setup. A typical IRIS-S array comprises from 3 to 6 VLBI stacomponents from the model fits, labelled by increasing core
tions providing a resolution of 0.5 mas and an almost circularseparation (see Figl 4). The core is labelledTable[8). The
beam. The data were recorded simultaneously at 2.3 and I8terx (in Table[3) denotes jet features that only appear in one
GHz in the Mk Il recording format. Details concerning theépoch and could not be reliably identified with a specific jet
data export, calibration, and reduction are given in Britzen @@mponent; we disregard them in the following analysis.
al. (1999b). We performed the imaging with the standard pro-
cedures provided in the Caltech VLBI package. Starting fro Results
point-source model, we mapped the source using the CLEAN
algorithm. In order to quantify the source structure, we also ffeor the central 3-mas region, we show a composite picture of the
ted elliptical Gaussian components to the observed visibilititedel-fitting results for the nine selected epochs in[Big. 1. The
at each epoch. Depending on data quality and uv-coverage,averall source structure shows a jet comprising several com-
were able to fit models typically comprising from 5 to 8 Gaugponents. The jet appears to bend twice, with the bending more
sian components within 3 mas from the core. We determinptbnounced nearer the core than farther away. This figure il-
the errors of the individual parameters using formal error projustrates that the morphology of the jet changes from epoch to
agation in the least-square fits (program ERRFIT in the CalTeepoch due to the motion of jet components.
package). From previous experience with geodetic data analysis,In Fig.[2 we show a hybrid map obtained at 43 GHz from
i.e., by performing several model-fit calculations with differerglobal VLBI observationsin May 1992 (Krichbaum et al. 1994).
parameter sets and comparing the results, we realized thatThe source structure in this high resolution map confirms the
errors calculated with ERRFIT may not be realistic for this kinstructure seen in the 8.4-GHz observations. The map shows a
of dataset. The following errors better reflect systematic effectsrved jet which extends over 10 mas towards the south. The
in the elliptical Gaussian models: for the flux/SS ~ 10-20%; resolution of these observations (bed@m9 x 0.17 mas; posi-
for the distance r from the coréyr ~ 0.1 mas; for the position tion angle:—6.93°) is significantly higher than that of the 8.4-
angle®, A®© ~ 20-30 for r < 0.5 mas,A®© ~ 5-10 for 0.5 GHz VLBI observations, and thus gives a detailed picture of the
mas< r < 2.5 mas, and\® ~ 10-20 for » >2.5 mas; and inner region of PKS 0420-014 not visible in the geodetic VLBI
for the major axis Ma.A.AMa.A. ~ 0.1 mas. Tablgl3 gives data. In Fig. B we redisplay the central region of the source, con-
the results of the model-fitting procedure for all the componenislved with a circular beam of 0.3 mas to simplify the compar-
within 3 mas of core separation. The axial ratio is given by theon with the other images. The bending continues even within
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Clean map. Array: BHCMLPKP
0420-014 at 43.221 GHz 1992 May 27

Table 3. Model-fit results for PKS 0420-014. We take as uncertainties
AS ~ 10-20%,Ar ~ 0.1 masAO ~ 20-30 for r < 0.5 mas,A©

' ' ‘ ‘ ~ 5-10 for 0.5 mas< r < 2.5 masA®© ~ 10-20 for r >2.5 mas,
o L i andAMa.A. ~ 0.1 mas. Components not shown or not labelled in
Fig.[l and their model-fit parameters are given in parentheses.
Epoch Id. S r 0 Ma.A. Axial ratio
+ L | Dyl [mas] [] [mas]
1989.32 k 2.3 0.00 0.00 0.6 1.0
| C 0.2 0.45 303 0.1 1.0
- D 0.2 0.86 187 0.2 1.0
E w b | E 0.5 1.20 159 0.5 1.0
— F 0.1 1.63 175 0.4 1.0
< H 0.1 2.66 144 0.5 1.0
*é 1990.08 k 2.0 0.00 0.00 0.9 0.4
S (B 0.1 0.24 300 0.4 1.0)
8 °r ] C 01 046 254 03 0.9
o 0 (b 0.1 0.91 192 0.3 1.0)
E 1 E 0.1 1.16 187 0.3 1.0
& N G 02 215 177 0.1 0.8
LT ] 1990.38 k 2.0 0.00 0.00 0.5 0.4
(B 0.1 0.32 304 0.4 0.9)
i C 0.6 0.60 239 0.2 0.9
- D 0.4 0.97 206 0.3 1.0
T n E 0.1 1.20 193 0.4 1.0
F 0.1 1.64 176 0.2 0.9
H ' 1 (H 0.1 2.86 174 0.4 1.0)
0 1991.23 k 1.8 0.00 0.00 0.5 0.4
Tl : ! : ! = B 08 061 237 08 0.5
. o —Z E 02 125 196 0.1 0.8
Right Ascension {rmos) = 0.1 1.84 175 0.1 0.8
Fig. 2. Hybrid map of PKS 0420-014 at 43 GHz at epoch 1992.40. (G 01 251 151 07 0.8)
Contour levels are 0.7, 1.4, 2.8, 5.6, 11.2, 22.4, 44.8, and 89.6 percent (H 01 283 168 04 0.9)
of the peak flux density (2.39 Jy/beam). The beam is ®¥17 mas 1991.31 k 1.3 0.00 0.00 0.3 0.6
at—6.93. B 0.5 0.54 234 0.5 1.0
C 0.3 0.70 211 04 1.0
DA D11 at 1001 Chi 1980 oy 27 D 01 099 189 03 1.0
‘ ‘ ‘ F 01 181 187 04 1.0
ol ] G 01 253 197 05 10
1991.82 k 1.3 0.00 0.00 0.3 0.6
B 0.5 0.77 232 0.2 0.8
= C 0.5 0.83 205 0.1 0.9
BT ] D 0.1 1.21 189 0.3 1.0
5 F 0.1 1.89 165 0.4 1.0
£ G 01 240 187 06 1.0
Sl ] (H 01 279 172 03 1.0)
E 1992.15 k 1.7 0.00 0.00 0.5 0.3
(A 01 028 300 0.4 1.0)
<L | B 0.9 0.86 217 04 0.8
D 0.3 1.28 201 0.1 0.9
F 0.3 1.79 174 0.1 0.9
: : : i G 0.1 2.24 179 0.2 0.9
> Right dscension (mes) (H 01 284 174 04 1.0

Fig. 3.Central region of the hybrid map shown in Fi§. 2 convolved with
a circular beam of 0.3 mas. Contours as in[Hg. 2.
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Epoch Id. S r 0 Ma.A. Axial ratio
Oyl [mas] [] [mas]
1992.34 k 2.2 0.00 0.00 04 0.3
(A 0.2 0.38 303 0.5 0.9)
B 1.2 0.89 222 0.3 0.8
(C 03 1.03 201 0.2 0.9)
(E 01 1.42 202 04 1.0)
F 0.1 1.71 181 0.4 0.9
(G 01 2.60 150 0.4 0.9)
(H 01 295 193 0.4 0.9)
1992.48 k 1.5 0.00 0.00 0.2 0.7
B 1.1 0.86 219 05 0.8
(x 0.2 165 156 0.4 0.8)
x 0.2 1.63 175 0.1 0.8)
G 0.1 2.50 186 0.2 0.9
(H 01 267 176 05 0.8)
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Fig. 5. Positions for individual jet components up to a core separation
of ~ 3 mas, plotted as position angle versus separation from the core.
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0.0 2.0 .4.0 6.0
core separation [mas]
Fig. 6. Positions for all jet components (including components at core
separations> 3 mas) plotted as position angle versus core separation
without error bars. Model-fit component paths are shown as as solid
line (fourth degree fit) and a dashed line (cubic fit).

Fig. 4. Jet component separation from the core versus time for indi-

vidual components in PKS 0420-014. Symbols denote components as

introduced in

Tablgl3.

We derived estimates for the separation speeds of the indi-
vidual components by fitting straight lines to the model-fitted
core separations as a function of time. These calculated sepa-
ration speeds, as well as the parameters of the regression and

the innermost part, becoming even more pronounced withthee extrapolated time of ejection, are given in Tdhle 4 for the

~ 90° turn at core separatiors 0.5 mas.
Within the inner 3 mas from the core, we identified up tponent is taken to be the standard error of the slope. The veloc-

eight distinct jet components in the 8.4-GHz VLBI model fitsty of componentA had to be calculated on the basis of only

Assuming that the feature we identify as the chria fact re-

component&—G. The uncertainty of the velocity for each com-

two observations and is therefore subject to a correspondingly

mains stationary, the individual components all move outwartdsger uncertainty. The uncertainty of the ejection time is taken
and we can estimate meaningful separation velocities for edotbe the corresponding uncertainty in the time-axis intercept
component as we follow them in time. Hig. 4 shows the segue to the velocity uncertainty. Due to resolution effects, the
aration of the component&\{H) from the core as a function uncertainties of the radial distances for the components beyond
of time. Nearly all of the outer components can be traced ov@mponent are smaller than the uncertainties of the position
the full three years, while the two innermost componéngd angles (see Figsl Bl 6). We do not include these components in
B were ejected more recently. The positions of comporentthe discussion of the separation velocities. For the rest, we find
andB are consistent with the 43-GHz observations. Model fithat the more recently ejected components have faster separation

ting these data yields components at core separations(ot
mas (componer) and~ 0.8 mas (componerB). Another jet

speeds.
We show the position angl® of the component relative

componentis seen at 0.2 mas, but is beyond the resolution oto the core versus the core separation for compon&aks in

the 8.4-GHz observations.

Fig.[5. Despite some larger error bars, the general trend is that
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Fig. 7a—f.The figuresa—f show the core separations for componek&, plotted in rectangular coordinateX (¢) = cosd Aa(t), filled circles;

Y (t) = Ad(t), filled squares) as a function of time. In addition, we show a linear regression fit (dashed line) to the motion in each coordinate.

The parameters of the regression are given in Tdble 5.

Table 4. B.pp, polynomial coefficients (4, A1) derived from linear separation speeds. These speeds seem to disagree with those
regression, and inferred ejection times from the core. We used tfsted in Table€% for componen® andC, and seem to agree
following cosmological parameters for our calculatiof = 100
kms™ ! Mpc™!, g0 = 0.5.

Comp.  Sapplc] A1 [maslyear] A [mas] time of ejection
(-Ao/A1)
A 13.8:8.7 0.5263158 -1048.22 19916.3
B 7.4+ 05 0.2802028 -557.3793 1989.02.6
C 5.0+ 0.7 0.1893678 —376.3292 198%3.0
D 3.8+ 0.7 0.1437679 —285.1828 1983.6.5
E 21+0.6 0.0782125 —154.4493 19742.0
F 1.6+ 0.9 0.05923992 -116.2012 19615.0
G 2.8+2.0 0.1061696 —-209.032 1968t5.0

quite well for componenté andD. The most obvious reason
for the difference is the curvature which is taken into account
in the calculations in Tabld 5. The curvature is largest for com-
ponentsB andC and is less for componebt. The velocity of
componenf, based on only two data points, does not yet have
any sensitivity to curvature of the jet.

In Fig[8 we show the flux-density evolution at cm-
wavelengths (2.1, 3.6, and 6 cm). The flux-density data were
kindly provided by the UMRAO programme. The radio flux-
density evolution is characterized by significant outbursts
spaced at roughly one to three year intervals. Outbursts occur at
all three frequencies. Typically an outburst is seen to start ear-
lier at higher frequencies (see Aller et al. 1985). Elg. 9 shows
the flux-density evolution in PKS 0420-014 at mm-wavelengths

all the components seem to follow one common path. If WSteppe etal. 1993; Reuter etal. 1997). We show observations in
include the information from the 43-GHz hybrid map, the patfie frequency range 87.70-90.13 GHz (called 3 mm in Table 6),
starts at a position angle ef 340° and bends towards a position; 42.30-150.99 GHz (called 2 mm in Table 6), and 221.4-233.7
angle of~ 300° at a core separation 0.5 mas (Bend 1), then (called 1.3 mm in Tablgl6). Fig_10 shows the optical light curve
bends towards a position angle-©f180° at a core separation pyblished in W95. In Fig_11 we plot the gamma-ray obser-
of ~1.5-2 mas (Bend 2). Figl 6 illustrates the complete jet ridg@tions and upper limits of the non-detections from EGRET
line, incorporating all jet features we detected. This figure a@ﬂartman et al. 1999). In Fig12 we show the core separation

Fig.[6 suggest that the jet bends again at core separations of defgus time for the two most recently ejected componratsd
mas (Bend 3). To guide the eye, we plot third- and fourth-degrgqa detail from Fig4).

regression polynomials.
We present the motion parametrized in rectangular coorgh-the light curves at different wavelengths (tabulated as year —

natesX (t) andY'(t) in Fig.[1 and give the parameters of thig 900 with the uncertainty below, both in bold face). In addition,
linear fitin Tabld b, where we have also calculated the resulting

In Tabld 6 we summarize times associated with flares visible
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Table 5. Coefficients of the linear regression fits to the parametrixéd) andY (¢) component paths shown in Fig. X (¢)=V,

Y (£)=Vy - t + yo; andVier = \/VZ + V2).

71

-t + o,

ldent Ve Vy Zo Yo Viot Bapp
[maslyear] [maslyear] [mas] [mas] [maslyear]c] [
A 0.401053 0.352632 -0.0868832 -0.03527015 0.53 13.94
B 0.1510572 -0.3771428 -300.3656 750.7134 0.41 10.78
C -0.1045611 -0.4773003  208.5167 949.7648 0.49 12.89
D 0.05927368 -0.1336172  -117.7509  265.0136 0.15 3.95
E 0.2799963 -0.06361887 -557.2086 125.4524 0.29 7.63
F -0.007144846 -0.05422974 14.10657 106.2399 0.05 131
o 1990 1991 1992 1993
4
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Fig. 10. Light curve of PKS 0420-014 at 650 nm (errors are smaller

Fig. 8. Flux-density evolution between 1982 and 1994 at 14.5 GHgan symbols) (W95).
(stars), 8 GHz (filled circles), and 4.8 GHz (open triangles) (UMRAO
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20 } % i i 7 Fig. 11.Light curve of PKS 0420-014 in the range 100Wle 5 GeV
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Fig. 9. Flux-density observations obtained with the 30m MRT at Picg *® [ 5.~
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we give the starting times (below the peak times) for the flaresan, , |
the cm light curves. Events whose identification as flares is less
certain are given in brackets. For our analysis we concentrate,

on the following monitoring periods: 1982-1993 for 4.8-14.5 00
GHz, 1986-1993 for 1.3-3 mm, 1990-1993 for optical, a
1991-1993 for gamma rays. The flaring behaviour is compl
with several events occurring during the monitoring periods. In

1991.0

time

1992.0

r"—dg 12.Core separation versus time for compon®andB and dashed
Tmes indicating the linear regression.



Table 6. A summary of the times of outbursts observed at different frequencies in the respective monitoring periods (see text).
The dates were determined from the light curves shown i Higl8-11.

A 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992
48GHz 83.6 87.1 90.9 92.5
+0.2 +0.3 +0.2 +0.2
start of flare 84.8 89.9 91.8
+0.2 +0.2 +0.1
8GHz 83.6 86.5 87.0 90.8 92.7
+0.2 +0.3 +0.1 +0.2 +0.2
start of flare 82.8 84.5 89.8 91.9
+0.3 +0.2 +0.2 +0.1
145GHz 834 84.9 85.8 [87.4] 90.5 925
+0.2 +0.1 +0.2 +0.2 +0.2 +0.3
start of flare 82.7 84.2 89.4 91.8
+0.3 +0.2 +0.3 +0.2
3mm B7.9 [88.9 [89.9 90.8 91.8 [92.9
+0.3,-0.1 +0.1 +0.1,-0.2 +0.1 +0.1 +0.1
2mm [89.9 [90.9 91.6 [92.9
+0.1 +0.2,-0.1 +0.8 +0.9,-0.1
1.3 mm B7.7 [88.7
+0.2,-0.1 +0.5,—0.1
650 nm 90.16 91.12[91.87 92.18
+0.58,—-0.05 +0.01;+0.26, —0.01 +0.01,-0.06
> 100MeV 92.16
+0.24,-0.71

L
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addition, a given event may have peaked at different times at componenC was ejected at a timé§87.3+1.0) that might
different wavelengths (see also Stevens et al. 1994, 1995). Ascorrelate with the time of the major flare at cm wavelengths
an example, at cm-wavelengths we see a major flare starting in(see Fig.B).

~ 1984 and peaking first at 14.5 GHz (1985.8), then at 8 GHz componenB was ejected at a timé ¢89.2 + 0.6) that cor-
(1986.5), and finally at 4.8 GHz (1987.1). In 1990/91 another relates well with the minimum in the cm-wavelength curves
(small) flare at cm-wavelengths is observable; this was probably (see FigiB) preceeding the 1990-flare at cm wavelengths.
the same flare occurring at mm-wavelengths in 1990. Similarly: componeni was ejected at a timé §91.6 4 0.3) that cor-

at mm-wavelengths a large event peaked in late 1991; this flare relates well with the minimum in the cm-wavelength curves
is seen at cm-wavelengths at a time around 1992.5. The decline(see Fig.B) preceeding the large 1992 flare at cm wave-
of this mm-flare was interrupted by another event visible in the lengths.

3 mm and 2 mm data that peaked in late 1992 and subsequently

decayed through 1993 (see Stevens et al. 1995 for discussion

of the second flare at high frequencies). The rise of the 1992 q ield evid for diff ‘ lation b
cm-radio outburst seems to be accompanied by a gamm atayield evidence for different sorts of correlation between

a-ray . " . o
flare that might have peaked earlier than the cm-radio flare. ﬂh‘ Clznstances of component sjec_tlonl and flux-densny var_|abrl]l-
maximum inthe gamma-ray light curve in 1992.16 was followed" I_orr]nponent ejection c]:an € smuﬁ;anedous to_[r;?ammFa In the
by a much smaller flux-density value. The highest gamma-rg -light curve (ejection of compone@itand possibD). For

flux density coincided with the highest flux-density value of thg?MPonent andB the time of ejection coincides with a min-
optical flaring (W95) imum before occurrences of enhanced flux-density activity in

the cm-radio bands. Though specific correlations with mm, op-
tical, and gamma-ray events could not be reliably made due to
insufficiencies in the data for PKS 0420-014, inspection of the
6. Discussion light curves for those regimes reveals flares near the computed
%ection times that might be related to the ejection in a way that
is ‘consistent with those reported for some other sources: e.g.,
AO 530 (Bower et al. 1997), 1611+343 (Piner & Kingham
)97), 3C 273 (Krichbaum et al. 1998), and PKS 0528+134
ichbaum et al. 1995, Britzen et al. 1999b). These references

frequency flux-density flares, as well as the kinematics of the ' f eiect FVLBI tsf th
components and jet morphology. We will further discuss the gportasequence ofejectiono .components irom the core
owing a high-energy outburst, which in turn could be traced
u

retical models that can explain observed morphological featu g hiol bands. In th luminal 3C
as well as some of the observed flux-density flaring events sé jpugn to fower energy bands. in the superiuminal quasar
there are ejections of VLBI components nearly coincident

in some bands. with gamma-ray flaring (Wehrle et al. 1994). The gamma-ray
emission detected in alarge number of blazars (von Montigny et

6.1. Correlations between component ejections al. 1995) is most likely produced by inverse-Compton scattering
and broad-band-flaring from relativistic jet electrons and is Doppler boosted via beam-
n.j_ng toward us, although the details of this process are not yet

In the following, we discuss the ejection times for jet co _ . .
ponents in PKS 0420-014 with respect to the flaring everfi€ar. One of several alternative explanations is that the gamma-

observed in several wavelength bands. In Table 4 we list puf&Y lburjts m||ght be related to precessing relativistidbeams
tive ejection times for individual jet components. In Table 6 oland et al. 1I994).h he th in th
summarize the times associated with flares observed at differ- V9> Speculate that the three bumps seen in the 37-GHz

entfrequencies. Because of the uncertainties in the compute§ separated by about 13 months (Stevens et al. 1994) might

component ejectiontimes, the undersampling of the light Curvé;g’rrespond tothe three optical peaks, ifa delay of 9 months is as-

and the rapid variability of PKS 0420014 in the mm, optical arymed. Radio-optical connections have been claimed for some

gamma-ray regimes, it is not possible to correlate Compongyﬁll—monltored individual events in PKS 0420-014 (Dent et al.

ejection times with flux density variability at those wavelengtl—#:m)' Itis not clear to us whether there is a correlation between

reliably. The much better sampling at cm radio wavelengthi optical flaring and the radio outbursts for PKS 0420-014

makes it possible to relate component ejection times to evemgeneral. llt IS pogsr,]lblr:e tha;_the S|tr)nulta_neous optt)|callgarr]nma
in the cm radio light curves. However, these correlations apdent correlates with the radio outburst in 1992, but we have

somewhat limited by any unmodelled accelerations in the jef!© €vidence for any further correlation between the radio and
the optical. Although PKS 0420-014 has been monitored in the

optical and radio regimes for about 20 years, the spacing of
bservations in both regimes limits the correlation studies be-

relates quite vyeII with the 1983 flare n the C!“'Wa"e'?”g. een the radio and the optical light curves for the whole period
curves (see Fi§l8). The error associated with the ejecti lements et al. (1995), Tornikoski et al. 1994)

time prevents us from saying whether the component was
ejected before, during, or after the observed flaring.

In the previous sections we presented ten VLBI observatio
including the 43-GHz observations, of PKS 0420-014 sp
ning three years. In the present section, we will discuss t
correlation between epochs of component ejections and m

— componenD was ejected at a tim@{83.6 + 1.5) that cor-
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6.2. Kinematics ries is expected in sources with highly relativistic, magnetized

Lets. The velocity vector of the knot sweeps around the jet axis,

Our datayield evidence for up to eight distinct componentsin t & . . i
. T oducing a time-dependent Doppler boosting for an observer
jetof PKS 0420-014. Five jet components can be traced overgrlgng a fixed line-of-sight. The interplay between the helical

whole time range of our observations, compon&wsdG can : . : -

) . . trajectory and variable Doppler boosting leads to a “lighthouse-
be seen in all but the first epoch, and the most recently ejec " L : L
: . effect”. The LH model of relativistic magnetized jets is able to
component A) is seen only in two epochs. The componentg

separate from the core with superluminal velocities betwe(s)r(lpIain qualitatively the symmetry and similarity of subsequent
7.4-1.6 for component®—F and~ 14cfor componens.. The ptical outbursts in 1990-1992 (see [Eig. 10). Components mov-

. X i ing with apparent superluminal velocities on a curved trajector
speeds of componeBtF fall in a range typical for individual 9 PP P ! y

. ) seen in our VLBI observations support the model. The model
components in superluminal sources (e.g., Vermeulen & Cohen

L ! L redicts that the repeated optical flares were caused by a knot
1994; Britzen et al. 1999a). Our observations indicate that tg%cted in 1991, which our VLBI observations can identify as

%’r?;r?ggrtwéogar;c;nr%sa eecrfsdzscgg]ﬁpgnjr:ﬁéegbﬁ rz)o Ve fasc rrnponenA. Our result that several jet components move with

. ) . superluminal speeds on the same path is also in agreement with
Our VLBI observations begin to detect jet components %lp P P 9

position angles of roughly 300relative to the core in the re- ffle LH model.

) L .. Anumber of other geometrical models based on helical mo-
gion within 0.5 mas from the core (see HIh[3, 6). As the ]‘ﬁt()a have been proposed to explain the curved quasiperiodic
components separate from the core, they move along a curyeQt, . ios seen in 3C 345, 1803+784, 4C39.25, and similar
trajectory towards a position anglesf180° (by ~ 2 mas core ! ' .

separation). From here the position angle of the jet increases, o> (Steffen et al. 1995; Qian et al, 1991, 1996). Models

again and the jet bends towards a position angle @00° at ?ﬁéorporatmg magnetic fields have been introduced by Camen-

a core separation of 4-5 mas. All the different componentsZInOl (1986) and I.ngl & _Choudhun (1985).' Hellc_al mot|on_
an also be readily explained from three-dimensional Kelvin-

follow identical paths along the twice-bent jet (see BIGIS, 6&Ielmholtz jet simulations (Hardee 1987; Hardee et al. 1995).

The path is curved by at least T2@ithin the inner 2 mas at A precession in the region of the nucleus (Blandford 1987), for

an obse'rvmg frequency of 8.4 GHz. The 43'G.HZ. VLBl imag x{ample caused by gravitational interaction between galaxies,
detec_ts_Jet components CI(_)ser to the core. A first jet COmpon%'?nary black holes, or black-hole/disk systems, can explain the
(notvisible in the 8.4 GHz images) appears at a core Separaté%rbarent bending <,)fjets and jetcomponents m(;ving on different

of ~ 0.2 mas and position angle ef 340°. This indicates, as , _. . .
already shown in Krichbaum et al. (1994) that at higher frtr_a]ectorles, as well as components moving on the same curved
uenci):es thév'etl benldin il?\ PKS 0'420_014 is even I?nore rra_jectory (see Abraham & Carrara 1998 for the precessing jet
gounced thanjseen in théJ 8.4-GHz observations. At 43 GHzp e?JC 279). Binary black holes have been postulated to be re-
' - s ' gponsible for jet wiggling on pc-scales (see Roos et al. 1993
components seem to move on a similar path. This leads to fhe - . :
. . - . 0r1928+738) and for observed periodic optical flaring (Valto-
assumption that the total bending within the inner 2 mas must be . -
) : - nen et al. 1999 for 0J287). A model by Britzen et al. (in prep.)
atleast 160°. Taking curvature into account when calculatm?‘o

- . . . stulates a binary black hole in the center of PKS 0420-014.
velocities along the jet leads to higher velocity values, as can

) ey propose that the gravitational influence of a binary system
seen by comparing Tatilé 4 4nd 5 for the case of COmporﬁbm(%auses the precession of an accretion disk as well as the mo-

andC, which are the most affected by the jet curvature. tion of the black hole ejecting the plasma. A perturbation of the

Rarely are the reported motions in AGN along Stralgrﬁtlagneticfield lines due to the precessing accretion disk in turn

trajectories: kinks and bends are frequently seen in the ¢ rturbs the relativistiet beam that is assumed to move along

regime as well as in the mm regime (Krichbaum et al. 19 . .
for PKS 0528+134, PKS 0420-014, 1803+784: Krichbaumé;]em' Britzen et al. (in prep.) show that the results of the VLBI

. nitoring presented in this paper — the paths and motions of
al. 1995 for 3C 454.3). In a small number of cases, complicat (? . o . o
curved trajectories have been determined (Zensus 1997 andﬁ"?-JGt components — can be explained within the framework

[ . o
erences therein). In contrast to our results for PKS 0420—Of§a bma_ry black _hole_system. In addlpon, th_ey ShOW_ th"f‘t the
outburst in the optical light curve associated with the ejection of

Zensus (1997) has measured different apparent trajectonesacr)]rew VLBI component can be explained by the motion of the

the superluminal features in 3C 345 within 1 mas of the station- . . . :
ary core. In this and other sources (e.g., PKS 0528+134, Britz[&ﬁCk hole that is responsible for the jet and jet components. In

et al. 1999b), the curvature appears most pronounced neartO%SeCz:t%Ig% EEZ ?nrgz!gj:ﬁﬂ;?;?]z?cf ps?:ris Is very sensitive
core, similar to PKS 0420-014. y system.

Our results presented above confirm predictions of the LH
modelfor PKS 0420-014 (W95). Magnetic fields are a necessaryConclusions
element for jet formation; dynamo action in the inner accretion

disk creates a rotating magnetosphere that is filled with di
plasma (Camenzind & Krockenberger 1992). The superpogil-<S 0420-014 performed a&3.6 cm between 1989.32 and

tion of the outflow and the rotational motion of the jet plasma222-48- The jet canhbe well described by up to ei?ht Qistlinct
results in a helical trajectory. Thus, motion on helical trajectéE! components. We have detected apparent superluminal mo-
tion betweenv 2—14 for five jet components. The components

have presented nine VLBI observations of the OVV quasar
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seem to separate faster in the vicinity of the core; the “older” jetrter W.E., Robertson D.S., 1984, In: International Symposium on
components in PKS 0420-014 move more slowly. All compo- Space Techniques for Geodynamics. Sopron, Hungary, Magyar
nents move on the same path along a twice-bent, strongly curvedTudomanyos Akademia Geodeziai es Geofizikai Kutato Intezet,
jet. Global VLBI observations performed at 43 GHz presented Volume 1 (A86-29426 12-46), p. 214

in this paper indicate a similar path for the jet components. TR&"ter W.E., Robertson D.S., Nothnagel A., et al., 1988, JGR 93,

bending continues towards the innermost part, becomes e&?enr%]iigglj Smith AG.. Aller H.D.. Aller M.E. 1995. AJ 110. 529

more pronounced with & 90° turn at core separations 0.5 peni\w A | Balonek T.J., Smith A.G., Leacock R.J., 1979, Apd 227,
mas. Therefore, the total bending within the inner 2 mas must | g

be at least- 160°. We extrapolated each component’s trajeg=ey A L., Clegg A.W., Fomalont E.B., 1996, ApJS 105, 299

tory back to the time of its ejection. We have discussed thghtel C.E., Bertsch D.L., Chiang J., et al., 1994, ApJS 94, 551
correlation between epochs of component ejection and mukiardee P.E., 1987, ApJ 318, 78

wavelength flux-density activity. We found that times of ejectiorardee P.E., Clarke D.A., Howell D.A., 1995, ApJ 441, 644

agree well with times preceding enhanced flux-density activiﬁﬁftmaﬂ R.C., Bertsch D.L., Fichtel C.E., 1992, AU Circ. 5519, 1
in the cm regime for two componemsandB. Though less fre- artman R.C., Bertsch D.L., Bloom S.D., et al., 1999, ApJS 123, 79

: : ; P Kanigl A., Choudhuri A.R., 1985, ApJ 289, 173
quent sampling prevent reliable correlaton analysis, inspectbfiy L T2 GG . witeel &, o o, 1994, I Kus AJ,
9 99 J y Schilizzi R.T., Borkowski K.M., Gurvits L.1. (eds.) Proceedings of

during times of maxima in the mm regime for the threg COM- " the 2nd EVN/JIVE Symposium. Torun, Torun Radio Astronomy
ponentsA, B, andC. ComponenB seems to have been ejected  gpservatory, p. 47

during the minimum before the 1991 radio-flare, and componeédichbaum T.P., Britzen S., Standke K.J., etal., 1995. Proc. Natl. Acad.
A before the simultaneous optical/gamma-ray flaring in 1992, Sci. USA 92, 11377

which appeared during an outburst in the radio regime. Our dirichbaum T.P., Kraus A., Otterbein K., et al., 1998, In: Zensus J.A.,
servations are consistent with predictions of the LH model for Taylor G.B., Wrobel J.M. (eds.) Proc. IAU Colloguium 164, Radio
the VLBI jet morphology and kinematics, originally made to Emission from Galactic and Extragalactic Compact Sources. PASP
explain the quasi-periodic optical flaring. A paper describing Conference Series 144, p. 37

an alternative model assuming a BBH system in the center hr H., Witzel A., Pauliny-Toth I.I.LK., Nauber U., 1981, A&AS 45,

PKS 0420014 is in preparation (Britzen et al. in prep.). Pine3r6|; G., Kingham K.A., 1997, ApJ 479, 684
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