arXiv:0910.3782v1 [astro-ph.CO] 20 Oct 2009

Mon. Not. R. Astron. Sod00,[THZ7 (2009) Printed 20 October 2009 (MNEX style file v2.2)

Kinematics of the parsec-scale radio jet in 3C 48

T. An'*, X.Y. Hong!, M.J. Hardcastfe?, D.M. WorralP, T. Venturf,
T.J. Pearsoh Z.-Q. Sheh, W. Zhad and W.X. Fen§

I Shanghai Astronomical Observatory, Chinese Academy en&es, 200030, Shanghai, China

2 School of Physics, Astronomy and Mathematics, Univer§ijestfordshire, College Lane, Hatfield AL10 9AB

3 Department of Physics, University of Bristol, Tyndall AvenBristol BS8 1TL

4 INAF — Istituto di Radioastronomia, 1-40129, Bologna, tal

5 California Institute of Technology, Mail Stop 105-24, Pdsaa, CA 91125, USA

6 Liaocheng University, 252059, Liaocheng, China

20 October 2009

© 2009 RAS

ABSTRACT

We present results on the compact steep-spectrum quasa8 86 observations
with the Very Long Baseline Array (VLBA), the Multi-ElemeRadio Linked Inter-
ferometer Network (MERLIN) and the European VLBI Network{®) at multiple
radio frequencies. In the 1.5-GHz VLBI images, the radidgetharacterized by a
series of bright knots. The active nucleus is embedded irsthi¢thernmost VLBI
component A, which is further resolved into two sub-compudaé1 and A2 at 4.8
and 8.3 GHz. Al shows a flat spectrum and A2 shows a steep gpecthe most
strongly polarized VLBI components are located at compb@en0.25 arcsec north
of the core, where the jet starts to bend to the northeastpolagization angles at
C show gradual changes across the jet width at all obseregdéincies, indicative
of a gradient in the emission-weighted intrinsic polaiimatingle across the jet and
possibly a systematic gradient in the rotation measureemar, the percentage of
polarization increases near the curvature at C, likely ist&st with the presence of
a local jet-ISM interaction and/or changing magnetic-fighebctions. The hot spot
B shows a higher rotation measure, and has no detected prapien. These facts
provide some evidence for a stationary shock in the vicioftg. Comparison of
the present VLBI observations with those made 8.43 yearsaggests a significant
northward motion for A2 with an apparent transverse veyogit,, = 3.7 £ 0.4 c.
The apparent superluminal motion suggests that the risiitiyet plasma moves at a

velocity of > 0.96 cif the jetis viewed at an inclination angle less ti2a\. A simple
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precessing jet model and a hydrodynamical isothermal jetehwith helical-mode
Kelvin-Helmholtz instabilities are used to fit the oscitlat jet trajectory of 3C 48
defined by the bright knots.

Key words: galaxies: active, galaxies: kinematics, galaxies: jatasars: individual:
3C 48

1 INTRODUCTION

Compact Steep Spectrum (CSS) sources are a population effubvadio sources with projected
linear size less than 20 kpc and steep high radio frequerestisma < —0.5 (Peacock & Wall
1982, Fanti et al. 1990, and review by O’Dea 1998l Fanti 2009. Kinematical studies of the hot
spots and analysis of the high-frequency turnover in thersgdectrum due to radiative cooling
imply ages for CSS sources in the rangé-20° yr (e.g., Owsianik, Conway & Polatidis 1998;
Murgia et al. 1999). The sub-galactic size of CSS sourcebé&as used to argue that CSS sources
are probably young radio sources, (the ‘youth’ model: Fahtl. 1995; Readhead et al. 1996).
However, another interpretation attributes the apparempactness of the CSS sources to being
strongly confined by the dense ISM in the host galaxy (thestiation’ model: van Breugel, Miley
& Heckman 1984). Spectroscopic observations of CSS soproesde evidence for abundant gas
reservoirs in the host galaxies and strong interaction éetvthe radio sources and the emission-
line clouds (O’Dea et al. 2002). Some CSS sources have bessrwaa to have high-velocity
clouds (as high as' 500 kms™) in the Narrow-Line Region (NLR), presumably driven by @xdi
jets or outflows; an example is 3C 48 (Chatzichristou et 821 9tockton et al. 2007). In addition,
many CSS sources show distorted radio structures, suggedtviolent interaction between the
jet and the ambient interstellar medium (Wilkinson et aB4;9Fanti et al. 1985; Nan et al. 1991;
Spencer et al. 1991; Nan et al. 1992; Akujor et al. 1991). Tihpla supply of cold gas in their
host galaxies and their strong radio activity, which resirita detection rate as high as30 per
cent in flux-density limited radio source surveys (PeacodW&ll 1982; Fanti et al. 1990), make
CSS sources good laboratories for the study of AGN triggeaimd feedback.

3C 48 ¢ = 0.367) is associated with the first quasar to be discovered (Matlet al. 19611,
Greenstein 1963) in the optical band. Its host galaxy igteigthan that of most other low redshift

guasars. The radio source 3C 48 is classified as a CSS sowr¢e isismall size and steep radio
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L In the present paper, the spectral index is defines,asc .
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Pc-scale jetin3C 48 3

spectrum((Peacock & Wall 1982). Optical and NIR spectrogroipservations suggest that the ac-
tive nucleus is located in a gas-rich environment and tralitte-emitting gas clouds are interact-
ing with the jet material (Canalizo & Stockton 1990; Stock& Ridgway 1991 Chatzichristou et al. 1999;
Zuther et al. 2004; Krips et al. 2005;_Stockton et al. 20071)BVimages (Wilkinson et al. 1990;
Wilkinson et al. 1991; Nan et al. 1991; Worrall et al. 2004ydeevealed a disrupted jet in 3C 48,
indicative of strong interactions between the jet flow areldense clouds in the host galaxy. Al-
though some authors (Wilkinson et al. 1991; Gupta, Sriap&rihaikia 2005; Stockton et al. 2007)
have suggested that the vigorous radio jet is powerful eméaigrive massive clouds in the NLR
at speeds up to 1000 km's the dynamics of the 3C 48 radio jet have yet to be well coitstth
Due to the complex structure of the source, kinematicalyasmabf 3C 48 through tracing proper
motions of compact jet components can only be done with VUBesvations at 4.8 GHz and
higher frequencies, but until now the required multi-epbigih-frequency VLBI observations had
not been carried out.

In order to study the kinematics of the radio jet for compamiw/ith the physical properties of
the host galaxy, we observed 3C 48 in full polarization modé e VLBA at 1.5, 4.8 and 8.3
GHz in 2004, and with the EVN and MERLIN at 1.65 GHz in 2005. Gamed with earlier VLBA
and EVN observations, these data allow us to constrain thardics of the jet on various scales.
Our new observations and our interpretation of the data@septed in this paper. The remainder
of the paper is laid out as follows. Section 2 describes tlseations and data reduction; Section
3 presents the total intensity images of 3C 48; and Sectidecuisises the spectral properties and
the linear polarization of the components of the radio jetSection 5, we discuss the implica-
tions of our observations for the kinematics and dynamidahefadio jet. Section 6 summarizes
our results. Throughout this paper we adopt a cosmologicaleinwith Hubble constant/,=70
km st Mpc, Q,, = 0.3, andQ, = 0.7. Under this cosmological model, a 1-arcsec angular
separation corresponds to a projected linear size of 5.1rk{fee source frame at the distance of
3C 48 ( = 0.367).

2 OBSERVATIONS AND DATA REDUCTION

The VLBA observations (which included a single VLA antenio&)3C 48 were carried out at
1.5, 4.8, and 8.3 GHz on 2004 June 25. The EVN and MERLIN olasiemns at 1.65 GHz were
simultaneously made on 2005 June 7. Table 1 lists the paeasnetthe VLBA, EVN and MER-
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LIN observations. In addition to our new observations, walenase of the VLBA observations
described by Worrall et al. (2004) taken in 1996 at 1.5, 540a8d 15.4 GHz.

2.1 VLBA observations and data reduction

The total 12 hours of VLBA observing time were evenly all@hamong the three frequencies. At
each frequency the effective observing time on 3C 48 is ab@Utours. The data were recorded at
four observing frequencies (IFs) at 1.5 GHz and at two fregies at the other two bands, initially
split into 16 channels each, in full polarization mode. To&l bandwidth in each case was 32
MHz. The detailed data reduction procedure was as deschpatlorrall et al. (2004) and was
carried out inaips. We used models derived from our 1996 observations to faigliringe fitting

of the 3C 48 data. Because the source structure of 3C 48 ishheasolved at 4.8 and 8.3 GHz,
and missing short baselines adds noise to the image, tied ohata were not perfectly calibrated.
We carried out self-calibration to further correct the ante-based phase and amplitude errors.
This progress improves the dynamic range in the final images.

Polarization calibration was also carried out in the stathd@anner. Observations of our band-
pass calibrator, 3C 345, were used to determine the R-L pnabelelay offsets. The bright cal-
ibrator source DA 193 was observed at a range of parallaotitea and we used a model image
of this, made from the Stokekdata, to solve for instrumental polarization. Our obsegvinn
included a snapshot observation of the strongly polaripeidce 3C 138. Assuming that the polar-
ization position angle (or the E-Vector position angle itgpization images, ‘EVPA) of 3C 138
on VLBI scales at 1.5 GHz is the same as the value measure@®yLtA, and we used the mea-
sured polarization position angle of this source to maketation of 94° of the position angles
in our 3C 48 data. We will show later that the corrected EVPAS® 48 at 1.5 GHz are well
consistent with those derived from the 1.65-GHz EVN data #ina calibrated independently. At
4.8 GHz, 3C 138 shows multiple polarized components; wenegéd the polarization angle for
the brightest polarized component in 3C 138 from Figure lott@ et al. 2003, and determined
a correction of-55° for the 3C 48 data. After the rotation of the EVPAS, the paledi structures
at 4.8 GHz are basically in agreement with those at 1.5 GH8.2GHz the polarized emission
of 3C 138 is too weak to be used to correct the absolute EVPAhesefore did not calibrate the

absolute EVPAS at 8.3 GHz.
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2.2 EVN observations and data reduction

The effective observing time on 3C 48 was about 8 hours. Afpamh occasional RFI (radio
frequency interference), the whole observation ran ssteg The data were recorded in four
IFs. Each IF was split into 16 channels, each of 0.5-MHz ckbwidth. In addition to 3C 48 we
observed the quasars DA 193 and 3C 138 for phase calibr&@@h38 was used as a fringe finder
due to its high flux density of9 Jy at 1.65 GHz.

The amplitude of the visibility data was calibrated using flystem temperatures, monitored
during the observations, and gain curves of each antenhavtra measured within 2 weeks of
the observations. The parallactic angles were determimedach telescope and the data were
corrected appropriately before phase and polarizatiobregion. We corrected the ionospheric
Faraday rotation using archival ionospheric model datenftbe CDDIS. DA 193 and OQ 208
were used to calibrate the complex bandpass response ofetaima. We first ran fringe fitting
on DA 193 over a 10-minute time span to align the multi-bankdyte Then a full fringe fitting
using all calibrators over the whole observing time wasiedrout to solve for the residual delays
and phase rates. The derived gain solutions were integablatcalibrate the 3C 48 visibility data.
The single-source data were split for hybrid imaging. W fias phase-only self-calibration of
the 3C 48 data to remove the antenna-based, residual plmase &lext we ran three iterations of

both amplitude and phase self-calibration to improve theadyic range of the image.

DA 193 is weakly polarized at centimetre wavelengths (iéefional polarization is no more
than 1 per cent at 5 GHz, Xiang et al. 2006), and was observedaowide range of parallactic
angles to calibrate the feed response to polarized sighita¢sinstrumental polarization parameters
of the antenna feeds (the so-called ‘D-terms’) were catedl&rom the DA 193 data and then used
to correct the phase of the 3C 48 data. The absolute EVPA easctilibrated from observations
of 3C 138 (Cotton et al. 1997b; Taylor & Myers 2000). A compari between the apparent polar-
ization angle of 3C 138 and the value from the VLA calibrata@nitoring program (i.e.;-15° at
20 cm wavelength) leads to a differential angl22°, which was applied to correct the apparent
orientation of the E-vector for the 3C 48 data. After con@ttof instrumental polarization and
absolute polarization angle, the cross-correlated 3C #8wlare used to produce StokgsandU
images, from which maps of linear polarization intensity @osition angle were produced.
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2.3 MERLIN observations and data reduction

The MERLIN observations of 3C 48 were performed in the fatietimuum mode: the total band-
width of 15 MHz was split into 15 contiguous channels, 1 MHe éach channel. A number of
strong, compact extragalactic sources were interspemsethie observations of 3C 48 to calibrate
the complex antenna gains.

The MERLIN data were reduced mps following the standard procedure described in the
MERLIN cookbook. The flux-density scale was determined@8i@ 286 which has a flux density
of 13.7 Jy at 1.65 GHz. The phases of the data were correctatidosarying parallactic angles
on each antenna. Magnetized plasma in the ionospheres@swih additional phase difference
between the right- and left-handed signals, owing to Faragi@tion. This time-variable Faraday
rotation tends to defocus the polarized image and to giegtoigrroneous estimates of the instru-
mental polarization parameters. We estimated the ionogpRaraday rotation on each antenna
based on the model suggested in thies Cookbook, and corrected the phases of the visibilities
accordingly. DA 193, OQ 208, PKS 2134+004 and 3C 138 were tsedlibrate the time- and
elevation-dependent complex gains. These gain solutronsthe calibrators were interpolated to
the 3C 48 data. The calibrated data were averaged in 30-¢&vas for further imaging analysis.
Self-calibration in both amplitude and phase was perfortnedmove residual errors.

The observations of OQ 208 were used to calculate the insimtathpolarization parameters
of each antenna assuming a point-source model. The deraradheters were then applied to the
multi-source data. We compared the right- and left-handelalifference of the 3C 286 visibility
data with the phase difference value derived from the VLA itwoimg program (i.e.66° at 20 cm,
Cotton et al. 1997b; Taylor & Myers 2000), and obtained aedéhtial angle o 41°. This angle
was used to rotate the EVPA of the polarized data for 3C 48.

2.4 Combination of EVN and MERLIN data

After self-calibration, the EVN and MERLIN data of 3C 48 watembined to make an image
with intermediate resolution and high sensitivity. Therinig centre of the MERLIN observation
was offset by 0.034 arcsec to the West and 0.378 arcsec todhte Nith respect to the EVN

pointing centre (Tablgl1). Before combination, we first t&@ufthe pointing centre of the MER-
LIN data to align with that of the EVN data. The Lovell and Cardbe telescopes took part in
both the EVN and MERLIN observations. We compared the aombditof 3C 48 on the common
Lovell-Cambridge baseline in the EVN and MERLIN data, andcaled the EVN visibilities by
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multiplying them by a factor of 1.4 to match the MERLIN flux. t&f combination of EVN and
MERLIN visibility data, we performed a few iterations of altpde and phase self-calibration to
eliminate the residual errors resulting from minor offsateegistering the two coordinate frames

and flux scales.

3 RESULTS — TOTAL INTENSITY IMAGES

Figures 1l and]2 exhibit the total intensity images derivednfthe MERLIN, VLBA and EVN
data. The final images were created usingAtrs andMIRIAD software packages as well as the

MAPPLOT program in the Caltech VLBI software package.

3.1 MERLIN images

Figure[1 shows the total intensity image of 3C 48 from the MBXRbbservations. We used the
multi-frequency synthesis technique to minimize the effe¢ bandwidth smearing, and assumed
an optically thin synchrotron spectral index & —0.7) to scale the amplitude of the visibilities
with respect to the central frequency when averaging the @ertoss multiple channels. The final
image was produced using a hybrid of the Clark (BGC CLEAN) &teer (SDI CLEAN) de-
convolution algorithms. The image shows that the souragttre is characterized by two major
features: a compact component contributing about halfetadkal flux density (hereafter referred
to as the ‘compact jet’), and an extended component suringrile compact jet like a cocoon
(hereafter called the ‘extended envelope’). The compadt glongated in roughly the north-south
direction, in alignment with the VLBI jet. The galactic nedls corresponding to the central engine
of 3C 48 is associated with VLBI component A (Simon et al. 1980kinson et al. 1991). It is
embedded in the southern end of the compact jet. The emipsiaks at a location close to the
VLBI jet component D; the second brightest component in imagact jet is located in the vicinity
of the VLBI jet component B2 (Figurld 2: see Section 3.2). Tkierded envelope extends out to
~1 arcsec north from the nucleus. AD.25 arcsec north of the nucleus, the extended component
bends and diffuses toward the northeast. The absence dflss®lines«v < 30k)\) results in
some negative features (the so-called ‘negative bow!’ imtlsgsis images) just outside the outer
boundary of the envelope.

The integrated flux density over the whole source is 141862 Jy (very close to the single-
dish measurement), suggesting that there is not much rmgiéisix on short spacings. The un-
certainty we assign includes both the systematic errorstlamdm.s.fluctuations in the image.
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Since the calibrator of the flux density scale, 3C 286, isluesbon baselines longer than 600
kX (An, Hong & Wang 2004; Cotton et al. 1997a), a model with a $€ldEAN components was
used in flux density calibration instead of a point-sourcedehoWe further compared the de-
rived flux density of the phase calibrator DA 193 from our akagons with published results
(Stanghellini et al. 1998; Condon et al. 1998). The comparisuggests that the flux density of
DA 193 from our MERLIN observation was consistent with that the VLBI measurements to
within 7 per cent. We note that this systematic error incfubleth the amplitude calibration error
of 3C 286 and the error induced by the intrinsic long-termalality of DA 193; the latter is likely
to be dominant.

The optical and NIR observations (Stockton & Ridgway 19%atZichristou et al. 1999; Zuther et al. 200
detect a secondary continuum peak, denoted 3C 48Alatrcsec northeast of the optical peak of
3C 48. Although MERLIN would be sensitive to any compact ctinee with this offset from the
pointing centre, we did not find any significant radio emissiesociated with 3C 48A. There is no
strong feature at the position of 3C 48A even in high-dynaraitge VLA images (Briggs 1995;
Feng et al. 2005). It is possibly that the radio emission fB@8A is intrinsically weak if 3C 48A
is a disrupted nucleus of the companion galaxy without ane&iGN (Stockton & Ridgway 1991)
or 3C 48A is an active star forming regian (Chatzichristoale999). In either case, the emission
power of 3C 48A would be dominated by thermal sources andautip radiation would be highly

obscured by the surrounding interstellar medium.

3.2 VLBA and EVN images

Figure[2 shows the compact radio jet of 3C 48 on various scieged from the VLBA and EVN
observations. Tablg 2 gives the parameters of the images.

The VLBI data have been averaged on all frequency channetgdimidual IFs to export a
single-channel dataset. The visibility amplitudes on d&dfave been corrected on the assumption
of a spectral index of-0.7.

The total-intensity images derived from the 1.5-GHz VLBAdah.65-GHz EVN data are
shown in Figure§]2-a t{d 2-c. The jet morphology we see is stersi with other published high-
resolution images (Wilkinson et al. 1990; Wilkinson et 91;/Nan et al. 1991; Worrall et al. 2004;
Feng et al. 2005). The jet extend9).5 arcsec in the north-south direction, and consists of-a di
fuse plume in which a number of bright compact knots are enbeéd\Ve label these knots in the
image using nomenclature consistent with the previous \#ervations (Wilkinson et al. 1991;
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Worrall et al. 2004) (we introduce the labels B3 and D2 fonfdeatures in the B and D regions
revealed by our new observations). The active nucleus igjthicto be located at the southern end
of the jet, i.e., close to the position of component/A (Simbale1990; Wilkinson et al. 1991).
The bright knots, other than the nuclear component A, araghoto be associated with shocks
that are created when the jet flow passes through the demssteitar medium in the host galaxy
(Wilkinson et al. 19911); Worrall et al. 2004; Feng et al. 2005yurel2-b enlarges the inner jet re-
gion of the 3C 48, showing the structure between A and B2-@05 arcsec north away from the
core A, the jet brightens at the hot spot B. B is in fact the legt jet knot in the VLBI images.
Earlier 1.5-GHz images (Figure 1 : Wilkinson et al. 1991; &5 : Worrall et al. 2004) show
only weak flux ¢ 40) between A and B, but in our high-dynamic-range image in F¢gtb,

a continuous jet is distinctly seen to connect A and B. Frommonent B, the jet curves to the
northwest. At~0.1 arcsec north of the nucleus, there is a bright compon2nfRer B2, the jet
position angle seems to have a significant increase, anethends into a second curve with a
larger radius. At 0.25 arcsec north of the nucleus, the jg$ rato a bright knot C which is elon-
gated in the East-West direction. Here a plume of emissiorsttoward the northeast. The outer
boundary of the plume feature is ill-defined in this imagesiits surface brightness is dependent
on ther.m.s.noise in the image. The compact jet still keeps its northwaotion from component
C, but bends into an even larger curvature. Beyond compdd2nthe compact VLBI jet is too
weak to be detected.

At 4.8 and 8.3 GHz, most of the extended emission is resolvedFigures 2-d t@12-g) and
only a few compact knots remain visible. Figlte 2-e at 4.8 Glghlights the core-jet structure
within 150 pc (30 mas); the ridge line appears to oscillate from side to. gitlthe resolution of
this image the core A is resolved into two sub-components;hwve denote Al and A2. Figure
[Z-g at 8.3 GHz focuses on the nuclear region within 50+ptQ mas) and clearly shows two well-
separated components. Beyond this distance the brightfidss inner jet is below the detection
threshold. This is consistent with what was seen in the §1d-1%.4-GHz images from the 1996
VLBA observations/(Worrall et al. 2004).

Figure[3 focuses on the core A and inner jet out to the hot sp&idiire[3-a shows the 1.5-
GHz image from 2004. Unlike the image already shown in Fi@ike this image was produced
with a super-uniform weighting of thev plane (see the caption of Figuré 3 for details). The
high-resolution 1.5-GHz image reveals a quasi-osciligjetr extending to a distance 6f40 mas
(~200 pc) to the north of the core A. Interestingly, Figure 3xbvgs similar oscillatory jet structure

at 4.8-GHz on both epoch 2004 (contours) and epoch 1996-&padg, Worrall et al. 2004). The
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consistency of the jet morphology seen in both 1.5- and 442-hages and in both epochs may
suggest that the oscillatory pattern of the jet seen on kptesdFiguré 2) may be traced back
to the innermost jet on parsec scales. Figure 3-c shows $1&dz images in 2004 (contours)
and 1996 (grey scale, Worrall et al. 2004). In 1996 (the imdgyeoted ‘1996X’) the core is only
slightly resolved into the two components A1 and A2, whilegb are well separated by 3.5 mas (2
times the synthesized beam size) in the 2004 observatid®84X’). Direct comparison of 1996X
and 2004X images thus provides evidence for a northwardiposhift of A2 between 1996 and
2004. Figuré B-d overlays the 2004X contour map on the 19984 (GHz, Worrall et al. 2004)
grey-scale map. Neglecting the minor positional offset bfodtween 1996U and 2004 X, possibly
due to opacity effects, this comparison of 1996U and 2004 ¥snsialso consistent with the idea
that A2 has moved north between 1996 and 2004. We will disthesget kinematics in detail in
Sectior 4.b.

4 IMAGE ANALYSIS

4.1 Spectral index distribution along the radio jet

In order to measure the spectral properties of the 3C 48 gtewnapped the 4.99-GHz MERLIN
data acquired on 1992 June 15 (Feng et al. 2005) and compavi¢althe 1.65-GHz EVN+MERLIN
data described in the present paper. The individual dasavesrte first mapped with the same
range, and convolved with the sameD (mas) restoring beam. Then we compared the intensi-
ties of the two images pixel by pixel to calculate the spéatdex o33 The results are shown in
Figure[4. Component A shows a rather flat spectrum with a sgléntlexaj 22 = —0.24 + 0.09.

All other bright knots show steep spectral indices, randimgn —0.66 to —0.92. The extended
envelope in general has an even steeper spectrumawith—1.10. Spectral steepening in radio
sources is a signature of a less efficient acceleration mexhaand/or the depletion of high-
energy electrons through synchrotron/Compton radiatisads and adiabatic losses as a result of
the expansion of the plasma as it flows away from active ateda region. The different spectral
index distribution seen in the compact jet and extendedlepganay indicate that there are dif-
ferent electron populations in these two components, vigheixtended component arising from
an aged electron population.

(© 2009 RAS, MNRASD00, [IHZ7
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4.2 Linear polarization images
4.2.1 MERLIN images

Figurel® displays the polarization image made from the MBERtlata.

The majority of the polarized emission is detected in theeimegion of the source, in align-
ment with the compact jet. The polarized intensity peak&/mlbcations. The brightest one is near
the VLBI jet component C, with an integrated polarized isignof 0.31 Jy and a mean percent-
age of polarization (defined azs\/gli—[]2 wherei represents thé&h polarized sub-components)
of m = 5.8 per cent. The secondary one is located between VLBI jet compis B and B2,
with an integrated polarized intensity of 0.23 Jy and a meagree of polarizationn = 9.5
per cent. Both of the two peaks show clear deviations fromtdked intensity peaks in Figure
[dl. These measurements of polarization structure and dradtipolarization are in good agree-
ment with those observed with the VLA at 2-cm wavelength vatkimilar angular resolution
(van Breugel, Miley & Heckman 1984). The integrated polkadiflux density in the whole source
is 0.64+0.05 Jy and the integrated fractional polarization is{A0)3}) per cent. Since the integrated
polarized intensity is in fact a vector sum of different p@ad sub-components, the percentage
polarization calculated in this way represents a lowertlifve can see from the image (Figlte 5)
that the percentage of the polarization at individual gxelhigher than 5 per cent, and increases
toward the south of the nucleus. A maximum valueo® 30 per cent is detected at0.045 arcsec
south of the nucleus. The fractional polarization £ 4.9 per cent) measured from our MERLIN
observation at 18 cm is at least an order of magnitude higjiaerthe VLA measurement at 20 cm,
although it is consistent with the values measured by the ALA cm and shorter wavelengths.
This difference in the fractional polarization at thesepgmilar wavelengths is most likely to be
an observational effect due to beam depolarization, ratizer being due to intrinsic variations in
the Faraday depth (R. Perley, private communication).

The averaged polarization angle (or EVPA)}$8° + 5° in the polarization structure. On the
basis of the new measurements of the Rotation Measure (Riértis 3C 48 by Mantovani et al.
(2009), i.e., RM=-64 rad nT2 and intrinsic position angle¢, = 116° (Simard-Normandin, Kronberg & Button
Mantovani et al. 2009), we get a polarization angle-df at 1.65 GHz. This result suggests that
the absolute EVPA calibration of 3C 48 agrees with the RMaxied EVPA within 3. We show
in Figure[® the RM-corrected EVPAs. The EVPAs are well aldyirethe North-South direction,
indicating an ordered magnetic field in the Faraday screen.
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4.2.2 EVN and VLBA images

At the resolution of the EVN, most of the polarized emissiamt extended structures is resolved
out. In order to map the polarized emission with modest sgitgiand resolution, we created
Stokesy andU maps using only the European baselines. Figlire 6-a shoviadiae polarization
of 3C 48 from the 1.65 GHz EVN data. The polarized emissiorkped two components to the
East (hereafter, ‘C-East’) and West (hereafter, ‘C-West’tomponent C. The integrated polar-
ized flux density is 24.8 mJy in ‘C-West’ and of 22.9 mJy in ‘@gE, and the mean percentage
polarization in the two regions is 6.3 per cent and 10.7 pat mespectively. The real fractional
polarization at individual pixels is much higher, for thesens discussed above (Section 4.2.1).
There is clear evidence for the existence of sub-compoirer@sWest’ and ‘C-East’; these polar-
ized sub-components show a variety of EVPAs, and have mugttehiractional polarization than
the ‘mean’ value. The polarization is as high as 40 per cethteainner edge of the knot C, which
would be consistent with the existence of a shear layer mediby the jet-ISM interaction and/or
a helical magnetic field (3C 43: Cotton et al. 2003; 3C 120m@» et al. 2008). Component B,
the brightest VLBI component, however, is weakly polaripgth an intensity<4.0 mJy beam!

(percentage polarization less than 1 per cent). The nuélelmws no obvious polarization.

The 20-cm VLBA observations were carried out in four 8-MHzbs, centred at 1404.5,
1412.5,1604.5 and 1612.5 MHz. In order to compare with thB-GGHz EVN polarization image,
we made a VLBA polarization image (Figuré 6-b) using datehim latter two bands. This image
displays a polarization structure in excellent agreematit that detected at 1.65 GHz with the
EVN, although the angular resolution is 3 times higher tham latter: the polarized emission
mostly comes from the vicinity of component C and the frawilopolarization increases where
the jet bends; the hot spot B and the core A are weakly pothwzenot detected in polarization.
The 1.65- and 1.61-GHz images show detailed polarizedtsiieian the component-C region on
a spatial scale of tens of parsecs: the polarization andI®A shows a gradual increase across
component C, with a total range ®60°, and the percentage of polarization gradually increases
from 5 per cent ta>30 per cent from the Western edge to the Eastern edge at baie& and
‘C-East..

Figure[6-c andl6-d show the 4.8- and 8.3-GHz polarizatiorgisanade with the VLBA data.
Both images were made by tapering the visibility data usif@gassian function in order to in-
crease the signal-to-noise of the low-surface brightnessson. Similar to what is seen in the
1.65 and 1.61-GHz images, component ‘C-West’ shows a paldon angle that increases 8y°
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across the component, but these images show the opposite sechange of fractional polariza-
tion — fractional polarization decreases from 60 per cemirdto 20 per cent from the northwest
to the southeast. Another distinct difference is that hot §shows increasing fractional polar-
ization toward the higher frequencies, ~ 2.0 per cent at 4.8 GHz anek ~ 12 per cent at 8.3

GHz in contrast withn < 1 per cent at 1.6 GHz. The difference in the fractional poktians of

B at 1.6/4.8 GHz and 8.3 GHz imply that a component of the Fayradreen is unresolved at 1.6
and 4.8 GHz and/or that some internal depolarization is akwide non-detection of polarization

from the core A at all four frequencies may suggest a tanglagnatic field at the base of the jet.

4.3 EVPA gradient at component C and RM distribution

We found at all four frequencies that the polarization asgledergo a rotation by 80° across the
jet ridge line at both the ‘C-East’ and ‘C-West’ componeiitsere are four possible factors that
may affect the observed polarization angle: (1) the cdiidneof the absolute EVPASs; (2) Faraday
rotation caused by Galactic ionized gas; (3) Faraday mtatue to gas within the 3C 48 system
and (4) intrinsic polarization structure changes. Theeaxion of absolute EVPAs applies to all
polarization structure, so it can not explain the positimpendent polarization angle changes
at component C; in any case, the fact that we see similarrpattg four different frequencies,
calibrated following independent procedures, rules caipibssibility of calibration error. Galactic
Faraday rotation is non-negligible (Section 4.2-44 rad nt2 implies rotations from the true
position angle ofl68° at 1.4 GHz,129° at 1.6 GHz,14.3° at 4.8 GHz andi.8° at 8.3 GHz),
and means that we expect significant differences betweeEWRA measured at our different
frequencies; however, the Galactic Faraday screen shanydw much larger angular scales than
we observe. Only factors (3) and (4), which reflect the situeinternal to the 3C 48 system itself,
will give rise to a position-dependent rotation of the EVPARe EVPA gradient is related to the
gradient of the RM and the intrinsic polarization angle %/:: )\Q%Jr%, where the first term
represents the RM gradient and the latter term represeniatiinsic polarization angle gradient.
If the systematic gradient of EVPA%‘?, were solely attributed to an RM gradient, thgnwould
show a strong frequency dependence; on the other hagggﬁjsifassociated with the change of the
intrinsic polarization angle, there is no frequency-dej@te. We compared t@é at1.6and 4.8
GHz and found a rati@% = 1.8. This number falls between 1.0 (the value expected if

there were no RM gradient) and 8.8 (the ratio)8J, suggesting that a combination of RM and

(© 2009 RAS, MNRASD00, [THZ7



14 Anetal.

intrinsic polarization angle gradients are responsibtelie systematic gradient of EVPAs at C.
Accordingly, it is worthwhile to attempt to measure the RMhe VLBI components of 3C 48.

The first two bands of the 20-cm VLBA data (centre frequendp&.GHz) are separated from
the last two bands (centre frequency 1.608 GHz) by 200 MHiicating a differential polarization
angle of~ 40° across the passband. The low integrated rotation measaesiigat the effects of
Faraday rotation are not significart (10°) between 4.8 and 8.3 GHz, while the absolute EVPA
calibration at 8.3 GHz is uncertain; moreover, thesampling at 8.3 GHz is too sparse to allow
us to image identical source structure at 1.5 and 4.8 GHzeftre we used the 1.408, 1.608 and
4.78 GHz data to map the RM distribution in 3C 48.

We first re-imaged the StokégandU data at the three frequencies with a commemcutoff
at >400 k\ and restored with the same convolving beam. We tapered:itiptane weights when
imaging the 4.78-GHz data in order to achieve a similarmsid resolution to that of the images
at the two lower frequencies. We then made polarizationeamgages from the Stoke&g andU
maps. The three polarization angle images were assembtaddidlate the RM (usingIPs task
RM). The resulting RM image is shown in Figlife 7. The imagensha smooth distribution of RM
in the component-C region except for a region northeast &M&st’. The superposed plots present
the fits to the RM and intrinsic polarization angil (the orientation of polarization extrapolated
at\ = 0) at four selected locations. The polarization positionl@sgt individual frequencies have
multiples ofr added or subtracted to remove thve amibiguity. The errors in the calculated RMs
andg, are derived from the linear fits. We note that the systemataor eue to the absolute EVPA
calibration feeds into the error on the observed polaopagingle. All four fits show a good match
with a\? law. The fitted parameters at ‘P4’ in the ‘C-East’ region aresistent with those derived
from the single-dish measurements for the overall sourcanfdliani et al. 2009). The western
component (‘C-West’) shows a gradient of RM fren95 rad nt2 at ‘P1’ to —85 rad nT 2 at ‘P3’,
and the intrinsic polarization angle varies fra3° (or —57°) at ‘P1’, through146° (or —34°)
at ‘P2’ to 5° at ‘P3'. This result is in good agreement with the qualiatanalysis of the EVPA
gradients above. A straightforward interpretation of thadients of the RMs and the intrinsic
polarization angles is that the magnetic field orientaticadgally varies across the jet ridge line;
for example, a helical magnetic field surrounding the jethhigave this effect. An alternative
interpretation for the enhancement of the rotation measen¢ at the edge of the jet is that it
is associated with thermal electrons in a milliarcseces€@raday screens surrounding or inside
the jet due to jet-ISM interactions (Cotton et al. 2003; @arst al. 2008). More observations are
needed to investigate the origins of the varying RM apd

(© 2009 RAS, MNRASD00, [IHZ7



Pc-scale jetin 3C 48 15
The hot spot B shows a much larger difference of EVPAs betwe@rand 8.3 GHz than is

seen in component C. This might be a signature of differensRMB and C. A rough calculation
suggests a RM 0f 330460 rad nT 2 at B. The high rotation measure and high fractional polariza
tion (Section 4.2) is indicative of a strong, ordered maigrfetld in the vicinity of B. This might
be expected in a region containing a shock in which the lirgight component of the magnetic
field and/or the density of thermal electrons are enhanoddrt, the proper motion of B (Section

4.5) does provide some evidence for a stationary shocksréigiion.

4.4 Physical properties of compact components in VLBI image

In order to make a quantitative study of the radiation proggrof the compact VLBI compo-
nents in 3C 48, we fitted the images of compact componentiViBI images from our new
observations and from the VLBA data taken in 1996 (Worradle2004) with Gaussian models.
Measurements from the 1996 data used mapping parametesisten with those for the 2004
images. Tablel3 lists the fitted parameters of bright VLBI poments in ascending frequency
order.

The discrete compact components in the 4.8- and 8.3-GHz Vini#ges are well fitted with
Gaussian models along with a zero-level base and slope iteguor the extended background
structure. The fit to extended emission structure is s@editi theuv sampling and the sensitivity
of the image. We have re-imaged the 1.5-GHz VLBA image udiegsame parameters as for the
1.65-GHz EVN image, i.e., the samgrange and restoring beam. At 1.5 and 1.65 GHz, Gaussian
models are good approximations to the emission structuoemipact sources with high signal-
to-noise ratio, such as components A and B. For extendeadea®(r.e., components B2 to D2)
whose emission structures are either not well modelled hys&an distribution, or blended with
many sub-components, model fitting with a single Gaussiadeingives a larger uncertainty for
the fitted parameters. In particular, the determinatiomefntegrated flux density is very sensitive
to the apparent source size.

The uncertainties for the fitted parameters in Table 3 areetbfrom the output of thaiprs
task IMFIT. These fitting errors are sensitive to the intgrikictuations in the images and source
shapes. In most cases, the fitting errors for the peak iiesnsif Gaussian components are roughly
equal to the.m.s.noise. We note that the uncertainty on the integrated flusitgeshould also
contain systematic calibration errors propagated fromatinglitude calibration of the visibility
data, in addition to the fitting errors. The calibration ermmormally dominates over the fitting error.
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The amplitude calibration for the VLBI antennas was madenftbe measurements of system
temperaturef,,;) at two-minute intervals during the observations combingith the antenna
gain curves measured at each VLBI station. For the VLBA daia,calibration has an accuracy
<5 per cent of the amplitude SCQJQGCG.USG of the diversity of the antenna performance of the
EVN elements, we adopted an averaged amplitude calibratioertainty of 5 per cent for the
EVN data.

The positions of the VLBI core Al at 4.8, 8.3 and 15.4 GHz sha@esdjyalignment within
0.4 mas at different frequencies and epochs. The positibtteeaunresolved core A at 1.5 and
1.65 GHz show a systematic northward offset by 2—4 mas vel#&ti the position of Al at higher
frequencies. Due to the low resolution and high opacity &t@Hz, the position of A at this
frequency reflects the centroid of the blended emissiorire of the active galactic nucleus and
inner 40-pc jet. The parameters that we have derived for ¢ingpact components A, B and B2
in epoch 1996 are in good agreement with those determineddryai\et al. (2004) at the same
frequency band. The results for fitting to extended knots.atahd 1.65 GHz are in less good
agreement. This is probably because of the diffebergampling on short spacings, meaning that
the VLBA and EVN data sample different extended structungbe emission.

The integrated flux densities of the VLBI components Al andid2996X (8.3 GHz) are
higher than those in 2004X (8.3 GHz) by100 per cent (A1) ane-60 per cent (A2), respectively.
The large discrepancy in the flux densities of A1 and A2 betwegmchs 1996X and 2004X can
not easily be interpreted as an amplitude calibration esfdarger than 60 per cent since we
do not see a variation at a comparable level in the flux dessdaf components B, B2 and D.
Although thetotal flux densities of CSS sources in general exhibit no violengbdity at radio
wavelengths, the possibility of small-amplitudg€l(00 per cent) variability in the VLBI core and
inner jet components is not ruled out.

Component Al has a flat spectrum wiify2 = —0.34 + 0.04 between 4.8 and 8.3 GHz in
epoch 2004; component A2 has a rather steeper spectrumdiits —1.29 4+ 0.16 (epoch 2004).
The spectral properties of these two components supportifzethat Al is associated with the
active nucleus and suffers from synchrotron self-absonpéit centimetre radio wavelengths; in
this picture, A2 is the innermost jet. The spectral indicesamponents B and B2 in epoch 2004
areads = —0.82 4+ 0.10 (B) andaf3 = —0.79 £ 0.10 (B2), respectively. This is consistent with
the measurements from the 1.65 and 4.99 GHz images (Figut®#)ponent D shows a relatively

2 See the online VLBA status summary at http://www.vIba.meda/astro/obstatus/current/obssum.html .
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flatter spectrum in epoch 2004 witt}-3 = —0.46 + 0.06, in contrast to the other jet knots. While
this spectral index is consistent with those of the shodelgtated hot spots in radio galaxies, the
flattening of the spectrum in D might also arise from a locahpoession of particles and magnetic
field.

Table[4 lists the brightness temperaturég of the compact VLBI components Al, A2 and
B. All these VLBI components have a brightness temperat{iigshigher thanl 08K, confirming
their non-thermal origin. These brightness temperaturesvall below thel0''~12 K upper limit
constrained by the inverse Compton catastrophic (Kellam&Pauliny-Toth 1969), suggesting
that the relativistic jet plasma is only mildly beamed todvéine line of sight. Thel}, of Al is
about 3 times higher than that of A2 at 4.8 and 8.3 GHz, andlihef A1 decreases toward
higher frequencies. Together with the flat spectrum andhiedity of A1, the observed results are
consistent with Al being the self-absorbed core harbouhiagAGN. T, is much higher in 1996X
than 2004X for both A1 and A2, a consequence of the measurediénsity variation between

the two epochs.

4.5 Proper motions of VLBI components

The Gaussian fitting results presented in Table 3 may be wsedltulate the proper motions
of VLBI components. In order to search for proper motions @148, maps at different epochs
should be aligned at a compact component such as the_ corealV¥dral. 2004). However, thanks
to our new VLBI observations we know that aligning the cored.&-GHz is not likely to be
practical, since the core structure appears to be changiriigeorelevant timescales. Even at 4.8
GHz, the core still blends with the inner jet A2 in epoch 199BQure.3). In contrast to these two
lower frequencies, the 8.3-GHz images have higher resmlubetter separation of A1 and A2,
and less contamination from extended emission. These mak@8z images the best choice for
the proper motion analysis. In the following discussion afgger motion measurements we rely
on the 8.3 GHz images.

We have already commented on the shift of the peak of A2 to ¢iniafrom epochs 1996X to
2004X in Figuré B. A quantitative calculation based on theeiditting results gives a positional
variation of 1.38 mas to the North and 0.15 mas to the Weshdwitime span 8.43 yr, assuming
that the core Al is stationary. That corresponds to a promiomof i, = —0.018 + 0.007 mas
yr—t ('minus’ mean moving to the West) ang = 0.164 & 0.015 mas yr!, corresponding to an
apparent transverse velocity@Qf = —0.40 £0.16 ¢ andvs = 3.74 +0.35 c. The error quoted here
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includes both the positional uncertainty derived from Gasfitting and the relative offset of the
reference pointi(e., Al). That means that we detect a significant{0c) proper motion for A2
moving to the north. The apparent transverse velocity forsfgdmilar to velocities derived from
other CSS and GPS sources in which apparent superluminaimsan the pc-scale jet have been
detected, e.g., 3.3—-9:1 3C 138 (Cotton et al. 1997b; Shen et al. 2001).

We also searched for evidence for proper motions of the g#éieknots. The proper mo-
tion measurement is limited by the accuracy of the refergrmat alignment, our ability to
make a high-precision position determination at each epacot the contamination from ex-
tended structure. We found only3a proper motion from B2, which shows a position change of
Aa = 0.2240.07 mas and\o = 0.48+0.13 mas in 8.43 yr, corresponding to an apparent velocity
of B4pp = 1.43£0.33 c to the northeast. The measurements of the position vamiafithe hot spot
B between 1996X and 2004 X show no evidence for proper motitmay, = 0.012 + 0.007 mas
yr~t andus = 0.005 4= 0.015 mas yrt. Worrall et al. (2004) earlier reported3a proper motion
for B by comparing the the 1.5-GHz VLBA image taken in 1996haYilkinson et al's 1.6-GHz
image from 11.8 years previously. However, as mentionedglibe 1.5-GHz measurements are
subject to the problems of lower angular resolution, poteresce point alignment and contam-
ination from structural variation. In particular, if we expolate the observed angular motion of
A2 back, the creation of jet component A2 took place in 19B4rdfore in 1996 A2 would still
have been blended with Al in the 1.5-GHz image witbiheam. The fitting of a Gaussian to the
combination of A1 and A2 at 1.5 GHz on epoch 1996 would therelsaffered from the effects
of the structural changes in the core due to the expansior2ofAr these reasons we conclude
that the hot spot B is stationary to the limit of our abilityrteeasure motions. For the other jet

components, the complex source structure does not pergndetermination of proper motions.

5 KINEMATICS OF THE RADIO JET
5.1 Geometry of the radio jet

Most CSS sources show double or triple structures on kpescahalogous to classical FR |
or FR 1l galaxies. However, some CSS sources show strongiymetric structures. At small
viewing angles, the advancing jet looks much brighter than receding one, due to Doppler
boosting. The sidedness of radio jets can be characterizdigelet-to-counterjet intensity ratio
R. In VLA images (Briggs 1995; Feng et al. 2005), 3C 48 shows$ded structure in the north-
south direction. The southern (presumably receding) caorapbis much weaker than the north

(© 2009 RAS, MNRASD00, [1HZ7



Pc-scale jetin 3C 48 19

(advancing) one. In VLBI images (Wilkinson et al. 1991; Wadket al. 2004; the present paper)
3C 48 shows a one-sided jet to the north of the nucleus. If tredetection of the counterjet
is solely attributed to Doppler deboosting, the sidenesarpater? can be estimated from the
intensity ratio of jet knots to the detection limit (deriviedm the3o off-source noise). Assuming
the source is intrinsically symmetric out to a projectedasapon of 600 pc (the distance of B2
away from Al), the sideness parameter would>be00 for B2 and B in the 1.5-GHz image
(Figure[2-a). In the highest-sensitivity image on epochZD(Figurd 2-d), the off-source noise in
the image is 4Q:Jy beam!, so that the derive® at component B could be as high-a900.

For a smooth jet which consists of a number of unresolved comnpts, the jet-to-counterjet

brightness ratidr is related to the jet velocity®) and viewing angle®) by

R 14 Bcos®\*
~ \1—[cosO

Assuming an optically thin spectral index = —1.0 for the 3C 48 jet (Figurél4), the sideness
parameter? = 900 estimated above gives a limit 6fcos © > 0.81 ¢ for the projected jet velocity
in the line of sight. Using only the combination of parametéros © it is not possible to deter-
mine the kinematics (jet speét) and the geometry (viewing angt®) of the jet flow. Additional
constraints may come from the apparent transverse veladiigh is related to the jet velocity by
Bapp = 7 f;igo‘j@. In Sectiof4.b we determined the apparent velocities forgmments B and B2,
Bapp(B) = 3.74c £ 0.35¢, Bapp(B2) = 1.43c + 0.33¢, and so we can combingcos © and 3,

to place a constraint on the kinematics and orientation efatliter jet. The constraints to the jet

velocity and source orientation are shown in Figure 8. Tkalts imply that the 3C 48 jet moves

atv > 0.85c¢ along a viewing angle less than°.

5.2 Helical radio jet structure

As discussed in Sectidn 3.2 the bright jet knots define a eidakridge line. This is the ex-
pected appearance of a helically twisted jet projected oimégplane of the sky. Helical radio
jets, or jet structure with multiple bends, can be triggdrggeriodic variations in the direction
of ejection (e.g., precession of the jet nozzle), and/odoam perturbations at the start of the jet
(e.g., jet-cloud collisions). For example, the wigglesha ballistic jets in SS 433 are interpreted
in terms of periodic variation in the direction of ejectiddjéliming & Johnston 1981). Alterna-
tively, small perturbations at the start of a coherent, simget stream might be amplified by the
Kelvin-Helmholtz (K-H) instability and grow downstreamtine jet. In this case, the triggering of
the helical mode and its actual evolution in the jet are ddpehon the fluctuation properties of the
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initial perturbations, the dynamics of the jet flow, and ttggical properties of the surrounding
interstellar medium_(Hardee 1987; Hardee 2003). In theWahg subsections we consider these

two models in more detail.

5.2.1 Model 1 — precessing jet

We use a simple precession model (Hjellming & Johnston 1,98k)ng into account only kine-
matics, to model the apparently oscillatory structure ef38 48 radio jet. Figurid 9 shows a sketch
map of a 3-D jet projected on the plane of the sky. The X- andi¥-are defined so that they point
to the Right Ascension and Declination directions, respelst In the right-handed coordinate
system, the Z-axis is perpendicular to the XQOY plane and timisaZ direction points to the ob-
server. The jet axis is tilting toward the observer by aniimation angle of 0 — 6). The observed
jet axis lies at a position angte. In the jet rest frame, the kinematic equation of a precegsgn
can be parameterized by jet velocity;), half-opening angle of the helix cong)(and angular
velocity (or, equivalently, precession periéy.

To simplify the calculations, we assume a constant jet flol@oryy V;, a constant opening
angley of the helix, and a constant angular velocity. We ignore tidtiwof the jet itself, so we
are actually fitting to the ridge line of the jet. The jet thigss does not significantly affect the
fitting unless it is far wider than the opening angle of thexhebne. (We note that, although we
have measured lower proper motion velocities in B and B2 tharvelocity in the inner jet A2,
this does not necessarily imply deceleration in the outeitgev, since the brightening at B, and
to some extent at B2, may arise mostly from stationary shdblkesproper motions of B and B2
thus represent a lower limit on the actual bulk motions ofjdtg We further assume the origin
of the precession arises from the central black hole anatoardisk system, so thaky,Y,,Zo)
can be taken as zero. In the observer’s frame the jet trajesteown in the CLEAN image can
be acquired by projecting the 3-D jet on the plane of the sld/then performing a rotation by
an angler in the plane of the sky so that the Y-axis aligns to the Northdlihation) and X-axis
points to the East (Right Ascension). In addition to the abparameters, we need to define a
rotation sign parametet.; (s, = +1 means counterclockwise rotation) and jet side parameter
(sjee = +1 means the jet moves toward the observer). Since we are deaiih the advancing
jet, the jet side parameter is set to 1. Based on our calongtive found that a clockwise rotation
pattern §,., = —1) fits the 3C 48 jet.

To estimate the kinematical properties of the precessinfige, we use the proper motion
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measurements of component A2 as an estimate of the jet tyelaed orientation (Figurel 8).
We have chosen a set of parameters consistent with the coirié,f,; = 3.7c and a viewing
angle of17°. Other combinations of angles to the line of sight and véilegigive qualitatively
similar curves. For example, if we use a lower flow speed autsta similar model structure can be
produced by adjusting other parameters accordingly, .gndyeasing the precessing period by
the same factor. The high-resolution VLBI images (Figursi®)w that the innermost jet aligns to
the North. So an initial position angte = 0 should be a reasonable estimate. The VLBI images
(Figure[2) suggest that the position angle of the jet ridge §hows an increasing trend starting
from the hot spot B. Moreover, we found that a model with a tamsposition angle does not
fit simultaneously to both the inner and outer jet. To sinyptlie calculation, we introduced a
paramete%—‘j to account for the increasing position angle in the outer jet

The fitted jet ridge line is shown (thick green line) in the appanel of Figure 10 overlaid on
the total intensity image. The assumed and fitted paramaterksted in Tabl€l5. The modelled
helix fits the general wiggling jet structure with at leasbtaomplete periods of oscillation. The
fitted opening angle at.0° suggests that the line of sight falls outside the helix cdine initial
phase angl@, is loosely constrained; it is related to the reference tirnhe ejection of the jet
knot, ¢ = 27t,.¢/P. The fits suggest that the reference time,is = —480 yr. In the presence
of the gradual tilting of the jet axis as well as the helicailing around the jet axis, the fits
most likely represents a superposition of the precessidhefet knots and the nutation of the
jet axis, analogous to SS 433 (e.g. Katz et al. 1982; Begeliiag & Pringle 2006). The fitted
period of 3500 yr is then a nutation period, about 0.4 timesdynamical time scale of the jet,
assuming a flow speed 0f965¢, while the precession period is much longer. From the rate of
the jet axis tilting, we estimate a precession period-of x 10° yr. The ratio of the estimated
precession period to the nutation period is 57:1, 2.2 tirhegatio in SS 433 (which has a 162-
day periodic precession and 6.3-day nodding motion: seelBem, King & Pringle 2006 and
references therein). The precessing jet model predictsomtbnstructure on small scales, and a
constant evolution of the wavelength so long as the jet ldreztergy is conserved and the helix
cone is not disrupted (the opening angle of the helix conensiant). However, the real 3C 48
jet probably does not conserve kinetic energy, as it is dbaraed by a disrupted jet and violent
jet-ISM interactions. In particular, the inner-kpc jet ises to be physically interacting with a
massive gas system, and the observed blue-shifted NIR<loudd be driven by the radio jet to
move at velocities up to 1000 km s(Chatzichristou et al. 1999; Gupta, Srianand, & Saikia 2005
Stockton et al. 2007). The 3C 48 radio jet thus might loseetifya of its kinetic energy, resulting
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in a slowing down of the jet flow and the shrinking of the wawgjth in the outer jet, assuming

that the precessing periodicity is not destroyed.

5.2.2 Model 2 — Kelvin-Helmholtz instabilities

We next investigate the interpretation of a hydrodynamimagnetized jet instability for a helical
structure[(Hardee 1987; Camenzind 1986). We used the sanplgtic model described in Steffen
et al. (1995) to fit to the helical jet trajectory in 3C 48. Thedmatic equations of this toy model
are solved on the basis of the conservation of kinetic enéigy and the specific momentum
in the jet motion direction (Case 2 : Steffen et al. 1995)slin fact identical to the isothermal
hydrodynamic model (Hardee 1987) under the condition of allshelix opening angle. Model
fitting with an adiabatically expanding jet can basicallyaob similar helical twisting jet as well,
but the initial amplitude growth is much fastér (Hardee 1)98an that of the isothermal jet. In
this analysis we confine our discussion to the isotherma.cas

To make the calculations simple but not to lose generality,used similar assumptions to
those of Model 1 on the jet kinematics and geometry. (We shaoote that although we used
an apparent velocity,,,; with same value in Model 1, the jet spe&d in the K-H model is
the pattern speed, and therefore the real flow speed anddtvingi angle in the K-H model are
more uncertain than for the ballistic case.) In addition,agsume that the initial perturbations
originate from a region very close to the central engine. @dleulations thus start from an initial
distance of zero along the jet axis and a small displacemgeint the rotation plane away from
the jet axis. Moreover, we assumed an initial position angle= 0° , and again introduced
a rateda/dt to explain the eastward tilting of the jet axis. The half apgnangle, which is a
parameter to be fitted, is assumed constant. This assunipiausible since the jet width seems
not to change much within 0.5 arcsec, indicating that thedtary of the jet is not disrupted even
given the occurrence of a number of jet-ISM interactionsaddition to the above morphological
assumptions, the model also assumes the conservationaficpeomentum and kinetic energy
Ey;n along the jet axis. The conservation of specific momenturgus/alent to a constant velocity
along the jet axis if mass loss or entrainment are negligitile combination of the conservation of
specific momentum and kinetic energy along the jet axis teguh constant pitch angle along the
helical jet. Furthermore, the constant jet opening angte@ich angle lead to a helical geometry
in which the oscillatory wavelength linearly increaseshwitne. The parameter, controls how

fast the wavelength varies (Equation 12 : Steffen et al. 1988 model describes a self-similar
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helical trajectory with a number of revolutions as long as lilelical amplitude is not dampened
too rapidly.

The modelled curve is exhibited in the lower panel of Figube The assumed and fitted pa-
rameters are listed in Taklé 5. As mentioned above, this Kdthbility model predicts that, when
the helical amplitude is not dampened and the opening apgéesmall (0 < arctan ), the
oscillating wavelength (or period) along the jet axis irages linearly with time. The fits give an
initial wavelength of 60 mas and initial period of 370 yr. Tperiod increases tb.3 x 10* yr at the
end of the plot window of 9000 yr. The fitted curve displays enoscillations in the inner part of
the jet and smoother structure in the outer part, due to tbeedsing angular velocity downstream.
The initial transverse distaneg represents the location where the K-H instability stargrtw in
the surface of the jet. It is associated with the varying odititne wavelength. A value of, = 1.8
mas corresponds to a projected linear distance of 9.2 pbeffet axis. As discussed above, the
major discrepancy between the helical model and the reaB3€t4ould be the assumption of the
conservation of kinetic energyy;,,. We have tried to fit the helical model without the consenati
of kinetic energy but with conserved angular momentum, Wwigén principle similar to Case 4 in
Steffen et al. (1995). However, in this case, the modelléia hepidly evolves into a straight line,

and thus fails to reproduce the observed 3C 48 jet on kpcsscale

5.2.3 Comparison of the two models

Both two models give fits to the overall jet structure of 3C 48wm 0.45 arcsec with 2—-3 complete
revolutions, but they have some differences in detail. Téleeal shape of the precessing jet is a su-
perposition of ballistic jet knots modulated by a noddingimo (nutation). In this case, the whole
jet envelope wiggles out and shows a restricted periodi€itg observed jet structure displays a
smooth shape on rather smaller scales. If, alternativedycoherent, smooth jet stream is initially
disturbed at the jet base, and is amplified by the Kelvin-Hhalhz instability downstream in the
jet, the jet stream itself is bent. The resulting helicafl@ty rotates faster at the start and gradually
slows down as it moves further away. If the twisted inner jerpmology detected at 1.5 and 4.8
GHz (Figure_8) is real, this would support the K-H instalilihodel. Further high-dynamic-range
VLBI maps of the inner jet region could test this scenario.

In addition to the morphological discrepancy, the two medetjuire different physical origins.
In the precessing-jet model, ballistic knots are ejectediffierent directions which are associated
with an ordered rotation in the jet flow direction in the vitynof the central engine. If the pre-
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cession results from a rotating injector at the jet base dssmission in Worrall et al. 2007), the

precession period of 0.2 million yr requires a radiud Dfx (10]9‘{\'4@)1/3 pc, assuming the injector

is in a Keplerian motion around the black hole. This sizeescaimuch larger than the accretion

disk, and so we may simply rule out the possibility of an itigtfrom the rotating accretion disk.
Instead the long-term precession can plausibly take plaeehinary SMBH system or a tilting
accretion disk (e.g. (Begelman, Blandford & Rees 1980; Luid 2005)). For example, the pre-
cessing period caused by a tilting diskis2 x 10° yr, assuming & x 10° M SMBH for 3C 48,

a dimensionless viscosity parameter= 0.1 and the dimentionless specific angular momentum
of the black holex = 0.5 (Lu & Zhou 2005). In this scenario, the short-term noddingiorocan
then be triggered by the tidally-induced torque on the oltan of the wobbling accretion disk,
analogous to SS 438 (Katz et al. 1982; Bate et al. 2000).

On the other hand, the helical K-H instabilities modes catriggered by ordered or random
perturbations to the jet flow. The fits with Model 2 give anialiperturbation period- 370 yr,
which leads to a radius of 0.25 x (10{‘/—]\'4@)1/3 pc where perturbations take place. This radius
is still larger than the size of the accretion disk, but as tize scale it is still plausible for the
perturbations to be due to interactions between the jet flohtlae broad-line-region clouds (e.g.
3C120: (Gomez et al. 2000)). However, the high Faradayhdapd/or the possible internal depo-
larization structure in the radio core A makes it difficulinwestigate this scenario through VLBI
polarimetric measurements. In addition, K-H instabititigould not only produce simple helical
modes, but also many other instability modes mixed togetherK-H interpretation of the os-
cillatory 3C 48 jet on both pc and kpc scales requires a gelecif modes or a simple mix of
low-order modes. However, it is difficult to see how thesaunegl modes are excited while others
with higher growth rates are suppressed (see the discusstbe wiggling filament in NGC 315
by Worrall et al. 2007). Moreover, the K-H model does not hawveady explanation for the ob-
served large-scale gradual bend of the jet axis. Simplekatieal models, such as a reflection by
an oblique shock or a pressure gradient in the Narrow-Liegibh ISM, may not be adequate to

explain the bends of the robust (0.9¢) jet flow.

6 SUMMARY

We have observed 3C 48 at multiple frequencies with the VLB¥N and MERLIN with spatial
resolutions between tens and hundreds of parsec. Our pain@sults may be summarized as

follows:
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(1) The total-intensity MERLIN image of 3C 48 is charactedzby two components with
comparable integrated flux density. A compact componeghalwith the VLBI jet, while an
extended envelope surrounds it. The extended emissioctisteubecomes diffuse and extends
toward the northeast at0.25 arcsec from the nucleus. The extended component shsigs@er
spectrum than the compact jet.

(2) Inthe VLBA and EVN images, the compact jet seen in the MBERImage is resolved into
a series of bright knots. Knot A is further resolved into tweedler features A1 and A2 in 4.8- and
8.3-GHz VLBA images. Al shows a flat spectrum with spectrebings = —0.34 + 0.04. A2
shows a steep spectrum with}$ = —1.29 + 0.16, and may be identified with the inner jet. The
brightness temperature of Alis 10° K and much higher than thg, of A2. The flux densities
of A1 and A2 in epoch 2004 show a 100 and 60 per cent decreasgacechwith those in 1996.
The high brightness temperature, flat spectrum and vaitiabitply that Al is the synchrotron
self-absorbed core found close to the active nucleus.

(3) Comparison of the present VLBA data with those of 1996udayn 20 strongly suggests
that A2 is moving, with an apparent velocityrc + 0.4¢ to the North. Combining the apparent su-
perluminal motion and the jet-to-counterjet intensityagields a constraint on the jet kinematics
and geometry: the jet is relativistic-(0.85¢) and closely aligned to the line of sight (35°).

(4) We present for the first time VLBI polarization images & 38, which reveal polarized
structures with multiple sub-components in component G frhctional polarization peaks at
the interface between the compact jet and the surroundirdjume perhaps consistent with a
local jet-induced shock. The systematic gradient of the &8/&cross the jet width at C can be
attributed to the combination of a gradient in the emissi@ighted intrinsic polarization angle
across the jet and possibly a systematic gradient in the RMn@ing magnetic field directions
are a possible interpretation of the RM gradient, but otlterratives can not be ruled out. The
fractional polarization of the hot spot B increases towdnigber frequencies, frony 1 per cent
(1.6 GHz),~ 2.0 per cent (4.8 GHz) td2 per cent (8.3 GHz). The relatively low degree of
polarization at lower frequencies probably results fronneesolved Faraday screen associated
with the NLR clouds and/or the internal depolarization ie f&t itself. Hot spot B has a higher
RM than C, which can perhaps be attributed to a stationargksimathe vicinity of B. The core A
at all frequencies is unpolarized, which may be the resudt @ngled magnetic field in the inner
part of the jet.

(5) The combined EVN+MERLIN 1.65-GHz image and 1.5-GHz VLBAages show that the
bright knots trace out a wave-like shape within the jet. Weeditthe jet structure with a simple
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precession model and a K-H instability model. Both modelgeneral reproduce the observed
oscillatory jet trajectory, but neither of them is able tgkn all the observations. More obser-
vations are required to investigate the physical origirhefhelical pattern. Further monitoring of
the proper motion of the inner jet A2 should be able to constiee ballistic motion in the frame-
work of the precessing jet. High-resolution VLBI images lo¢ inner jet region will be required
to check whether or not the jet flow is oscillating on scaleseof of mas, which might give a
morphological means of discriminating between the two ned&ophisticated simulations of the
jet would be needed to take into account the deceleratiomegit flow due to kinetic energy loss

via jet-cloud interaction and radiation loss, but thesebayond the scope of the present paper.
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3C48 MERLIN 1.65GHz

DEC offset (arcsec; J2000)

h
1 0.5 0 -0.5
RA offset (arcsec; J2000)

Figure 1. Total intensity (Stoke$) image of 3C 48 from the MERLIN observation at 1.65 GHz. Thagawas made with uniform weighting. The
restoring beam is 138115 (mas), PA=6521L The phase centre is at RA=0379415.29949, Dec=-33°09'35.1338. Tha.m.s.noise in the image
measured in an off-source regiomis.3 mJy b1, corresponding to a dynamic range-02800:1 in the image. The contours are 6 m3y bx (-2,

1, 2, 4, ..., 512). The cross denotes the location of the hiddeN. The square marks the region in which compact jet doteinthe emission
structure.
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Figure 2. Total intensity (Stoked) image of 3C 48 from VLBA and EVN observations. The phase resnof all images have been shifted to
RA=01"37¢415.29949, Dec=-33°0935".1338. TablER presents the image parameters. The horizerintidie subpanels illuminates the length
scale in projection. A number of bright components are kdb@ the images.
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Figure 3. Total intensity (Stoked) image of 3C 48 from VLBA observations in 2004 and 196 left: 1.5 GHz image on epoch 2004. The
image was made with a super-uniform weighting (ROBUST=and UVBOX=3 inAIPs task IMAGR) and restored with a beam of 6.2.9
(mas), PA=-30° Contours: 0.4 mJyb' x (1,2,...,128)fop right: 4.8 GHz contours (epoch 1996) superposited on the greg-snalge (epoch
2004); bottom left: 8.3 GHz contours (epoch 2004) and grey-scale (epoch 188&pm right: 8.3 GHz contours (epoch 2004) and 15.4 GHz
grey-scale (epoch 1996).
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3C48 Spectral index map between 1.65 and 4.99GHz
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Figure 4. Spectral index map (gray scale) of 3C 48 between 1.65 and@89 The 4.99 GHz total intensity map (contours) is deriveainfthe
MERLIN observations on 1992 June 15 (Feng et al. 2005). Téterieg beam of the 4.99 GHz image isxX440 (mas). The lowest contour is 0.7
mJy b~1, increasing in a step of 4. The 1.65 GHz data are obtained fhentombined EVN and MERLIN data observed on 2005 June 7 (the
present paper). The two images are re-produced usinglifisithata on the commonmv range, and restored with the samex4® (mas) beam.
Compact VLBI components are labeled in the image.
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Figure 5. Polarization structure of 3C 48 from the MERLIN observasicat 1.65 GHz. The contours map is Stokesnage (Figurd1l). The
polarization image is derived from Stok€sandU images above ad4cutoff (10=6 mJy b-1). The wedge at the top indicates the percentage of
the polarization. The length of the bars represents thegtieof polarized emission, 1 arcsec represents 0.5-Jy Bhe orientation of the bar
indicates the RM-corrected EVPA.
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Figure 6. Polarization structure of 3C 48 derived from the EVN and VL&#a. The contours show the total intensity (Stoke |) emissand the
grey scale indicates the fractional polarization. The flergd the bars indicates the strength of the linear polddraintensity, and the orientation
of the bars indicates the polarization angle, which has leerected by the RM on the basis of the measurements by Mamitet al. (2009).
We should note that the VLBI images show more complex paida structure than that shown in MERLIN image (Figllte S)awutitative
calculations (FigurEl7) show that the RMs in the componerggion is about 1.4 times the value measured from the overatte; moreover, the
intrinsic polarization angles rotate by 60° from the northwest edge of component C to the southeast &tigeefore the correction based on the
overall-source RM might not be sufficiently accurate to alb-€omponents, while this uncertainty tends to small tdvike higher frequencies.
(a): the EVN image at 1.65 GHz. Contours are 4 mJy'kx (1,4,16,64,256). The Stok&3 andU maps were convolved with a 20-mas circular
beam, and we used intensities abowvetd calculate the polarized intensity and polarization an¢d): contours : 1 mJy b’ x (1,4,16,64,256);
(c): contours : 1 mJy bl x (1,4,16,64,256)(d): contours : 1.2 mJy bl x (4,16,64,256); the contours in the inset panel are 1.2 mJyxb
(1,4,8,16,32,64,128,256,512).
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Figure 7. RM distribution in the component-C region. The patchy molphy is because at some pixels polarization was not detexttell three

frequencies simultaneously. The contours represent thgitdensity: 1.0 mJy b x(1,4,8,16). The wedge at the top indicates the RM in the
observer’s frame, in unit of rad . The insets show the measured values of the observed pdlanizangle for four selective locations as a
function of A2 along with a linear fitting of rotation measure.
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Figure 8. Constraints on source orientation and jet velocity from\#é| observations. The shaded region indicates the parmsgtace con-
strained by the proper motion measurements and the jaitinterjet intensity ratios.
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Observer

X(RA)

Figure 9. Sketch plot of the helical jet in 3C 48. The jet knots move om shrface of a helical cone. The XOY plane in the plot reprisstre
projected sky plane, and the X-axis points to the RA directind Y-axis to the DEC direction. The Z-axis is perpendictdehe plane of the sky
and points away from the observer. The half of the openindeanigthe helix is. The jet axis 'OP’ is inclining by an angle 08¢ — 6) with
respect to the line of sight. The anglebetween the OP’ and Y-axis is defined as the position angleei2{Dimension CLEAN image.

© 2009 RAS, MNRASD00, [THZ27



Pc-scale jetin 3C 48 37

-0.04
0.4

—-0.06

-0.08

DEC offset (arcsec; J2000)

—
o
o
o
o
=
o
I}
o}
o
=
o
St
o
v
n
o
b=
o
(]
=
=)

-0.1

-0.12

—=0.2

=
IS

0.3 0.2 0.1 0 -0.1 —-0.2
0.02 0 -0.02

RA offset (arcsec; J2000) RA offset (arcsec; J2000)

-0.04
0.4

—0.06

-0.08

DEC offset (arcsec; J2000)
DEC offset (arcsec; J2000)

-0.1

EVN+MERLIN:2005L

-0.12

0.2

o
o~

0.02 [ —0.02 0.3 0.2 0.1 0 -0.1 -0.2

RA offset (arcsec; J2000) RA offset (arcsec; J2000)

Figure 10. Helical model fits overlaid on the total intensity imagekpper panel : the ridge line of the fitted precessing jet (thick greendjne
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Table 1.Observational parameters of 3C 48

Array® VLBA EVN MERLIN
RAD 01 37 41.29943 01 37 41.29949 0137 41.29675
Dec? 3309 35.1330 3309 35.1338 3309 35.5117
Date 2004 June 25 2005 June 7 2005 June 7
Time(UT) 08:00-20:00 02:00-14:00 02:00-14:00
7(houryf 2.6/2.6/2.6 8.0 8.0
Freq(GHz} 1.5/4.8/8.3 1.65 1.65
BL(km)e 20-8600 130-8800 0.3-220
Calibrators ~ DA193, 3C138,3C345 DA193,3C138,3C286 DAB¥3138, 3C286, 0Q208
BW(MHz) 32 32 15
Correlator Socorro (VLBA) JIVE (MK 1V) Jodrell Bank

@ : Participating EVN telescopes were Jodrell Bank (Lovelridp Westerbork (phased array), Effelsberg, Onsala (25\e}licina, Noto, Torun,
Shanghai, Urumgi, Hartebeesthoek and Cambridge; the MERItlay consistsed of Defford, Cambridge, Knockin, DarhhdK2, Lovell and
Tabley; all ten telescopes of the VLBA and a single VLA tetgse participated in the VLBA observations;

b : pointing centre of the observations;

¢ : total integrating time on 3C 48;

4 : the central frequency of the observing band. The VLBA obestimns were carried out at three frequency bands of 1.50BaBHz;

¢ : the projected baseline range of the array in thousands wélemagths.

Table 2. Parameters of total intensity maps of Figlle 2

Label Frequency Restoring Beam rms noise Contours
(GH2) Maj(mas) Min(mas) PA(deg) (mJyB) (mJyb 1)

Figure 1 1.65 138 115 65.1 1.3 60-2,1,2,4,8,...512)
Figure 2-a 1.51 8.3 5.3 1.0 0.25 %(01,2,4,8,16,64,256)
Figure 2-b 1.65 5.0 5.0 0.0 0.30 QL,4,16,64,256)
Figure 2-c 4.78 2.7 1.7 0.0 0.040 0:16L,4,16,64,256)
Figure 2-d 8.31 1.8 1.1 9.7 0.060 0:261,4,16,64,256)
Figure 10 1.65 16 10 -44 16 6.0¢(1,4,16,32,64,128)

Note: all images are registered to the phase centre of the RON image.*: the parameters are for the 1.65-GHz EVN+MERLIN image in the
right panel.
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Table 3. Properties of bright components in Figlie 2.

Pc-scale jetin 3C 48 39

Freq. Comp. RA(J2000) Dec(J2000) Sy S; Omaj Omin P.A.
(GH2) ™3 e, (mJy b~ 1) (mJy) (mas) (mas) (degree)
» ® 4 ®) ®) %) ®) ©
1996 January 20 (1996L)
1.53 A 01 37 41.2994260 33 09 35.021073 599484 93.2%1.97 4.7#0.14 2.58:0.18 173.e¢2.7
B —2.69 53.61 153.560.84 224.453-1.89 4.02:0.06 2.72:0.07  157.21.8
B2 0.58 113.73 93.200.78 529.5%5.17 13.46:0.13 8.53£0.10 22.8£0.8
B3 —20.97 84.80 37.040.78 309.787.23  20.380.45 8.62:0.24  131.81.0
C 37.56 247.68 24.420.62 385.7€:10.30 27.940.73 12.980.38 70.1%#1.3
D 70.64 331.18 86.880.78 518.96:5.40 14.39-0.15 8.43:0.10 123.20.8
D2 50.59 378.93 21.G#0.76 219.288.62 19.56:0.75 11.840.51 31.4:3.1
2004 June 25 (2004L)
1.51 A 01 37 41.2993864 33 09 35.018436 728371 99.9%1.53 4.8#0.14 0.06:0.00 173.21.1
B —2.57 52.94 264.060.72 308.76-1.38 2.56:0.06 1.43:0.05 07414
B2 0.73 112.98 130.10.66 657.323.92 13.140.13 7.43£0.06 20.6:0.4
B3 —21.79 84.88 47.780.65 371.96:5.67 18.56:0.45 8.8@t0.16  127.6-0.8
C 38.82 246.04 28.840.57 376.947.94 28.0%0.73 10.3#0.25 65.4£0.8
D 70.82 329.60 119.1B0.66 616.03:3.99 13.49-0.15 7.46:0.06  125.4-0.5
D2 50.52 377.20 26.900.65 235.54-6.27 18.0%0.75 10.54:0.31 62.5:2.0
2005 June 7 (2005L)
1.65 A 01 37 41.2993690 33 09 35.018826 7%P29 108.2%0.64 4.94-0.04 1.09:0.10 178.60.5
B —2.56 52.92  279.840.30 318.86-0.56 2.4@:0.01 1.18:0.02 23.#0.6
B2 2.24 111.56  155.3#0.27 771.7%1.59 13.44-0.03 7.08:0.02 12.1#0.1
B3 —20.48 85.23 50.780.27 297.2%1.82 17.98&0.10 6.04£0.05 126.90.2
c 40.60 249.55 53.140.27 388.122.20 26.630.14 4.510.05 62.6:0.1
D 70.31 329.77 190.680.28 597.331.10 9.79£0.02 5.08:0.02 109.9-0.1
D2 53.48 377.67 46.100.27 186.26:1.34 11.92:0.08 6.0Q@:0.06 40.6:0.4
1996 January 20 (1996C)
4.99 A 01 37 41.2993853 33 09 35.016904 46:804 60.77-0.08 1.86:0.01 0.43:0.01 174.40.1
B —2.71 54.85 88.730.04 135.768-0.08 2.11%0.01 1.340.01 36.3: 0.2
B2 0.19 115.75 17.990.03 162.36:0.34 9.370.02 4.99-0.01 44.8- 0.1
B3 —22.32 90.35 4.040.03 46.7240.39 10.210.08 6.210.06 149.3-0.7
D 71.33 331.53 11.750.02 300.35-0.56 15.82:0.03 9.28:0.02 121.% 0.1
2004 June 25 (2004C)
4.78 Al 0137 41.2993814 33 09 35.016523 26:095 28.8a-0.10 1.06:0.02 0.56£0.02 176.3 2.2
A2 —0.28 3.39 16.620.05 22.86:0.11 2.9%0.02 0.5#0.03 175.&40.3
B —2.63 55.19 105.060.05 140.86:0.11 2.0@:0.01 0.96:0.01 39.8: 0.2
B2 —0.02 116.06 23.110.05 161.84-0.37 9.12£0.02 4.610.02 42.% 0.2
B3 —22.39 90.01 4.020.04 52.92-0.57 12.42-0.13 6.92:0.09 112.9-0.8
D 71.39 331.59 14.880.03 322.440.72 16.36:0.04 9.22:0.03 121.%# 0.2
1996 January 20 (1996X)
8.41 Al 01 3741.2993871 3309 35.016521 36696 47.91%0.15 1.39+0.01 0.22£0.01 176.6:0.2
A2 —0.14 2.03 11.38%0.06 18.22-0.15 1.39:0.03 0.34:0.02  174.6-0.5
B —2.73 55.20 46.060.06 89.0&:0.17 1.38-0.01 0.7310.01 46.8:0.3
B2 —0.34 115.65 5.040.05 96.36:-0.86 6.08:0.06 3.54:0.03 46.2:0.5
D 71.46 331.98 4.4%0.02 271.5#1.46 13.16-0.07 8.09:0.04 121.50.4
2004 June 25 (2004X)
8.31 Al 01 37 41.2993822 3309 35.016514 18:0906 23.8%0.12 1.18-0.01 0.38:0.02 178.40.6
A2 —0.29 341 6.89-0.05 11.19-0.14 1.86:0.03 0.410.04  175.10.8
B —2.63 55.24 55.840.06 89.38:0.14 1.34-0.01 0.72£0.01 37.8:0.3
B2 —0.12 116.13 6.610.04 104.4%0.74 7.14£0.05 3.6Q:0.03 43.4:0.4
D 70.99 331.82 4.160.02 250.24-1.39 13.1%0.07 7.89£0.04 120.80.4
1996 January 20 (1996U)
15.36 Al 01 3741.2993868 3309 35.016511 %020 14.59-0.48 1.05-0.04 0.44:£0.06 11.33.0
A2 —0.10 1.76 5.480.18 7.5@:0.44 0.93:0.08 0.2@:0.04 19.4:5.0
B —2.72 55.20 16.2#0.17 27.8%0.51 1.18-0.03 0.4#0.03 41.8:1.6
B2 —0.07 116.01 1.630.14 29.5@-2.65 6.59:0.57 2.52£0.25 39.8:3.3

@ : for individual data sets, the Right Ascension and Dedlmapositions of the nuclear component A (Al) in J2000.0 dowte frame are
presented; the relative positions of jet components aengiith respect to the nuclear component A (Al).
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Table 4.Brightness temperaturd§) of compact VLBI components

T, Al A2 B

2004C 374 98 534
1996X 742 89 17.2
2004X 128 3.7 224
1996U 22 27 232

Note : T are given in units ol 0% K.

Table 5. Parameters of helical jet models

Assumed Parameters Fitted Parameters
V; 90—-60 o da/dt %) o P 0
(masfyr)  (deg) (deg) (det®yr) (deg) (deg) 1(0%yr) (mas)
Model 1* 0.164 17 0.0 1.8 2.0 50.0 3.5
Model 2 0.164 17 0.0 1.6 1.5 500 0.366 1.8

@ : a precessing jet model;

b : a helical-mode K-H instability model;

V;: in the precessing model); represents the flow speed in the observer’s frame, takimgaatount relativistic aberration effects; in the K-H
model,V; denotes the pattern velocity. The velocity is expressedrims of proper motion in order to agree with the coordinasesiin CLEAN
images;

6: the angle between the jet axis and the sky plane;

«p: the initial position angle of the jet axis, measured fromtindo east ;

da/dt: the rate of change of position angle with time. In the preitgsmodel, it gives an estimate of the angular velocity effthecession;

: half of the opening angle of the helix cone ;

1o: initial phase angle of the helical jet flow;

P:in the 'Model 1’, the fittedP is actually the nutation period, see discussion in Secti@ril5in the K-H model P represents an initial period
for the triggered perturbations;

ro: the initial radius where the K-H instabilities starts togr
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