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We present the results of a multi-frequency analysis of thgreatic BL Lac object S4 0954+658.
We have analyzed three epochs of dense VLBA observatiohdwitpolarization at 22 GHz and
8 GHz and one epoch at four frequencies 5 GHz, 8 GHz, 15 GHz2ar@Hz taken in 1996-
1998. We found that the jet is of a prominent helical shapethatithe jet ridge line changes
dramatically with time. The jet ridge line becomes widerhwiitme and the position of the jet
ridge line bend shifts along the jet with a speed oftl05l c. The Kelvin-Helmholtz instability
can explain such changes of the jet ridge line. We estimatsdlind speed of the S4 0954+658
jetajt = 0.5+ 0.1c and the Mach numbevlj; = 10+0.7.
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1. Introduction

The BL Lac object S4 0954+658 (z=0.368, [5]) is a well known intrg-dariable source,
which shows flux-density variations on a timescale of several hours [#1d), Fast variabil-
ity in this source was observed in the total flux-density light curves, asasedit high precision
Very Long-Baseline Interferometry (VLBI) images [2]. The source09%4+658 was detected in
gamma-rays by the EGRET observatory [7]. The VLBI structure of 1#858 was studied by
e.g. [1]. Model-fitting of the S4 0954+658 jet performed by [10] shogesht uncertainty in speed
estimations. The speeds are either around zero (jet components are stationgap, > 50. In
this proceeding we discuss the jet structure and evolution from the ddriBleoservations with
full polarization.

2. Observations

The source was observed during four epochs of observations 611998 at two frequencies
8 GHz and 22 GHz with full polarization. One epoch (epoch C, 1997.2) \easreed at four
frequencies 4.8 GHz, 8 GHz, 15 GHz, and 22 GHz in order to study thdeatbtatation measures
distribution and the multi-frequency properties of the source. We haveuaksd in the analysis
the multi-frequency VLBI data from [8] taken on 2006 July 2 and from(ggjoch 2004.3) for the
detailed investigation of the source time variability.
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Figure 1: VLBI map of S4 0954+658 at 22 GHz (left) and 8 GHz (right). Th&ensity | is plotted with the
polarization sticks superimposed.

3. Resaults

The jet of S4 0954+658 is going in the north-west direction and expenigmoultiple bends
at ~2 mas,~4 mas, and~10 mas, following a prominent helical path. Figure 1 shows maps
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Figure 2: The rotation measure distribution in the core of S4 0954+658

of S4 0954+658 at 22 GHz (left) and 8 GHz (right) at epoch C (1997TBE restoring beam is
shown as an ellipse in a corner of the image. The polarization vectors atly mligned with
the jet direction at all frequencies except for the core region. Theéigntaeasures distribution
in the core at epoch C, constructed for four frequencies 5 GHz, 8, GBZ5Hz, and 22 GHz
are shown in Fig. 2. The rotation measures are changing across thene2® rad/m/m to 100
rad/m/m, suggesting a rotation measure gradient across the jet, which cahrgradient in the
S4 0954+658 core found by [8]. This is an evidence for the presehaehelical magnetic field
geometry in the Faraday rotating medium.

We performed model-fitting of the sour€@ndP visibilities with the circular Gaussian com-
ponents using the model-fitting software in the Difmap and the Brandeis VL&dguges [9]. The
jet consists of 5 individual components moving outward with almost similar sped®+0.4 c
(0.36 masl/yr). Figure 3 shows the core separation between the Gaussiparents and the core
component versus time at 22 GHz. Figure 4 (left) shows the jet ridge lines Yiohgien at 8 GHz.
The points on the plot correspond to a position of jet components obtaimactiie model-fitting.
We found that the jet experiences dramatic changes with time. The jet is ektremneed at the
first epoch, then gradually flattens and is almost a straight line at epochddefore, in order to
study the jet ridge line evolution, wrote a piece of software and calculatgdtthidge lines for all
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Figure 3. Core separation versus time at 22 GHz.

epochs and all frequencies fitting a Gaussian function across the mekregion. We estimated
the position of the jet ridge line as an averaged over 3 pixels position of thiermaxof the fitted
Gaussian function. Figure 4 (right) shows the jet ridge lines for eactheyat 8 GHz for the epochs
A - D and for the epochs 2004.3 and 2006.6 from [8] and [6]. The jeferithe changes dramati-
cally with time. It becomes wider (the width of the helical wave changes froootabmas to 1.7
mas) and the maximum is gradually shifting along the jet, from about 1.7 mas to 2@/erasight
years of observations. Fitting a Gaussian function into the first four milka@sds of the jet ridge
line, we can investigate how the position of the maximum of the helical wave is madviggre 5
shows the time evolution of the X (left) and Y (right) coordinates of the maximune pidsition
of the maximum is changing almost linearly with time and we can estimate the speedsbifthe
by fitting a linear regression. The speed of the X coordinate of the maximurhls0.02 mas/yr,
which corresponds to 149.1 c. The speed of the Y coordinate of the maximum is £@O1
mas/yr and is very similar to the X coordinate.

4. Discussion

For the first time we directly detected from the VLBI observations the evoluifatie jet
ridge line and shift of the helical wave with time and measured the speed ofdtadility wave
propagation along the jet to beskt0.1c. The most likable explanation of the helical form of the jet
ridge line and the shift of the ridge line is the Kelvin-Helmholtz instability in the jetrpsThe
Kelvin-Helmholtz instability appears when two layers of fluids with differer¢exts are present
and it can cause a helical shape of the jet. It also predicts that the hedicalbecomes wider with
time and that the wavelength of the helical wave increases [3], [4]. Tdrerausing the formulas
for the physics of the Kelvin-Helmholtz instability we can estimate physical pasamef the jet.
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Figure 4: The jet ridge lines of S4 0954+658 at 8 GHz for various epoétah color represents different
epoch of observations. The jet ridge line is getting biggéh wime and the position of the maximum is
moving along the jet.
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Figure5: Evolution of the X (left) and Y (right) position of the maximuof the jet ridge lines with time.

Following analytical approach of [3], [4], we can estimate the sounddspethe jetaj; from the
equation:

Vjt — ajt

< 4.1
1- ajtht/Cz’ ( )

w

wherev,, is the wave speed, ang; is the jet speed. We know the jet speed from the jet
model-fitting and kinematics ig; = 4.9+ 0.4c. The wave speed we have estimated in the previous
section from movement of the position of the maximugm= 1.5+ 0.1c. Therefore, using the
former equation, the sound speed of the jedjis= 0.5+ 0.1c. We can also estimate the Mach
number of the jeMj; = vjt/aj; to beM;; = 10+ 0.7, because we know both sound speed of the jet
and the jet speed.
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