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Abstract The kinematics of superluminal components in blazar 3C3lark studied.
Nine components are included: superluminal knots R1, R2,R33 A, B, C and D
(from Britzen et al. 2013) and C4 (from Pauliny-Toth 1998k ¥Wd that their kine-
matics derived from VLBI observations can be consistemttgrpreted in terms of a
jet precession scenario with a period of about 14.5 yr. Weudis the model fits of
their trajectory, distance from the core and apparent Vtglod/e show that the bulk
Lorentz factor (in the range 4 to 15) derived for these coneptsmdoes not have any
dependence on the phase of the precession (or positionfangjection). The Lense-
Thirring effect is assumed to interpret the precession efj#h nozzle. The results
obtained for blazar 3C 454.3 are only suggestive. They a@ramque and have yet to
be tested, but they might be useful for understanding therkatics of superluminal
components in blazars and for disentangling different raeigms and factors.
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galaxies: individual (blazar 3C 454.3)

1 INTRODUCTION

3C 454.3 ¢ = 0.859) is one of the most prominent and well-studied blazars, vhie flat-spectrum
radio quasars with optically violent variations that shawgk, rapid, polarized outbursts. This blazar
radiates across the entire electromagnetic spectrum feafio through optical and X-ray to TeV
~-rays. Very strong variability has been observed in all ¢hesvebands with various timescales
(hours/days to years). On the scale of parsecs, superlumiiton of components was detected
by VLBI observations. Multi-wavelength observation cangpa combined with VLBI observations
have been conducted in order to find the relationship betwesgvities in different wavebands and
relationship between outbursts and superluminal eje¢tiatwill give a better understanding their
mechanisms that generate radiation and the location o€sstinat emit radio, optical andrays in
the jet. In recent years, coordinated observations in alptiGray andy-ray combined with VLBI
observations have provided important information andifodal some theoretical issues, e.g. the
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relative location of regions that emjtray and optical radiation in the jet. (see, e.g., Jorstaal.et
2007, 2010; Marscher 2008; Marscher & Jorstad 2011; Cledtet al. 2008).

Since 2005, blazar 3C 454.3 has shown remarkable flaringitycét all frequencies (e.g.,
Bonnoli et al. 2011; Bonning et al. 2009; Raiteri et al. 208&1 1; Villata et al. 2006, 2007; Giommi
et al. 2006; Pian et al. 2006; Tosti 2007; Vercellone et 80&@009, 2010, 2011; Vercellone 2011;
Striani et al. 2010; Donnarumma et al. 2009; Abdo et al. 2@04,0, 2011). In 2005, it was ob-
served to undergo an unprecedented bright state from Reto-hard X-ray frequencies (Raiteri
et al. 2011); in May 2005 the source showed the strongestalgtare ever recorded and reached
the optical magnitud&® = 12 (Villata et al. 2006; Fuhrmann et al. 2006) which was folloWsy
an mme-outburst and flux increase at high radio frequenaesatly 2006, a major mm-flare was
observed, which was associated with a minor optical flare.

In y-ray bands, 3C 454.3 was particularly active (e.g., Paceiaad. 2010; Marscher et al. 2012;
Raiteri et al. 2010; Finke & Dermer 2010). During four yea28@7—2010) it exhibited more than
one~-ray flare per year, becoming the most activblazar in the sky: On 2009 December 2-3, a
supers-ray flare was observed, with brightness exceeding the \@sap On 2010 November 20
it reached a peak fluxi{ > 100 MeV) even exceeding that of the 2009 December 2—3 event, once
more becoming the brightestray source in the sky.

By studying the evolution of the spectral energy distribnt{SED) and correlation between the
broadband emission (radio, optical and X-ray emission)~analy flaring emission, understanding
of the mechanism producingrays has been greatly improved (Ghisellini et al. 2007 cgtone
etal. 2011; Tosti 2007).

Foschini et al. (2011) and Abdo et al. (2011) indicated thateaxtremely fast variability on a
timescale of about 3—6 hr favofisray emission originating from a compact region smallenttree
scale of a parsec, or in the compact core observed with VLBI.

3C 454.3 has been monitored with VLBI since Pauliny-Toth le{E87) and Pauliny-Toth
(1998) detected some peculiar properties on the scale ségsir(1) superluminal brightening of
a stationary structure; (2) co-existence of a stationampmment and superluminally moving com-
ponents; (3) apparent acceleration of knots; (4) apparsérgrae curvature in the trajectory. These
features could be understood in terms of hydrodynamicallsitions and the theory of relativistic
flows (e.g. Daly & Marscher 1988; Agudo et al. 2001; Gomez £1997).

Recently, Britzen et al. (2013) investigated the structlrgerved at 15 GHz with VLBI during
a very long period of about 16 yr (1995.6-2011.5) and stuttieatorrelations between flaring prop-
erties in radio and optical bands and the structure of theceoas observed by VLBI. They found
for the first time that during the period (1996—-2010) a supeihally expanding ring dominated
the structure on the scale of parsecs for 14 yr. They alsoestigd that this phenomenon might be
related to the convergent motion of the superluminal comeptsand associated relativistic plasma.
Another interesting property was the change in the pattéftur variability: before 1995 major
radio outbursts were followed by smaller flares, but afte35.faster radio flaring activity started.
This change in the pattern of radio variability might be tethto a change in the kinematics of
components forming the inner jet (Britzen et al. 2013).

In 3C 454.3, the range of ejection position angle of the dup@nal knots was observed to be
very large, aboug0° (position angle is~ —30° for knot R1 and position angle is —110° for
knot R3). This phenomenon of swing or wobbling in the jet hesrbobserved in other AGN sources
(especially blazars) but its physical origin is poorly ursieod and under debate (Bach et al. 2005;
Agudo et al. 2001; Agudo 2009; Agudo et al. 2007, 2011, Briteeal. 2010; Kudryavtseva et al.
2011; Kudryavtseva & Pyatunina 2006; Qian et al. 2007; Qi@h12 Savolainen et al. 2006). The
problem is whether these swings are regular (due to prex®ssi irregular (due to, e.g., instabil-
ities). In most cases the kinematics of superluminal coreptsare very complex and it is very
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difficult to disentangle the effects of different mecharssamd different factors within one mecha-
nism. Qian (2011, 2012) attempted to study and disentahgleffects of jet precession in blazar 3C
279. In this paper we will investigate whether the swing & gosition angle for ejection that was
observed in 3C 454.3 could be due to precession in the axiegét. We know that phenomena that
occur on the scale of parsecs in 3C 454.3 are very complexdiffiedent mechanisms could play
various roles, thus precession of the jet could only be ortbefactors that affect features on the
scale of parsecs. In fact, only for part of the superlumimahponents can the precession scenario
be applied to consistently interpret their kinematics.

Valtonen & Wiik (2012) and Katz (1997) have shown that foenpreting the periodic behavior
observed in the optical light curves of OJ 287, a binary bllacle scenario would be a plausible
mechanism in which the precession and nodding of the ogttalre factors responsible for the
motion. Valtonen & Wiik (2012) also applied this mechanismeixplain the long-term swing of
both optical and radio jets. Thus effects of jet precessmrdbe involved in the swing of the jet’s
position angle in OJ 287 on long-term time scales (at leashaf the factors).

Very recently, based on 7-mm VLBI observations, Agudo ef28112) found swings in the posi-
tion angle of the jet in blazar OJ 287 on short timescateg yr, with an amplitude of< 40°) and a
sudden jump: 100°) in the position angle of its jet during 2004—-2005. They adjthat the swing
in the position angle of the jet could be erratic. HoweveteJama & Kingham (2004) showed that
during the time range of 1995-2004, the swing in the jet'stimsangle observed at 3.5cm could
be interpreted in terms of a precessing nozzle model withrimgp@f ~12 yr. This regular swing
in the jet was supported by observations during the peri@b4+2005 made by Moor et al. (2011),
but this behavior was discontinued by a jump in the positingle of the jet detected by Agudo
etal. (2012) at 7 mm. Similarly, Qian (2011, 2012, 2013) shdwhat the kinematics of sixteen su-
perluminal components in blazar 3C 279 (during the period 880-2007) could be consistently
interpreted in terms of a model with a precessing jet nozite & period of~25yr, taking into
account curvatures in trajectories of the components. Mewéu et al. (2013) demonstrated that
the orientation of the jet in 3C 279 sharply varied ait&@007-2008 from~ —130° to ~+130° and
this unexpected process seems to “temporarily break afffeigular (precession) behavior.

Therefore, wobbling in the jet observed in both blazars 3@ a@d OJ 287 seems to show
that they are not a single phenomenon and a few mechanisimse§ses) or constituents may be
involved in their production (as suggested by Qian 201122@D13). These mechanisms might
include those causing erratic swings on short timescalik {imescales of-2 yr and amplitudes of
<40°), regular swings on longer timescales (e.g. with timescafe-10-25 yr) and a sharp jump
in the orientation of the jet of 100°.

In this paper, we will discuss the possibility that the kiragios of the superluminal components
in blazar 3C 454.3 could be interpreted in terms of a scenétiva precessing jet nozzle that leads
to curvatures in the trajectory. We will adopt the concotdasmological modelXCDM model)
with ©,,, = 0.3, 24 = 0.7 and Hubble constarii, = 70 km s~! Mpc—! (Spergel et al. 2003). Thus
for 3C 454.3,z = 0.859, its luminosity distance i$, = 5.483 Gpc (Hogg 1999; Pen 1999) and
angular diameter distande, = 1.586 Gpc. Angular scale of 1 mas = 7.69 pc and proper motion of
1mas yr! are equivalent to an apparent velocity of 46.58

The data used were collected from Britzen et al. (2013) &Rdt, R2, R3, R4, A, B, C and D),
and from Pauliny-Toth et al. (1987) and Pauliny-Toth (19@®ot C4). Errors in position shown in
the figures were computed from observational errors in jposéngle and distance from the core.
Hereafter, the distance from the core will be called coreadise.

The plan of the paper is: Section 2 gives the formalism of tleel@ly Section 3 describes the
fitting of the kinematics of the knots; Section 4 gives a sumynad@ the results; Section 5 discusses
the mechanisms causing precession of the jet nozzle; 8etjves a conclusion.
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Fig.1 The geometry of the precession model, adopted from Qianl{20dhe Z-axis, which is
taken to be the axis of precession, is defined by parametep$; the Y, -axis indicates the direction
toward the observer; the position of a knot is defined by patars @, ®): A(Z) is the amplitude
function and® is the azimuthal angle; plan&{,, Z,,) represents the plane of the si§/denotes the
velocity of the knot.

2 FORMALISM OF THE MODEL

We will apply the formalism and geometry of the precessiordetavhich has been described in
detail in the previous paper by Qian (2011, also see Qian 808P, 1991). The geometry is shown
in Figure 1 in which some explanations are given. Here we ogdgall the expressions describing
the amplitude function and the precession phase of the k(@t®rdinates and amplitude (A) are
measured in units of mas.)

In order to study the possible precession of the jet nozzldamar 3C 454.3, we would have
to choose an appropriate set of model parameters and fus¢tialescribe the amplitude and phase
of the knots, defining their trajectories and velocitiesisThainly includes the direction of the pre-
cession axise 1), the amplitude functioai(Z) and the period of precessi@h. These parameters
cannot be determined theoretically and we have chosen plagameters through trial fittings of the
model to as many of the kinematics of superluminal compa@npossible. Hereafter, fitting of the
data to our model will simply be called fitting.

The position of a knot is described by cylindrical coordesalZ, A, ®), whereZ is the distance
from the core along the axis of precessiaghis the amplitude of the path anbl is the azimuthal
angle.

— The precession axis of the jet is defined by two parameterg)( we takee = 2.88° and
= —17.91°.
— Amplitude (A) as a function o’ is taken as

A(Z)(mas) = 3.34xsin (;Z) (1)

*

with Z,=240 mas; only the rising part of the sine function is applied
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— The azimuthal angl® is defined by
(Z,t) = ¢o + ¢(t) + Rex Z, 2)

whereg,=3.783rad is an arbitrarily selected constant and in tHevahg ¢(t) is defined as the
(initial) precession phase of the knot, given by

¢(t)(rad) = 0.8132 + 0.4335(t — 2009.60), 3)

wheret is the ejection time (in units of years). Period of precas3ip= 14.49 yr. R, is defined
as a rotation rate (rad/mas) after ejection. This form ofamplitude function shows a slightly
collimated track (for all knot < 120 mas included in the fitting) and rotation of trajectory for
some knots wheii,, # 0.

— The formulas for viewing anglg, apparent transverse velocity, Doppler factow and elapsed
time T are given as follows.

0 = arccos[cose(cos A +sinetan A,)], 4
"= —20059)’ ©)
A Y ©
z
g :/0 r5i ;:Asdz’ "

wherez is the redshift, the expressions far, A, andA, are given in Qian (2011; 1991).is
the Doppler factor of a knot) is the angle between the spatial velocity vector @rdxis; A,
is the projection ofA on the ', Z) plane; and\; is the angle between the velocity vector of a
knot and the direction toward the observer.

Figure 2 shows a VLBI map adopted from Britzen et al. (2013)iich the superlumi-
nal components are designated (R1, R2, R3, R4, A and C). &gshows the distribution of
trajectories for knots R1, R2, R3, R4, C4, A, B, C and D whiahiawvestigated in this paper.

3 FITTING A MODEL DESCRIBING THE KINEMATICSOF THE KNOTS

In the following we describe in detail the fitting results fmach individual superluminal knot. The
fitting techniques are similar to those described in Qiarl 20including the fitting of the ejection
time (epochty); trajectory (X,,, Z,,) ; core distancer(,) and apparent velocity%,). Bulk Lorentz
factor (") has been derived. In this paper, we would also like to inelother factors (for example,
rotation of trajectory) in addition to precession of the jet

Before presenting the fitting results for individual supetinal knots, we would like to mention
two points about our fitting methods. Firstly, since we ateri@sted in possible precession of the
jet nozzle, we would mainly fit the inner parts of the jet (\edwof X, less than about 1.5-2 mas).
Secondly, as shown by Britzen et al. (2013) knots R1 to R4 wkserved to be distributed along
an arc-like structure at the boundary between the surrogridierstellar medium and the source,
and their tracks converged toward the positidf), (~3 mas,Z,, ~ —1mas). Thus their trajectory
significantly changed in these regions: beyong ~1.8 mas for knot R1;~ 2.5 mas for knots R2
and R4, andv 3 mas for knot R3 (see Figs. 4, 7, 9 and 11 (left) below). Therkiatic behavior of

1 X, andZ, are defined as relative right ascension (west) and relagicéngtion (north), respectively.
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Clean 1 map. Array: BFHKLMNOPS
2251+158 at 15.365 GHz 2008 Jun 25
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Fig.2 VLBI map of 3C 454.3 at epoch 2008 June 25 at 15 GHz, adopted Brtzen et al. (2013;
by courtesy of S. Britzen). The designation of the companéht C, R1-R4Y and %) is shown.
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Fig.3 The distribution of the observed trajectory for superluahicomponents in 3C 454.8eft
panel: knots R1, R2, R3 and R4ight panel: knots C4, A, B, C and D.

the knots and associated plasma flows may be very complegse tiegions and seems very difficult
to describe. Thus in the following we will not fit the kinentwtiof these parts of the trajectories for
knots R1, R2, R3 and R4. Fortunately, the lack of VLBI obstoves and results from fitting for

these parts of their trajectories does not affect our stdiglyeression in the jet nozzle near the core.

The fitting results are summarized in Table 1, including tgpactime ¢y, precession phasg,
rotation rateR,, bulk Lorentz factod”, initial position angle (IPA) and initial viewing angle (RY
for nine superluminal components (C4, R1, R2, R3, R4, A, Bn€ Q).
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Table 1 Model parameters for nine superluminal components: ejed¢imet,, precession phasg
rotation rateR, bulk Lorentz factod’, initial position angle (IPA) and initial viewing angle (&Y.
Knot to ¢ (rad) Ry (rad/mas) T IPA (°) IVA (°)
C4 1978.88 0.06 0.0 14.2 -95.6 4.9
R2 1982.88 1.80 —-0.02 6.2 —48.6 4.9
A 1985.36 2.87 -0.38 35 -23.0 3.3
R1 1987.20 3.67 0.0 10.7 -8.8 11
B 1988.45 4.21 0.02 10.0 -119.9 0.5
R3 1992.00 5.75 0.0 9.5 -111.2 4.0
R4 1995.31 0.90 -0.02 11.0 -72.9 5.4
(o} 2007.41 6.15 0.0 7.1 -100.7 4.6
D 2009.30 0.68 0.0 6.5 —75.2 5.4
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Fig.4 Fitting to the trajectory and core distance of knot R1. Eggtepocht, = 1987.20.
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Fig.5 Fitting to the apparent velocityeft panel) and the Lorentz/Doppler factor derived from the
model fight panel) for knot R1. After 2005, the apparent velocity given by ousdal is slightly

larger than that given by Britzen et al. (2013), which migbtdue to our model applying non-
ballistic motion.

Knot R1

Knot R1 is the northernmost component observed with aniejegiosition angle ofv —9°. The
fitting results are shown in Figures 4 and 5.
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(right) are 11.1{, = 1987.35) and 10.3{, = 1987.05), respectively.
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Fig.7 Fitting the model to the trajectory and core distance fort k2.

As shown in Figure 4, the trajectory withik,, ~1.7 mas and the core distance are both well
fitted. The apparent velocity given by the fitting (Fig. 5 (Jifs very consistent with the value given
by Britzen et al. (2013) before 2005. After 2005, the appivelocity given by our model is a bit
larger than that derived by Britzen et al. (2013). This migatdue to the application of different
models: in Britzen et al. (2013) a velocity for ballistic rast (along a straight line) was estimated
but in our case non-ballistic motion was studied. Howevethlran fit the core distance vs time
well.

In addition, in Figure 6 (left) two trajectories from theiffii are given for ejection epoclg =
1987.05 and 1987.35, corresponding to precession phases3.605 and 3.735rad, respectively.
In comparison with Figure 4, it can be seen that#fpr= 1987.05 and 1987.35 the model curves
have already discernibly deviated from the observed mostiso the uncertainty in the fitting of
ejection timet, might be roughly estimated as0.15yr. In Figure 6 (right) the two model curves
show the fits to the distance from the core with Lorentz factdrll.1 (forty = 1987.35) and 10.3
(for to = 1987.05), which differ from that fort, = 1987.20 (I' = 10.7; Fig. 4 (right)) by+0.4.
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Fig.8 Fitting of the apparent velocity and the Lorentz/Dopplestda derived from the model for
knot R2.
3.2 Knot R2

The fitting results are shown in Figures 7 and 8. The fittingo&pparent path withiX,, ~2.5mas

is only marginal, but the modeled trajectory could appratimly describe its motion derived by the
model with the chosen ejection time and corresponding getoe phase. The core distance is fitted
reasonably well.

3.3 Knot R3

Knot R3 is the southernmost component observed with itgiefeposition angle ot~ —110°. The
fitting of its trajectory to the model is shown in Figure 9 {Jednd part of it withinX,, < 2.8 mas is
fitted well. The fitting of its core distance and apparent g#jois also good (Figs. 9 (right) and 10
(left)). The good fitting of the kinematics for both knots RideR3 may be meaningful. Considering
that knot R3 was ejected later than knot R1 by about 5yr (sparding to a third of its period of
precession) and their position angle for ejection diffgrebout100° (R1 is the northernmost com-
ponent and R3 is the southernmost component, see Fig. §,(tefs may indicate that the direction
of the precession axis for the jet, the amplitude functiod e period of precession have been ap-
propriately chosen for our precession model. Good fittimgsfore knots ejected at different epochs
(for example, knots A, C4, C and D, below) would provide fertsupport.

In addition, in Figure 11 two trajectories described by troalel are given for ejection timeg =
1991.85 and1992.15, corresponding to precession phases 5.707 and5.793 rad, respectively. It
can be seen that the trajectories fgr= 1991.85 and 1992.15 have already discernibly deviated
from the observed positions, so the uncertainty in the §tththe ejection epoch for knot R3 may
be roughly estimated as 0.15yr, similar to knot R1.

3.4 Knot R4

The fitting results are shown in Figures 12 and 13. For knottR fitting to the inner part of its
trajectory withinX,, < 2.5 mas is only marginal (as for knot R2), because only three plzitets are
presented. This fitting might only have shown a trend in itsiomo(within X,, <2 mas), which could
be roughly described by the precession model. Its corerttist fitted well. There is no observed
apparent velocity available to be compared with.
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Fig.9 Fitting of the trajectory and the core distance for knot R8té\ beyondX,, = 3 mas, the
trajectory is obviously curved upward and this may indicairvergence of its motion. See Fig. 26
(left) below.
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Fig.10 Fitting of the apparent velocity and the Lorentz/Doppleatda derived from the model for
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Fig.11 Fitting of the trajectory Igft) and core distanceright) for ejection timet, = 1992.15
(precession phasg = 5.815 rad) and 1991.85¢ = 5.685 rad). It can be seen that the trajectories
discernibly deviate from the observed positions, indiggtincertainty in the fitting of the ejection
time for <0.15yr. The Lorentz factors used for the fitting of the corstatice are 9.5 and 9.6,

respectively.
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Fig.12 Fitting of the trajectory and core distance for knot R4.
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Fig. 13 Fitting to the apparent velocity and the Lorentz/Doppl@tda derived from the model for
knot R4.

3.5 Knot A

The fitting results are shown in Figures 14 and 15. The kinemaif knot A seems difficult to
fit: the observed trajectory is very curved and the core digtaf the initial portion of its trajectory
appears almost constant (Fig. 14 (right)), which leadsstejéction time being difficult to determine.
Britzen et al. (2013) divided it into two components (befaral after 2005) and determined their
apparent velocity, respectively. For consistency we walidrnatively make a tentative fit to the
kinematics of knot A as one component within the precessienario. In this case a large rotation
rate R, has been introduced, which mightimply that knot A moved glatelical trajectory. Taking
into account the rather large amplitude in the wanderinganaif the measured positions between
consecutive epochs, the fits of the trajectory and distaraa the core (Fig. 14 (left)) might be
regarded as acceptable. The apparent velocity derivetiégueriod (2007—2011) is consistent with
that (2.2:0.5) given by Britzen et al. (2013).

3.6 Knot B

The fitting results are shown in Figures 16 and 17. Similanwtld, the kinematics of knot B is also
difficult to fit. This is because the core distance of the ahigiortion of its trajectory was observed
to be almost constant (Fig. 16 (left)). Thus it is difficultdetermine its ejection time. Britzen et al.
(2013) divided knot B into two components and separatelgditheir kinematics. Here we have
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Fig.15 Fitting of the apparent velocity and the Lorentz/Dopplatda derived from the model for
knot A.

made a tentative fit to the kinematics of knot B as one companeerms of our precession model.
In this case a small rotation raf& has been introduced.

In Figures 16 and 17 the fitting results for its trajectoryrecdistance and apparent velocity are
shown. The fit to the trajectory withiX,, <1.3mas seems acceptable. The fit to the core distance
before epoch 2004 is only marginal, implying there is a higéa bulk Lorentz factor during this
period, but the apparent velocity derived for the period0@011) is very consistent with that
(5.5+£0.5) given by Britzen et al. (2013).

3.7 Knot C4

We assume that the ejection titie= 1978.88, because C4, detected by Pauliny-Toth et al. (1987),
was ejected before the outburst (1980-1981) causing theetkuminal brightening.” Pauliny-Toth
(1998) gaves, = 16.1 + 2.7.

As shown in Figures 18 and 19, the trajectory, core distandeapparent velocity are all fitted
well. In this case, the modeled Doppler factois smaller than the bulk Lorentz factbr(Fig. 19
(right)).

We notice that knot C4 was ejected at position angds° (Pauliny-Toth 1998), close to that
of knot R3 (~110°), but their ejection times differed by about 13yr, corresgiag to precession
phase differing by about 5.7 rad; C4 was ejected earlierf@8hy 13 yr. Thus the good fitting of the
kinematics of knot C4 might be helpful for the interpretataf the phenomenon observed by VLBI
in 3C 454.3 in terms of the precession model.
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Fig. 18 Model fit to the trajectory and core distance for knot C4.
3.8 Knot C

The fitting results are shown in Figures 20 and 21. Knot C waste§l at 2007.4, later than knot R3
by about 15yr (i.e. about one period of precession). The dibtalits trajectory, core distance and
apparent velocity (shown in Figs. 20 and 21) is significaetduse it may indicate that the proposed
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Fig.19 Fitting for the apparent velocity and the Lorentz/Dopplactbr derived from the model
for knot C4. The observed apparent velocity (Pauliny-Tatal€1987) is fitted well, indicating that
knot C4 moved ballistically during the period of six year®72-1985) within a core distance of
2mas.

precession model is applicable, at least for some of therkupmal knots in 3C 454.3. We notice
that the motion of knot C is apparently ballistic, quite diint from the curved trajectory of knots
R1 and R3, but they are all produced from the same spatialctajy described by the amplitude
function (Eq. (1)). This demonstrates that the period otession has been chosen properly. We
would like to emphasize that combined with the good fittingtteé kinematics for knot C4, the
interval that our fitting covers is about two cycles (fromi979 to 2007), see Figure 27 (right)
below.

In addition, two trajectories described by the model areigin Figure 22 for ejection timeg =
2007.71 and 2007.11, corresponding to precession phase$.277rad and 6.017 rad, respectively.
It can be seen that the two trajectories described by the hiadke discernibly deviated from the
observed positions and thus the uncertainty in the fittinghefejection time of knot C may be
estimated as<0.30yr (in comparison with the fitting of the trajectory irgF20 (left)).

The derived ejection timé&, (2007.41) and ejection position angle100.7°) are very consis-
tent with the values given by Britzen et al. (2018): ~ 2007.3, and the average position angle
(—102.3°+5.4°) within a core distance of 0.6 mas.

3.9 Knot D

The fitting results are shown in Figures 23 and 24. We assuheedjéction time is 2009.30, which
is different from that (2009.6) given by Britzen et al. (2013his is because in our precession
model that only applies tey = 2009.30 (corresponding to precession phase- 0.683rad), the
trajectory of knot D could be fitted, as shown in Figure 23tJleFhe fitting of the core distance is
good enough to derive an apparent speed®before~2000.8. The model fit also showed that after
2010.8, knot D could have an apparent acceleration (se@%)ig.

Surprisingly, we found that the component K09 detected logtdd et al. (2012) at 43 GHz and
knot D detected by Britzen et al. (2013) at 15 GHz may be ifiedtas the same component and our
model could give a good fit for the initial part of the core diste of KO9 observed at 43 GHz before
2011 (as shown in Fig. 25), which is fully consistent with fligng results at 15 GHz. Moreover,
Figure 25 also shows an apparent acceleration after 2014 nfdy also verify our discovery that
in the fitting by applying a precession model, we should us€'ithtial” trajectory (within a core
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Fig.20 Fittings of the trajectory and core distance for knot C.
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Fig. 21 Fitting for the apparent velocity and the bulk Lorentz/Digpfactor derived from the model
for knot C. The apparent velocity of the model is very comsiswith the value®.4-+0.9) given by
Britzen et al. (2013).

distance of~0.2-0.4mas), which is unexpectedly consistent with thmdittechniques used for
blazar 3C 279 (Qian 2011, 2012, 2013).

The derived ejection position angle 75.2°) is very consistent with the observed average po-
sition angle §3.3°+£7.4°) within a core distance of 0.3 mas (derived from the datargiweBritzen
etal. 2013).

4 SUMMARY OF RESULTS

We briefly summarize the results that we have obtained.

(1) In the above, we have fitted the kinematics (trajectooye distance and apparent velocity) of
nine superluminal components with the model describingdl&8C 454.3. The fitting is based
on precession of the jet nozzle with a period of about 14.58lyictly speaking, a quasi-period).
We find that, on the whole, their kinematics (trajectory,ecdistance and apparent velocity)
can be consistently explained in terms of the proposed psém® scenario (see Figs. 4—-24).
The fittings for knots C4, R1, R3, A, C and D seem good enouglet¢ognize the period of
precession, but the fittings for knots R2, R3 and B are onlygimat, just showing trends in
their motion. The ejection time of the nine knots spans yearb precession cycles<@E0yr)
and the swings in the ejection position angle of the knotevedrserved to be in the range of
~100°. This might indicate that the precession model is meaningfu
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(2) Essentially, our model describes a precessing nozmecambination of a sequence of isolated
(individual) components ejected from the precessing rmozphstitutes the so called jet and
its change with time seen in VLBI maps of 3C 454.3. Similar mlschave been suggested in
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Fig. 25 Fitting to the core distance of KO9 detected at 43 GHz by drst al. (2012). The precession
model gives a good fit the first part of its trajectory (befo@a 2), which is fully consistent with the
fit to the trajectory of knot D observed at 15 GHz (Britzen eR&l13; see Fig. 23).

Tateyama & Kingham (2004, 0J28&7stirling et al. (2003, BL Lac), Tateyama (2009, BL Lac),
Jorstad et al. (2005). Much earlier, the precessing hallimbdel suggested by Hjellming &
Johnston (1981, radio jet) and Margon et al. (1980, optetafpr SS 433 showed that individual
components were ejected by the precessing nozzle (or datiéesient ejection angles and then
moved along a ballistic trajectory. By contrast, in the cab8C 454.3, the individual knots
ejected from the precessing nozzle seem to interact witlsaheunding interstellar medium
(forming shocks) and ‘sweep out’ a ‘cavity-like’ structurldse to the central engine (with an
arc-structure at its boundary detected by Britzen et al32@ue to the effect of projection at a
small viewing angle in the case of 3C 454.3, this ‘cavityeliktructure is particularly prominent.
The relativistic plasma flowing in the cavity appears to @yge at distances of,, >3 mas
and be re-ejected as an ‘ordinary’ jet (see Fig. 26 (lefthisTehavior is very similar to that
suggested by Blandford & Rees (1974) in their twin-exhaustieh (or beam model) for the
formation of extended double sources. Certainly, the kaot$ associated plasma should be
tightly wound by helical magnetic fields (e.g., Camenzin@@;9/lahakis & Konigl 2004).

Thus in the case of 3C 454.3, we see a new mechanism for laede{st formation: a jet
on the scale of parsecs is formed by the precessing nozztshwhproduced by a black-hole-
accretion disk system and then the jet plasma, spanninggmne-converges and is re-ejected
from the ‘cavity’ by a ‘second nozzle,” forming a large-se@t. This process may also occur in
other blazars.

(3) InFigure 27 is shown the modeled distribution of the pesion phase of the superluminal com-
ponents (left panel) and the modeled distribution of thigicton position angle (right panel). It
can be seen that our fits span more than two periods of precgésim~1979 to 2010).

The modeled relationship between the viewing angle of thetigin and its position angle is
shown in Figure 28 (left). It can be seen that the viewing esglerived for the knots are in the
range~ 1° to 5°. The bulk Lorentz factors determined from the fitting arevshan Figure 28
(right). The derived Lorentz factors are in the range 4 taahl they show no regular trend. Thus
the different apparent speeds observed for different kemifl not be explained in terms of only

2 Agudo et al. (2012) recently suggested that at 7 mm the swiitigeqposition angle for the jet position in blazar 0J 287
is erratic, which is different from the regular (precesgibehavior at cm wavelengths during the period of 1995—2@0diexd
by Tateyama & Kingham (2004) and supported by Moor et al1{30This difference still needs to be investigated further
Here we only discuss the models of a precessing nozzle.
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Fig.26 A conceptual sketch illustrating the convergence of ttajées for the superluminal com-
ponents and the formation of the ring structure detectedritzdh et al. (2013)Left: convergence
of the trajectories for the superluminal components and twvergence onto the axis of the jet
where component®” andZ are located. Dashed lines indicate the trajectory of knadtébRack), R2
(green), R4 (red) and R3 blue) (referring to Fig. 2) Right: shape of the jet when sizes of compo-
nents are taken into account. The green dashed lines iadteajet boundaries defined by the sizes
of superluminal knots. The red dashed line within = 2.5 mas of the core denotes the projected
precession axis. Note: the sharp curvatures of the trajest(X,, <3 mas) are largely magnified by
the projection effects at small viewing angles.

a change in viewing angle with a constant Lorentz factor. Gil& Lorentz factor of the knots
could be mainly determined by the activity of the engineckliaole/accretion disk system). This
conclusionis consistent with what was derived from thetfdkinematics observed with VLBI
in blazar 3C 279 (Qian 2013). In addition, we point out thatdtternative precession models
with smaller values of parameterlarger bulk Lorentz/Doppler factors would be obtained.

We point out that our precession scenario is tentative an@oly explain the kinematics of part
of the superluminal components. In fact, The phenomenawebdevith VLBI in blazar 3C 454.3 are
exceptionally complex, as shown by Britzen et al. (2013 Kimematic behavior (initial ejection,
trajectory and ejection velocity etc.) of the componentsioa affected by several different physical
mechanisms and precession is only one of them. Furthelestadé needed to reveal if precession is
a significant factor governing the kinematic behavior ofeslygminal components.

Based on this study, we found that a few other factors shardgps be considered, for example,
formation of both stationary and traveling componentstégsoVery small apparent speeds observed
in the initial portions of the trajectory of knots A and B detied by Britzen et al. (2013) might
alternatively be due to the formation of quasi-stationdrycks or re-confinement shocks (Daly &
Marscher 1988; Sikora et al. 2008). Thus, the precessiorehppdposed in this paper may be used
as a guide to further study the kinematic behavior of supgral components in 3C 454.3 and
disentangle different factors and mechanisms, espedaliyrose superluminal components which
could not be accommodated into our precession model.

5 MECHANISMS CAUSING PRECESSION OF THE JET NOZZLE

If the jet precession with a period of about 14.5yr (restrfegperiodl4.49/(1+z) = 7.8 yr) is plau-
sible, then precession of the jet nozzle might be direcilgteel to the formation of the jet, because
the swing in the ejection position angle of the knots is irefefent of their apparent superluminal
motion.
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5.1 Formation of Jets

Relativistic jets are suggested to be formed in the rotatiagnetosphere above a black hole’s event
horizon, ergosphere and inner disk (Meier et al. 2001; M&idakamura 2006). Three mechanisms
have been proposed:

(1) Hole-driven mechanism (Blandford/Znajek mechanisnBlajdford & Znajek 1977,

MacDonald & Thorne 1982): jets are formed by extraction aérgy from the spinning black

hole (Kerr hole) and the magnetic fields are anchored to thetdwrizon. Jets are presumed to
be oriented along the spin axis of the Kerr black hole;
(2) Ergosphere-driven mechanism (e.g., Punsly 1996, 2@gfzler et al. 1999; Meier 1999; Meier
et al. 2001; Meier & Nakamura 2006; Punsly & Coroniti 199@tsJare formed by extraction
of energy from the spinning black hole through the diffei@rftame-dragging of space around
the rapidly spinning hole within the ergosphere. The magriietids of the jets are anchored in
the ergospheric disk. Jets are presumed to be oriented edergpinning axis of the Kerr black

hole.
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(3) Accretion disk-driven mechanism (e.g. Blandford & Payi®82; Camenzind 1990): Jets are
formed in the disk magnetosphere by extraction of energy fitee differential rotation of the
disk. The magnetic fields are anchored in the inner disk {@eithe ergosphere). Jets are pre-
sumed to be oriented along the axis of the rotating disk atdl@ spinning black hole.

These mechanisms may be all at work in blazars and give jetatified structure. In fact, jets in
blazars are often observed to have a spine-sheath strubtlesdriven and/or ergosphere-driven
relativistic plasma flows that give rise to gamma ray jetsrfa spine and the disk-driven flows
form radio jets as a sheath. The relativistic electronstergiradiation at a different energy bands
are accelerated in different strata of jets and the assatiatagnetic fields could have different
structures in different strata.

5.2 Possible M echanisms for Jet Precession

Several mechanisms have been proposed to interpret swirte position angle of jets observed
in blazars. For example, the helically twisted jet modelriée 1987; Denn et al. 2000; Tateyama
et al. 1998, 2002), precessing helical jet model and prawgbsllistic (nozzle) model (Tateyama &
Kingham 2004). For interpretation of precession in a jetz@mzwo mechanisms may be relevant:
the binary black hole model (e.g. Begelman et al. 1980; Batey& Kingham 2004) and the Lense-
Thirring effect (Liu & Melia 2002; Britzen et al. 2001; Capricet al. 2004).

5.2.1 Binary black hole model

A binary black hole model (precessing disk model) was firsppsed by Begelman et al. (1980)
and has been extensively investigated by, e.g. Roos etd3}1Katz (1997); Britzen et al. (2001);
Lobanov & Roland (2005); Karouzos et al. (2010). In binargdil hole models, the orbital motion
of a companion black hole can cause precession of the amtiditk around the primary black hole
by dynamic torque, if the disk is inclined relative to theitabplane, leading to precession of the jet
that is anchored to the disk.

This kind of model has been applied by Lobanov & Roland (20@53C 345) and Britzen et al.
(2001; for PKS1420-140) to interpret optical variationgHht curves) and properties of their parsec-
scale jet. However, in binary black hole models, orbitaligus are usually in the range of a few
hundred years and the periods of precession reach thouségdars. Such periods of precession
seem too long to explain precession in the jet nozzle obddime3C 454.3, because the period of
precession of 14.5yr derived in this paper is independemtpeffects of relativistic time shortening.
In fact, binary black-hole mechanisms have been suggesiatetrpret the precession of large-scale
jets (kpc—Mpc scales, for example, see Gower et al. 1982).

Valtonen & Wiik (2012) applied a binary black hole model taeirpret the 12 yr period in the
optical light curves of OJ 287. In their model, the passagthefcompanion black hole crossing
the disk of the primary hole was assumed to cause the peitipti¥hey have also discussed the
variation of position angle for the parsec scale radio jewElver, it is not clear if this model could
be applied to interpret the swing in the ejection positioglarof the superluminal components in
the case of 3C 454.3, because in their model the variatiolheoposition angle in a parsec scale jet
was delayed by a few years with respect to the companion lalekpassing across the disk of the
primary black hole.

3 In Valtonen & Wiik (2012) the observed period of 12 yr was expéd in terms of the orbital period of the companion
black hole.
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5.2.2 Lense-Thirring effect

The Lense-Thirring effect has been suggested to cause dislegsion and could be a promising
mechanism for explaining the jet/nozzle precession witime tscale of years. (Lense & Thirring
1918; Bardeen & Petterson 1975; Liu & Melia 2002; Capronile2@04).

The Lense-Thirring effect shows that under the influencerohg gravity of a spinning (Kerr)
black hole, its accretion disk would be precessed by indraane dragging if the disk is inclined
to the equatorial plane of the spinning black Kokt small radii in the disk, the differential Lense-
Thirring precession will dominate internal coupling of thiasma and will lead to the so called
Bardeen-Petterson effect, in which the inner region flatteward the equatorial plane, producing a
warped accretion disk. Regions in the outer disk would nettair rotation axis which is misaligned
with the spin axis of the black hole. Thus the structure of@retion disk around a rapidly rotating
black hole has a warped structure that could be divided imteet distinct regions: inner region,
transition region and outer region. The inner region isesb$o the Kerr black hole and its axis of
rotation is aligned with the spin axis of the hole. The ouéglion could still keep its original direction
of rotation inclined to the spin axis and have nothing to dthwvhe jet precession. The transition
region might be relevant for understanding precessiondnehnozzle observed in blazars, because
in the transition zone the disk regions would still be migadid with respect to the equatorial plane
of the spinning black hole. Thus the axis of a jet (jet nozulih its base anchored to the transition
regions of the disk would precess around the spin axis of ldekthole with small opening angles.
As shown by Scheuer (1992), for a maximally rotating bladieath massi 08 — 10° M, a Lense-
Thirring period of precession on the order of years is olatlali@ for an accretion radius of 10-100
Schwarzschild radiifgs).

Nelson & Papaloizou (2000) have investigated the tramsiifcalignment between the accretion
disk and Kerr black hole by hydromagnetic simulations of Ba@deen-Petterson effect in various
conditions. They showed that the transition radius was daionbe much smaller than that given
by Bardeen & Petterson (1978)* — 10* R,), ranging between 15 and 38, (R, is gravitational
radius,R, = Rs/2) for a hole with a Kerr angular momentum parameter= 1 (maximal spin of
the black hole). This range is quite similar to the observeel of the jet’s base in radio galaxy M87
(see below).

Recently, a ‘magneto-spin alignment’ mechanism has begposed for thick disks to study the
alignment between disks/jets and Kerr black holes (McKyretel. 2013; Tchekhovskoy et al. 2011)
and revealed that electro-magnetic torque exerted by thymetized jet, which is directly generated
by the rotating black hole, on a tilted disk can cause mageétilisks and jets to align with the spin
of a nearby black hole and ones further away to reorient wighouter disk.

Therefore, theoretical studies have shown that the LehéeiTg effect plus internal disk vis-
cosity and electromagnetism could cause misalignmentdsithe rotation axis of the disk and the
spin axis of a Kerr black hole, and precession of a jet arohadxkis of the black hole.

5.3 Observational Constraints

Theoretical models of jet formation predict quite a largega of size for the jet's base, which
depends on the size of the region where the jet is initialigelarated and the twisted magnetic
fields are anchored. In disk-driven jet formation modelg.(Blandford & Payne 1982; Camenzind
1990), the rotating magnetic fields are anchored to the ipadrof the rotating accretion disk; the

4 Sarazin et al. (1980) proposed that the black hole and iniskraduld be precessed by the outer disk via the Lense-
Thirring effect, if the accretion disk is sufficiently magsiand its total angular momentum significantly exceedsdhtte
black hole. However, this mechanism gives very long présesseriods {0% — 107 yr), only applicable to large scale jet
structures in radio galaxies and radio quasars (Lu 1990).
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jet plasma is accelerated to relativistic speeds and catédhoutside the light cylinder (Camenzind
& Krockenberger 1992) with its foot-point radius near thaenlast stable orbit around a rapidly
rotating black hole. The radius of the light cylinder is ab8g ~ 10 Ry, but the cylindrical radius of
the jet's base where collimation occurs is estimated te 3e-50 Ry, (~ 50—500 R,). Superluminal
knots are assumed to be ejected near this jet’s base.

In formation models for an ergospheric disk-driven and fbigen jet (e.g. Punsly & Coroniti
1990; Blandford & Znajek 1977), the size of the jet's base im@aynuch smaller than that given by
models for a disk-driven jet, which might be less tf2an- 30 R,.

However, the magnetohydrodynamic theory of jet formatiudidates (e.g., Camenzind 1990)
that jet formation occurs in a family of magnetic surfaces tiave a stratified structure. Radiation at
different frequencies could be emitted by different magnatrfaces, with higher frequency emis-
sion coming from inner strata and lower frequency emissiomfouter strata.

Recent high-resolution VLBI observations at millimetemekengths for radio galaxy M87 (one
of the nearest giant elliptical galaxies) have obtainedartamt information about the structure of the
jet and the size of the jet's base. Observations at 7 mm by &Y. ¢2007) showed edge-brightened
emission of the jet and a wide opening angle at its core. TH&H6(A\3.5 mm) VLBI observations
by Krichbaum et al. (2006) showed that the size of the cotten@ezle), as observed with VLBI,
was less than 38,. Recent 230 GHzX1.3 mm) VLBI observations of the jet associated with radio
galaxy M87 (Doeleman et al. 2012) have shown that the sizesgéf's base is only 5.5 R (or
11 R,), and the 43 GHzX7 mm) VLBI observations by Hada et al. (2011, 2012) have shdwnthe
bright compact core observed at 7 mm (i.e. the jet's basermed withinl4 — 23 R, (28 — 46 R,)
of the supermassive black hole (mass.4x10° M ; Gebhardt & Thomas 2009; Gebhardt et al.
2011). The size of the core observed with VLBI has been medsorbe~ 34 R,, suggesting that
the jet associated with M87 is powered by the innermost pgaaincaccretion disk (in a prograde
orbit) around a spinning black hole.

Moreover, VLBI observations at 1.3mm (Doeleman et al. 2082 mm (Krichbaum et al.
2006) and 7 mm (Hada et al. 2011) revealed that the width ofetfeebase follows a power law as
a function of distance from the origin of the jet (Asada & Nakaa 2012). Thus the inferred width
of the core at 2cm is- 54 R,. (Note: this is the size of a Gaussian fit to the core, but ilissize
should be~ 100 Ry).

5.4 A Possible Estimation of Black Hole Spin in 3C 454.3

If the Lense-Thirring effect is a plausible interpretation precession of the jet in 3C 454.3, then
we can relate the period of precession to the spin of the atk

According to Liu & Melia (2002) and assuming that the surfacass density of the disk is
independent of the disk radius and its inner radius is mujefathan the gravitational radius, the
Lense-Thirring driven period of precession can be appraiéfy written as
My 23 b (8)
a

out "in>
*

Pops(yr) = (14 2)3.5

where M, is the mass of the spinning supermassive black hole in uhit§bsolar masses.. is
the dimensionless specific angular momentum (spin parajfete// Jimax, Jmax = GM?/c, 0 <

a. < 1, andJ is the spin angular momentum of the black holg, = rout/60 Rg, Fin = 7in/6 Rg.
Herery,, andry, are the outer and inner radii of the transition region of theretion disk on which
the precession jet is assumed to be anchored. In the case48488, the half opening angle of the
precession cone is 2.5° (see Sect. 2). Such a small inclination angle of the innd«dith respect
to the equatorial plane of the black hole might be possild&iie it is forced to be fully aligned with
the axis of the spinning black hole by the strong gravitaldarque.
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Both theoretical studies and observations with VLBI prediat the transition region might
have a range of radius @f — 100 R, (see Sects. 5.3 and 5.4), if we assumg = 1, 75, = 1 and
Py,s = 14.5yr. Thus we obtain the ratio between the mass and the spiredfiditk hole in 3C 454.3
as ¢ = 0.859)

My
A%

The mass of the black hole in 3C 454.3 has been measureddggr~ 1.6 x 10° M (Woo &
Urry 2002)a, ~ 0.73. But for Mpy ~ 4.4 x 10° My, (Gu et al. 2001), there is no solution far.

In this case the dependence of the surface mass density diskh@dius may need to be taken into
accountand an appropriate set of parametersi/y, 7, andry,) could be found to fit the period of
precession (Caproni et al. 2004). Therefore a spin-indpeeckssion (or the Lense-Thirring effect)
could be a feasible mechanism driving the precession of ¢tzela. In addition, if the precessing
region of the disk is closer to the black hole than that assletheve, then the Lense-Thirring period
would become shorter. In that case, we would have to takeaittount the increase in the period of
precession from the foot points in the disk to the jet's basel jet nozzle).

~2.2. 9

6 CONCLUSIONS

In this paper, we have discussed fits to the model of the kitiemdescribing nine superluminal
components in blazar 3C 454.3. It has been shown that a scdoaprecession in the jet nozzle
might explain their kinematic behavior in a unified way. Qisly, the model is oversimplified and,
strictly speaking, the obtained period of precession ob¥#dis a quasi-period. We have shown
that the kinematics of the jet are fitted well by a model that hgrecessing nozzle in which a
single precession axis, amplitude function and period etgssion are common to all eject from
the jet. The proposed model is only tentative and inconedudihe precession model itself cannot
decide whether precession of the jet really exists or naufewLBI observations in two or more
cycles (20-30yr) can test the model, checking whether fupéral components are ejected at the
predicted position angles. We have found that a few knotsagre accommodated in this precession
model and other (additional) mechanisms or factors neecktexiplored (e.g., instabilities in the
magnetic surface structure (e.g. erratic variation or jumghe orientation of the jet)). However,
our model seems to be useful for studying the physical masimanof kinematics of the knots in
3C 454.3 and helpful for disentangling different factorsrachanisms associated with behaviors of
different knots. In a separate paper, we will discuss therimetation of the kinematics of some of
the components observed at other frequencies, e.g., badatsal. (2001, 2005, 2010, 2012).

Acknowledgements We thank the anonymous referee for the constructive consrart sugges-
tions which were most helpful for improving the paper.
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