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Abstract The kinematics of ten superluminal components (C11- C1®, C20,
C21 and C24) of blazar 3C 279 are studied from VLBI observatidt is shown that
their initial trajectory, distance from the core and appaispeed can be well fitted
by the precession model proposed by Qian. Combined withakelts of the model
fit for the six superluminal components (C3, C4, C7a, C8, G9@h0) already pub-
lished, the kinematics of sixteen superluminal componeaisnow be consistently
interpreted in the precession scenario with their ejectimes spanning more than
25yr (or more than one precession period). The results fraainfitting show the
possible existence of a common precessing trajectory fsettknots within a pro-
jected core distance 6f0.2—0.4 mas. In the framework of the jet-precession scenari
we can, for the first time, identify three classes of trajge®which are character-
ized by their collimation parameters. These differenteitigries could be related to
the helical structure of magnetic fields in the jet. Througimfy the model, the bulk
Lorentz factor, Doppler factor and viewing angle of thesetkrare derived. Itis found
that there is no evidence for any correlation between thk batentz factor of the
components and their precession phase (or ejection tim&) cbmpanion paper, the
kinematics of another seven components (C5a, C6, C7, C1%,@22 and C23) have
been derived from model fitting, and a binary black-holedfnario was envisaged.
The precession model proposed by Qian would be useful foenstahding the kine-
matics of superluminal components in blazar 3C 279 derixed VLBl observations,
by disentangling different mechanisms and ingredients.eMg@nerally, it might also
be helpful for studying the mechanism of jet swing (wobbjiimgother blazars.
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1 INTRODUCTION

Research on blazars is an important extragalactic asteigdiyield, in which extensive observations
of their radiation from radio te/-ray are carried out, and the mechanisms of radiation arBestu
(recent progress can be seen in: e.g., Marscher et al. 20arkschler & Jorstad 2011; Abdo et al.
2010; Raiteri et al. 2010; Schinzel et al. 2010; Velcellohale2010; Marscher et al. 2010; Qian
2011, 2012).
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Quasar 3C 27%(= 0.538) is one of the most well studied prominent blazars (or flaesm
compact radio sources, many of which display superlumiralaon). It is an optically violent vari-
able quasar with large and rapid polarized outbursts ardliates across the entire electromagnetic
spectrum from radio through optical and X-ray+erays. Very strong variability is observed in all
these wavebands with various timescales (hours/days ts)yea

3C 279 was one of the brightest EGRET quasars (Hartman €3@2)1Since the Fermi satellite
was launched in 2008, further investigations of 3C 279 haenbmade (e.g. Abdo et al. 2010;
Marscher et al. 2012). Multifrequency observations, stsdif its spectral energy distribution and
correlations between different wavebands have demoedtiatportant clues about the radiation
mechanisms, especially for X-ray aneray emission and their emission positions in the jet (dakst
et al. 2007; Marscher 2008, 2009; Marscher & Jorstad 201 tsther et al. 2011; Abdo et al. 2010;
Chatterjee et al. 2012).

Recently, correlations between outbursts-iray, X-ray, optical/IR and ejection of superluminal
components in 3C 279 have been intensively studied, whigk peovided important information
(e.g. Chatterjee et al. 2012; Abdo et al. 2010).

3C 279 is the first object in which superluminal motion wasedtd (Whitney et al. 1971;
Cohen et al. 1971) and structure and kinematics have beeitarezhby using very long baseline
interferometry (VLBI). Numerous data have been presemidtie literature on the kinematics and
evolution of flux polarization in superluminal knots.

VLBI observations reveal that bright components (knotg) @nsistently ejected from a core
(presumed to be stationary) and move away from it with apgaseperluminal speeds-@—20
wherec is the speed of light, Jorstad & Marscher 2005; Jorstad €2Cdl4; Homan et al. 2003;
Wehrle et al. 2001; Carrara et al. 1993; Unwin et al. 1989;t@hae et al. 2008; Larionov et al.
2008; Qian 2012). Recently, Jorstad et al. (2012) obsemwedsuperluminal knots K2 and K3,
whose appearance in the jet was accompanied by an increflag and fractional polarization of
the core. The knots had apparent speeds off18.&: and 19.7-2.0c, respectively, and their time of
passage through the mm-wave core coincided with the two prostinent events in the-ray light
curve, in Dec. 2008—Apr. 2009 and in Autumn 2010. The appaeperluminal motion resulted
from relativistic motion of the knots at small viewing anglend the flux density or luminosity of
the knots was strongly Doppler-boosted. Thus the detetiomaf their intrinsic flux (luminosity)
and variation is only possible when their Doppler factor wasasured (Qian et al. 1996; Steffen et
al. 1995).

High resolution VLBI observations have revealed swingshia ¢jection position angle of su-
perluminal components in several blazars, see Stirlind. ¢2@03, BLLac); Bach et al. (2005, S5
0716+714); Savolainen et al. (2006, 3C 273); Agudo et alD{200RAO 150); Lobanov & Roland
(2005, 3C 345); Qian et al. (2009, 3C 345). Although the ptsisdrigin of this phenomenon is
poorly understood, it may be important for studying the tretabetween the formation of the rel-
ativistic jet and the supermassive black hole/accretisk dystem. In blazar 3C 279, the swing of
the projected position angle of the superluminal compankas been observed with an amplitude
of about60°, but the behavior is much more complex (see, e.g., Chattetjal. 2008; Qian 2011,
2012). It seems very difficult to judge whether the swing ddug regular (due to precession) or not
(due to instability), or if different mechanisms could plajes together. Some indication of ejection
of superluminal components during precession has beemgaout by Jorstad & Marscher (2005),
based on the variation of the observed apparent speedsefamothponents C1 (ejected in epoch
~1968) to C20 (ejected in epoek2003.4). A precession period 6f31 yr was suggested.

Since it seems difficult to propose a unified model that inocafes precession which can in-
terpret the kinematic behavior of all these superluminahgonents in 3C 279, Qian (2011, 2012)
has proposed a specific precession model to fit the kinenfaties many components as possible
and try to discover the causes for those components dayifaim the predictions of the precession
model. The precession model with a 25 year period proposegidny (2011) is based on a VLBI
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Fig. 1 Relation between the initial (or ejection) position anghel dhe precession phasg)(given

by the precession model (Qian 201l&f( panel) and the fits to the model of the observed trajectory
of knots C4 and C9 (Qian 2012), with their precession phagesgaction time differing by 3.4 rad
and 13.5yr (more than half of the precession period of 25gepectively (ight panel).

dataset that spans 30 yr and has well fitted the kinematidg stiperluminal components (C3, C4,
C7a, C8, C9 and C10), as described in Qian (2012).

Figure 1 shows the relation between the initial positionlarftPA) and the precession phase
(left panel) that was derived from the model, and the modeltditthe trajectory of knots C4 and
C9. Their ejection times differed by 13.5 years (or a phafferéince of 3.4 rad; right panel). Both
fits of the kinematics for knots C4 and C9 are very good. Thefibhé trajectory of knot C9 shown
in Figure 1 (right panel) is an example. In particular, thendml parameters (bulk Lorentz factor,
Doppler factor and viewing angle) for knot C4 are remarkablysistent with the VLBI observations
conducted by Homan et el. (2003). The fits to the model can nigt @xplain the change in its
apparent speed associated with the curvature of the wwajedtie to the change in viewing angle,
but can also explain the change in its flux density, taking @&mcount the increase of its angular size
and decrease of its Doppler factor after the occurrencervbture (Qian et al. 2010).

In this paper, we fit the model to the kinematics, includingahtrajectory, core distance and
apparent velocity, of ten more components (C11-C16, C18, C21 and C24) using the preces-
sion scenario. Although these results are still not enoogtonfirm the existence of precession,

they are helpful for understanding the behavior of supeiriaircomponents in 3C 279 from VLBI
observations.

In a companion paper we will discuss the fitting of the kindosabf another seven components
(C5a, C6,C7,C17,C19, C22 and C23) with the model and enwia&inary black-hole/jet scenario.

The data used for the fittings to the model are mostly coltefitam the 43 GHz VLBI observa-
tions by Chatterjee et al. (2008), Jorstad et al. (2004) artbhov et al. (2008). The data typically
have observational errors f £0.01 — 0.03 mas in coordinatesy +0.03-0.06 mas in core distance

and~ +4 — 8° in position angle. They are good enough for our study to teetg demonstrate the
possible precession behavior in the source.

In this paper, we will adopt the concordant cosmological ediCDM model) withS2,,, = 0.3,
Q\ = 0.7 and Hubble constantl; = 70 km s™! Mpc~! (Spergel et al. 2003). Thus for 3C 279,
z = 0.538, its luminosity distance i$);= 3.096 Gpc (Hogg 1999; Pen 1999) and angular diameter
distanceD,=1.309 Gpc. The angular scalelofnas = 6.35 pc, and the proper motion of 1 masyr
is equivalent to an apparent velocity of 3181
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2 FORMALISM OF THE MODEL

The formalism of the precession model has been describegtail th Qian (2011). We do not want
to fully describe the geometry of the model (referring to figin that paper), but only recall the
expressions for the amplitude of the collimated path angbteeession phase, and the equations for
calculating the apparent velocity, Doppler factor and séabtime. The fitting techniques have been
described in detail in Qian (2012).

In order to fit the initial (ejection) position angle and thetial part of the trajectoryfor as
many knots as possible, we have to try to find an appropriatef seodel parameters and functions
to describe the amplitude and precession phase of thedctoay.

The trajectory of a knot is described in cylindrical coomtis ¢(t), A(t), ®(t)), wherez(t)
is the distance from the origin of the coordinate system gilihve precession axig{axisf. The
precession axis is defined by parametesindy) (see Qian 2011)A(z) is the amplitude of the path
and®(z) is the azimuthal angled andz are measured in units of mas.

Amplitude (4) as a function ot is taken such that when < ¢2, wherec2 is always less than
b = 50 mas as given in the original model by Qian (2012),

2b 9 . (TZ
Az) = ?1.375 x 10~ “sin (%) , 1)

whenz > ¢2,

_2b o . (T2 z—c2
Az) = ?1.375 x 107 < sin (E) [1 -3 } . (2)

In the following fittings to the model, Equation (1) is usedd@scribe the amplitude function for
knots C11, C18, C20, C21 and C24 for which parame®er- 20 mas. For knots C12, C13, C14,
C15 and C16, both Equations (1) and (2) are used to descireatmplitude functions which are
shown in Figure 2. Their2 andc3 are given in Table 1. Thus we have different collimationveture
distances (paramete?) for different knots: 50 pc (C12); 57 pc (C13); 76 pc (C14)p@4C15) and
76 pc (C16), in comparison with 320 pc (50 mas) for knots C4@8adParameter3 is not sensitive
to the fitting of the model and is given relatively arbitrgril

Table 1 Parameters2 andc3 for defining the amplitude func-
tions for superluminal knots C12—C16.

Knot c2 (mas) c2 (pc) c3 (mas)
C12 8 50 1200
C13 9 57 500
C14 12 76 500
C15 10 64 500
C16 12 76 12000

The precession phase is given by
®(z) = Qo+ 0, 3)

where @ is taken to be 3.783rad (arbitrary) amdis defined as the precession phase. Thus the
trajectory of an individual knot is described by ((z), ¢ = const.) which represent a collimated jet
trajectory. Correspondingly, when< ¢2,

dA Tz
& 1375 x 1072 cos (—) 4
dz 26/ )
1 We designate the portion of the observed trajectory withiore distance 0f0.2—0.4 mas as the “initial trajectory.”

2 In the following figures, coordinatesk(,, Z.,) are defined to be relative right ascension and relativerdgizn, respec-
tively, in units of mas { mas = 6.35 pc).
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Fig.2 Amplitude functions for knots C12, C13, C14, C15 and C16 apmresented with different
lines, as shown in the legend in the top right corner of the@igsee Table 1). The amplitude function
of the original model (Qian 2011, 2012) is shown by the bolsheal curve (for knots C4 and C9),
on which the up-pointing triangle and down-pointing trilngepresent the observed maximum axial
distance of knots C24 and C11, respectively. The collinmétiarvature of the trajectory for knots
C12 to C16 is assumed to occur at distances much closer totbetan that of the original model
for knots C4 and C9 with collimation parametet= 50 mas.

whenz > ¢2,
dA o[ 2bY . mc2
i —1.375 x 10 <?> sin <E> /3. (5)
We also have 4o
and A
A = arctan <—> , (7
dz
dA |
A, = arctan (E sin <I>> , (8)
dAN 2] 12
cos Ag = {1 + (E) ] . 9

From Equation (4), we obtain the half opening angle of the@ssion cone to be = 0.79°. The
formulas for viewing anglé, apparent transverse velocity, Doppler factor and elapsed timé&g
when the knot reaches distancare given as follows.

0 = arccos[cose(cos A +sinetanAp)], (10)
§= 1 (11)
- T(1-fBcosh)’
sin 6
Ba = _fsmb (12)

 1—cosh’
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Herez' is redshift,3 = v/c andv is the spatial velocity of the knaF, = (1 — 3%)~1/2 is the Lorentz
factor.

As in the original precession model (Qian 2011, 2012) we attapparameters = 1.32° and
1 = 28.53°, which define the direction of the precession axis. Thusriii&i viewing angle (IVA)
changes between53° and2.11°.

(13)

3 FITTING THE KINEMATICS OF TEN KNOTS (C11-C16, C18, C20, C21 AND C24)
WITH THE MODEL

In the following we will discuss the individual model fittifgr each of these superluminal knots.

3.1 Model Fitting of the Kinematics of Knot C11

We take the following parameters: ejection epogh= 1997.59, precession phasg = 0.18rad
and bulk Lorentz factol" = 14.0. Correspondingly we obtain: IPA —134.3° and IVA = 1.97°.
Chatterjee et al. (2008) giveg = 1997.59 £+ 0.11, PA (average position angle within 1 mas of the
core)= —135° + 4° and apparent spegt] = 10.1 £ 1.2. The fitting results are shown in Figures 3
and 4. These show that the kinematics (trajectory, coramiist and apparent velocity) of knot C11
are well interpreted in terms of the precession model.

3.2 Model Fitting of the Kinematics of Knot C12

We take the following parameters: ejection epogh= 1998.56, precession phasg = 6.22rad,
bulk Lorentz factol® = 21.0, ¢2 = 8 mas and:3 = 1200 mas. Correspondingly we obtain: IPA
= —139.2° and IVA = 1.87°. Chatterjee et al. (2008) give; = 1998.56 + 0.09, PA= —129° + 3°
and apparent speet] = 16.9 + 0.4.

The fitting results are shown in Figures 5 and 6. These shawhtb&inematics (initial trajectory,
core distance and apparent velocity) of knot C12 can be weltpreted in terms of the precession
model, by requiring a closer collimation/curvatureat= 8 mas.
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3.3 Model Fitting of the Kinematics of Knot C13

We take the following parameters: bulk Lorentz factor= 19.8, precession phasg = 6.11rad,
ejection epochty = 1998.98, ¢2 = 9mas ande3 = 500 mas. Correspondingly we obtain: IPA
= —141.3° and IVA = 1.82°. Chatterjee et al. (2008) givé; = 1998.98 £ 0.07, PA= —130°+

4° and apparent spee@, = 16.4 £+ 0.5. The fitting results are shown in Figures 7 and 8. The
kinematics (initial trajectory, core distance and apptvetocity) are well fitted. The apparent speed
derived from the model is very consistent with the obserygzheent velocity given by Chatterjee et
al. (2008).

3.4 Model Fitting of the Kinematics of Knot C14

We take the following parameters: precession phase 5.98 rad, bulk Lorentz factof® = 22.0,
ejection timety, = 1999.50, ¢2 = 12mas ande3 = 500 mas. Correspondingly we obtain: IPA
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Fig. 10 Model fit of the apparent velocitydft panel) and the Lorentz/Doppler factor from the model
(right panel) of knot C14. The observed apparent velocity 28027 given by Chatterjee et al. (2008)

is well fitted.

= —143.7° and IVA =1.75°. Chatterjee et al. (2008) givg; = 1999.50 £ 0.09, PA = —135° £ 6°

and apparent spe¢t] = 18.2+0.7. The fitting results are shown in Figures 9 and 10. The kinesat
of the knot (initial trajectory, core distance and apparaibcity) are well fitted by the precession
model, by requiring a closer collimation/curvatureat= 12 mas.

3.5 Model Fitting of the Kinematics of Knot C15

We take the following parameters: bulk Lorentz fackor= 20.7, precession phasg = 5.89rad,
ejection epochty = 1999.85, ¢2 = 10mas and:3 = 500 mas. Correspondingly we obtain: IPA
= —145.3° and IVA = 1.70°. Chatterjee et al. (2008) give; = 1999.854+0.05, PA= —131° £ 7°

and apparent speet] = 17.2 £ 2.3. The fitting results are shown in Figures 11 and 12. It can be
seen that the initial trajectory, core distance and appa@eed of knot C15 are well fitted by the
precession model.
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3.6 Model Fitting of the Kinematics of Knot C16

We take the following parameters: ejection epogh= 2000.27, precession phasg = 5.79rad,
bulk Lorentz factod” = 20.65, ¢2 = 12 mas and:3 = 12 000 mas. Correspondingly we obtain: IPA
= —147.0° and IVA = 1.63°. Chatterjee et al. (2008) give; = 2000.27+ 0.05, PA= —140° £ 8°
and apparent speet] = 16.9 + 3.5.

The model fitting results are shown in Figures 13 and 14. Therkatics (initial trajectory,
core distance and apparent speed) of knot C16 can be well fiftehe precession model with a
collimation/curvature at2 = 12 mas.

3.7 Model Fitting of the Kinematics of Knot C18

We take the following parameters: bulk Lorentz factor= 9.7, precession phas¢ = 5.50rad
and ejection epocty = 2001.40. Correspondingly we obtain: IPA —151.4° and IVA = 0.44°.
For knot C18 only a few points along its trajectory closestht® core are collected, thus the fit of
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the trajectory to the model is only for these points and theraye trajectory (or average position
angle) within 1 mas of the core is given by Chatterjee et £08). Chatterjee et al. (2008) give:
to = 2001.40 £ 0.16, PA = —150° £ 8° and apparent speet] = 4.4 + 0.7. The fitted results are
shown in Figures 15 and 16.

Figure 15 shows that the model fitting of the trajectory istggiood within~0.15mas of the
core. The distance from the core and apparent velocity of €18 can be well fitted by the preces-
sion model, especially the observed apparent velocity-@.4 given by Chatterjee et al. (2008).

3.8 Model Fitting of the Kinematics of Knot C20

We take the following parameters: ejection epegh= 2003.39, precession phasg = 5.00rad
and bulk Lorentz factol® = 13.2. Correspondingly we obtain: IPA —155.2° and IVA = 1.06°.
Chatterjee et al. (2008) giveg = 2003.39 £ 0.10, PA = —155° 4+ 10° and apparent spegt] =
6.0+ 0.5.
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model ¢ight panel) of knot C18.

For knot C20, only a few points along its trajectory closesthte core are collected from the
literature, thus the model fitting of its trajectory is ontyr these points, and the average trajectory
(or average position angle) within 1 mas is given by Chatteet al. (2008).

The fitting results are shown in Figures 17 and 18. Figuredff ganel) shows that the fit of the
model to the trajectory is quite good for the initial parthiit ~0.3 mas of the core. The distance
from the core and apparent speed can be well fitted by the ggiecemodel, especially the observed
apparent velocity given by Chatterjee et al. (2008) (Fig.lé8 panel).

3.9 Model Fitting of the Kinematics of Knot C21

We take the following parameters: ejection epegh= 2004.75, precession phasg = 4.66rad
and bulk Lorentz factol = 24.5. Correspondingly we obtain: IPA —151.9° and IVA = 0.80°.
Chatterjee et al. (2008) giviy = 2004.75 + 0.05, PA = —147° £+ 7° and apparent speet), =
16.7£0.3.
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Fig. 18 Model fit of the apparent velocitydft panel) and the Lorentz/Doppler factor from the model
(right panel) of knot C20.

For knot C21, only a few points along its trajectory closesthte core are collected, thus the
model fitting of its trajectory is only for these points, ahe aiverage trajectory (or average position
angle) within 1 mas of the core is given by Chatterjee et @l0&. The fitting results are shown in
Figures 19 and 20. It can be seen that the model fitting of #jedtory is quite good within a core
distance of~0.3mas. The core distance and apparent velocity of knot @2ivall fitted by the
precession model.

3.10 Model Fitting of the Kinematics of Knot C24

We take the following parameters: ejection epagh- 2006.74, precession phase= 4.16rad and
bulk Lorentz factol” = 26.0. Correspondingly we obtain: initial position angle IPA —126.0°
and initial viewing angle IVA= 0.54°. Larionov et al. (2008) givet, = 2006.89 + 0.11, PA
=~ —122.6° +4° (Jorstad, private communication) and apparent spged 14.7 +0.9. The fitting
results are shown in Figures 21 and 22. It can be seen thatrtemétics (trajectory, core distance
and apparent velocity) of knot C24 can be well fitted by thegssion model.



796

S. J. Qian

Zn (mas)

— - Model (4.66rad)| ]
- — PA (average)
< knotC21

0.2 0.3 0.4
Xn (mas)

—_
0
—

=]
o0
T

Core distance (mas)

<
~
—

—
— . Model (4.66rad)| A
< knotC21 -

52);)4 ‘

Epoch (yr)

2006 2007

Fig. 19 Model fit of the trajectory and core distance of knot C21. Doawts (eft panel) show the
trajectory closest to the core. Thiet-dashed line represents the average position angld47°)
within 1 mas of the core given by Chatterjee et al. 2008, whkiokely coincides with the modeled
trajectory @lashed line) within ~0.3 mas of the core.

40

[o8)
=1
T

———
— - Model (4.66rad)|
& knotC21 4

60

40+

7
— Lorentz (model) ||
— - Doppler (4.66rad) | |

Apparent velocity (c)
)
S
T
\
\
I
Lorentz/Doppler factor

S
2
|

L 1 L 1 L L
2005 2006 2007

Epoch (yr)

2007 Dhoa~
Epoch (yr)

Fig. 20 Model fit of the apparent velocitydft panel) and the Lorentz/Doppler factor from the model
(right panel) of knot C21.

4 DISCUSSION

We have fit the kinematics to the model of ten superluminalpoments (C11-C16, C18, C20, C21
and C24) for blazar 3C 279 in terms of the precession scepasjmosed in Qian (2011). It is found
that their initial trajectory (i.e. initial/ejection pdgin angles), core distances and apparent speeds
observed by the VLBI observations can be well explained leyniodel. Thus, combined with the
six components well fitted in Qian (2012), now sixteen supaihal components (about60% of

the total number of superluminal components) can be camigtwell interpreted by the precession
model. The remaining 40 of the superluminal components include knots C5a, C6, C7, C19,
C22 and C23. The observed initial trajectory (or ejectiBAjlfor these knots significantly deviates
from those predicted by the precession model, as shownundi4 in Qian (2011).

3 As we pointed out before, here “initial trajectory” meanisé‘portion of the trajectory within a core distance~g®.2—
0.4mas.” Thus the corresponding IPA is regarded as thei@jepbsition angle to be fitted by the precession model. The
“average” position angle within 1 mas of the core given by Elgatterjee et al. 2008 is often different from the IPA.” Tisa
why the “average position angle” of C12 to C16 cannot be fittgdhe precession model (see Fig. 24 (left panel)), but their
IPA can be fitted by the precession model with a 25 year peasghown in Figure 24 (left panel).
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In a separate paper we will discuss how to interpret the katesof these components in terms
of the precession scenario.

We summarize the parameters from the model fit (ejection tign@recession phasg bulk
Lorentz factod”, IPA and IVA) for the ten superluminal components (C11-CG1868, C20, C21 and
C24) in Table 2. It is remarkable that all the ejection timéthe components adopted in the model
are very consistent with the values derived from the VLBlayhations.

In other words, the ejection times derived from the VLBI alvations are very consistent with
the precession phase of the 25 year period. From FiguresiBe2R be seen that the fitting results
of trajectory, core distance and apparent velocity are goodll ten knots.

Figure 23 (left panel) shows a comparison of the model fitsttier trajectory of knots C11
and C24, clearly demonstrating the precession of trajgdhathe period 1997.59-2006.74 with the
precession phase differing by about 2.3rad (correspondirggtime span ofAt, = 9.15 yr). In
Figure 23 (right panel) is shown the comparison of the motkefdi the trajectory of knots C16 and
C24, also demonstrating the precession of the initial ¢tajg during the period 2000.27-2006.74
with the precession phase differing by about 1.63rad (timesage of~6.5-yr). Combining the
results shown in Figure 23, Figure 1 (right panel) and thadjttesults in this paper, we might
suggest that the ejections of the superluminal componeted fiere are related to a possible jet
precession.
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Table 2 Model Parameters for the Ten Superluminal Components

Knot to ¢ (rad) r IPA (°) IVA (°) o, VLBI PAvipr (°)
1) 2 (3) 4) (5) (6) ) (8)
Cl1 1997.59 0.18 14.0 -134.3 1.97 199719911 —-135:4
C12 1998.56 6.22 21.0 -139.2 1.87 19986609 -129-3
C13 1998.98 6.11 19.8 -141.3 1.82 19989807 —-13a:4
Cil4 1999.50 5.98 22.0 -143.7 1.75 19996009 -135-6
C15 1999.85 5.89 20.7 -145.3 1.70 19998605 1317
C16 2000.27 5.79 20.65 -147.0 1.63 2008705 —-146-8
C18 2001.40 5.50 9.7 -151.4 1.44 20014016 —-156:8
C20 2003.39 5.00 13.2 -155.2 1.06 20038905 —-155-10
c21 2004.75 4.66 24.5 -151.9 0.80 20041505 —14#%7
C24 2006.74 4.16 26.0 -126.0 0.54 20068911 -123-4

Notes: Column (1) is knot number, Col. (2) ejection epoch, () precession phase, Col. (4) bulk Lorentz
factor, Col.(5) and Col. (6) are IPA and IVA. For comparisap,vr.er and PAypgr are taken from
Chatterjee et al. (2008) and Larionov et al. (2008).

Figure 24 shows the relation between the IPA and the ejeepioch (left panel) and the relation
between the IPA and the IVA (right panel). In the latter it wisdhat the viewing angle changes in
the range~ 0.5° — 2°, which is consistent with the estimates derived by Jorstadl €2004).

Figure 25 shows the relation, derived from the model, betwike bulk Lorentz factor and the
precession phase (left panel) and the IPA (right panel).

Figure 26 shows the relation between bulk Lorentz factor tedIVA (left panel) and that
between the bulk Lorentz factor and the ejection time (rfggirtel). The modeled Lorentz factor is in
the range of-10 to 30, which is mostly consistent with the estimates @eflvy Jorstad & Marscher
(2005).

Jorstad & Marscher (2005) pointed out that the differentaappt superluminal velocities ob-
served for different components in 3C 279 might be explalmethe precession of the jet with con-
stant Lorentz factor, but two or more periods are neededriéroothis. Our results, which represent
more than one period and are derived from detailed fittinghéamodel, are shown in Figures 25
and 26. The bulk Lorentz factors derived for different comgats do not show any regular trend.
Since these Lorentz factor values are derived from the stardifits of the model to the trajecto-
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ries, distances from the core and apparent velocities vbddyy VLBI observations, they should
be regarded as well determined. This seems to imply thatlibereed apparent speeds are not sim-
ply dependent on the change in the viewing angle with a cah&tarentz factor that is produced
from precession. In other words, it seems that the bulk Ltaréactor for knots probably mainly
depends on the activity in the central engine (black hotefdion disk system, and the efficiency of
the energy transfer to the jet), which could vary non-redyla

5 CONCLUSIONS

In this paper we have fit a model to the kinematics of ten supg@rnal components (C11-C16,
C18, C20, C21 and C24) in 3C 279 in terms of the precessiorasiceproposed by Qian (2011).
Combined with the model fitting to the kinematics of six comenots (C3, C4 C7a, C8, C9 and C10)
already published in Qian (2012), now there are sixteen corapts for which their initial trajectory
(or ejection/IPA), distance to the core and apparent spésdreed by VLBI observations can be
consistently well explained by the precession model witle@ogl of 25 yr proposed in Qian (2011).
In the process of fitting to the model, we find that the prec@sscenario, used to interpret the
kinematic behavior (or pattern of trajectories) of the stipminal knots, mainly depends on three
ingredients: ejection by precession, initial collimati@md curvature at the outer distance. Thus on
the whole, we have found three classes of trajectories #stiperluminal knots in blazar 3C 279,
which are described as follows.

(1) Inthe original model proposed by Qian (2011), the arapktfunction describing the trajectory
is given by Equations (1) and (2) of that paper with the cddliilon parameteb = 50 mas.
Typical trajectories which can be explained in terms of ttiginal amplitude function are those
from knots C9 and C4. The model fits of their trajectory arevghan Figure 1 (right panel)
with their ejection time spanning 13.5yr, demonstratirgdifference in their ejection position
angle of35.5° due to precession. In addition, for knot C4 a curvature inttagctory occurs
at axial distancer ~ 160 mas. We point out that the distance to the core and appareatisp
observed for both knots C4 and C9 are very well fitted (see f{fprdC4) and fig. 16 (for C9)
in Qian 2012). Especially for knot C4, the derived changei@wing angle, Doppler factor and
apparent speed are remarkably consistent with the analfysie VLBI observations by Homan
et al. (2003). Moreover, the decrease in flux density of Cdrdlfte curvature can be understood
by taking into account the increase in its angular size aadidtrease in its Doppler factor.

(2) For six knots (C3, C7a, C8, C10, C11 and C24), their ttajées are observed to be basically
ballistic (linear) and thus collimation/curvature in thaijectory cannot be determined. Their
kinematics (trajectory, distance to the core and appared) are well fitted in terms of the
original precession model. Knots C18, C20 and C21 mightladdong to this class.

(3) As shown by the results of the model fitting in this papkee initial trajectory of five knots
(C12, C13, C14, C15 and C16) can be well fitted within projédistance to the core of less
than about 0.2—0.3 mas. This requires the collimation patang2) of their amplitude function
to be in the range-8 mas to 12 mas. Thus these knots have collimation much dleaerknots
C4 and C9, but their initial trajectory can still be explairi®y the precession model. The model
fitting of their distance to the core and apparent speed acedlite good as demonstrated in
this paper.

For all three classes of knots listed above, their VLBI kiatios (initial trajectory, distance
to the core and apparent speed) can be consistently intedpreterms of our precession model.
Although only part of the superluminal components of 3C 2¥8@) is explained and the preces-
sion model has yet to be tested by future observations, @lysia may be useful to understand the

4 For these knots more data on position angle are needed toar@kéain identification of class.
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behavior of superluminal knots in blazar 3C 279 from VLBI eb&tions, by helping to disentangle
different mechanisms and ingredients.

In a companion paper (Qian, in preparation) we will show,tiabrder to fit the kinematics
of another seven knots (C5a, C6, C7, C17, C19, C22 and C28jrimstof the precession scenario,
collimation of their trajectory at axial distane2 ~ 1 — 3 mas and some curvature in the trajec-
tory are required. This could be regarded as a fourth classafs. Under this assumption, their
kinematics (the observed part of the trajectory, distandbé core and apparent speed) could still
be interpreted in terms of the precession model. Since thenzed collimation of their trajectory
occurs much closer to the core (even closer than that forsk@a® to C16), current VLBI obser-
vations cannot resolve this part of their trajectory (witki0.05 mas). Thus tests would be required
for future higher resolution VLBI observations. In additjove will also discuss the possibility of
explaining the VLBI kinematics of these knots with a binasy$cenario.

Considering the complex kinematics of the superluminal gonents in blazar 3C 279, com-
bined with different bulk Lorentz factors for different kispwe would think that the scenario of a
precession jet model proposed by Qian (2011) may be usaftielping to understand the physics
of its relativistic jet, by disentangling different meclisms and ingredients. Different trajectory pat-
terns of the knots with collimation at an axial distance~&0, ~10 and~2 mas in the precession
scenario might reflect the patterns of a helical magnetid fielar the core (or nozzle) which evolve
with time. It seems that some regular pattern of initialdcapry (or a rotating channel) could exist
in 3C 279. This kind of steady rotating channel, if it realkists, must be strongly related to the
magnetic structure of the central engine (Meier & Nakamu@62 McKinney 2006; Vlahakis &
Koenigl 2004; Meier 2001; Meier et al. 2001). Jet precessimud be related to binary black hole
systems as one of the plausible mechanisms (Britzen et@L; Karouzos et al. 2011; Kudryavtseva
etal. 2011).

Acknowledgements| wish to thank Dr. Jorstad (Boston University, USA) for piding the VLBI
data for knots C23 and C24.
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