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ABSTRACT

Context. Studies of periodic and quasi-periodic phenomena in optical and radio bands are important for understanding the physical
processes in quasars. Investigation of periodic/quasi-periodic behavior of the relativistic jets in blazars is particularly significant
because it can provide unique information about the formation, collimation, and acceleration of the jets and the properties of the
central engines (black hole/accretion disk systems) in blazars.

Aims. We investigate the parsec-scale kinematics of the 31 superluminal components observed in blazar 3C279 and attempt to search
for evidence of its jet precession and double-jet structure.

Methods. The previously suggested precessing jet nozzle model is applied to model-fit the kinematics of its superluminal components
observed during the 1981-2015 period. It is shown that the parsec-scale kinematics of the entire source can be interpreted in terms of
a double-jet scenario.

Results. The superluminal components observed in 3C279 can be divided into two groups that are ejected from two relativistic jets.
The two jets have different orientations in space and jet-cone shapes, but both jets precess with the same precession period of 25 yr
(16.3 yr in the source frame). The kinematic features of all the superluminal knots (trajectory, core separation, and apparent velocity)
can be consistently explained. Their innermost trajectories follow the respective precessing common parabolic patterns with trajectory
curvatures that occurred in the outer jet regions at different core separations. The bulk Lorentz factor, Doppler factor, and viewing
angle of their motion are derived. The unusual jet-direction change of ~100° observed in 2010-2011 can be naturally explained.
Conclusions. We propose a double-jet structure scenario for 3C279 and suggest that there may be a supermassive black hole binary
in the center of 3C279 ejecting two precessing relativistic jets, resulting in its very complex structure and kinematics on parsec scales,
and with extremely variable emission across the electromagnetic spectrum. Because the two jets have the same precession period, the
precession of the double jet may have originated from the modulation of their jet orientation by the change in their orbital velocity
direction relative to the observer. In this case the mass ratio m/M of the binary is approximately equal to the ratio of the jet cone

widths, being on the order of ~0.5.
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1. Introduction

Research on blazars is an important extragalactic astrophys-
ical field in which extensive observations of their radiation
from radio to y rays are carried out and the mechanisms of
radiation are studied (e.g., Abdoetal. 2010; Begelman et al.
1980; Blandford & Znajek 1977; Blandford & Payne 1982;
Jorstad & Marscher 2016; Jorstad et al. 2017; Chatterjee et al.
2012, 2008; Lewis etal. 2018; Lietal. 1992; Marscher et al.
2017, 2012, 2010; Marscher & Jorstad 2011; Meier et al.
2001; Meier & Nakamura 2006; Petropoulou et al. 2016, 2017,
Raiteri et al. 2010; Schinzel et al. 2010; Vercellone et al. 2010;
Vlahakis & Koenigl 2004; Qian 2013, 2015, 2016; Qian et al.
2009, 2010, 2014, 2017, 2018). These studies have led to many
important results for blazar physics, especially for the various
physical processes occurring in the relativistic jets and the cen-
tral black hole/accretion disk systems.

Blazar 3C279 (z = 0.538) is a flat-spectrum radio quasar
(FSRQ) and is one of the most prominent blazars that has been
intensively observed and well studied. It has also been catego-
rized as an optically violent variable (OVV) revealing large and
rapid polarized outbursts in optical bands on various timescales
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(days to years). Multifrequency radio light curves (4.8 GHz—
36.8 GHz) have been used to study the core shift effect and to
estimate the equipartition field strength and the spin of its black
hole (Agarwal et al. 2017). Based on the measurements of its
spectral lines (luminosity and line width) the mass of its central
black hole has been estimated to be 1089%95 A1, (Nilsson et al.
2009; Gu et al. 2001; Woo & Urry 2002).

3C279 radiates across the entire electromagnetic spec-
trum from radio through optical and X-ray to y rays. Very
strong variability is observed in all these wavebands on vari-
ous timescales (hours/days to years). Based on intensive mul-
tiwavelength observations and very long baseline interferometry
(VLBI) monitorings, studies of the correlation between outbursts
at radio, optical/IR, X-ray, and y-ray wavelengths have provided
important information on its variability properties, especially
the radiation mechanisms for its X-ray and 7y-ray emis-
sion and their locations in the jet (e.g., Collmar et al. 2010;
Chatterjee et al. 2012; Agudo etal. 2011; Aleksi¢ et al. 2014;
Cohen et al. 2014; Isleretal. 2017). Multiwavelength cam-
paigns and studies (e.g., Collmar et al. 2010; Rani et al. 2017,
Hayashida et al. 2012, 2015; Kang et al. 2015; Larionov et al.
2008) have been performed to explore the spectral energy
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distribution (SED) of its broadband emission. Its SED consists
of two bumps, one at IR-optical bands and the other at the
Gev y-ray band. This radiation structure can usually be inter-
preted in the one-zone leptonic scenario (e.g., Jorstad et al. 2007,
Marscher 2008, 2009; Marscher & Jorstad 2011; Marscher et al.
2012; Abdo et al. 2010; Chatterjee et al. 2012): the lower fre-
quency bump originates from synchrotron emission of rela-
tivistic electrons in magnetic fields and the high-frequency
bump originates from inverse-Compton scattering of the syn-
chrotron photons (synchrotron self-Compton (SSC) process,
Maraschi et al. 1992; Arbeiter et al. 2005) or inverse-Compton
scattering of external photons (external Compton (EC) process,
Sikora et al. 1994; Dermer et al. 2009). In some cases a multi-
zone scenario may be needed. For very high-energy (>100 GeV)
v rays, a hadronic scenario (proton synchrotron mechanism) can-
not be excluded (e.g., Albert et al. 2008; Mannheim 1993).
3C279 was one of the brightest quasars observed by the
Energetic Gamma Ray Experiment Telescope (EGRET) on
the Compton Gamma Ray Observatory (CGRO; Hartman et al.
1992; Kniffenetal. 1993). Since the Fermi satellite was
launched in 2008, further investigations on 3C279 have been
made (e.g., Ackermannetal. 2016; Chatterjee etal. 2012;
Paliya 2015; Hayashida et al. 2012, 2015; Abdo et al. 2010;
Marscher et al. 2012). Very high-energy y rays of 3C279 have
been monitored by ground-based y-ray telescopes (100 GeV to
several TeV; e.g., the Major Atmospheric Gamma-ray Imaging
Cherenkov (MAGIC) telescope detecting y rays at energies from
80 to >300GeV; Aleksi¢ etal. 2011, 2014). Multifrequency
observations from optical to y rays show that its y-ray flarings
are highly correlated with optical/IR emissions (flux and polar-
ization), indicating their coexistence and origin in similar jet
regions (Chatterjee et al. 2012), but there are also cases where
y-ray flarings are not accompanied by optical outbursts and spe-
cial models are proposed to explain the origin of these “orphan
y-ray outbursts” (MacDonald et al. 2014; Vittorini et al. 2017).
One of the main characteristics of its high-energy y-ray emission
may be its strong and rapid variability on timescales of hours or
even minutes. These powerful flares may indicate acceleration of
relativistic electrons through magnetic reconnection processes in
its magnetically dominated jet (e.g., Petropoulou et al. 2016).
3C279 is the first object in which superluminal motion
was detected (Whitney et al. 1971; Cohen et al. 1971) in 1970—
1971. Since then the source structure and kinematics on parsec
scales have been monitored via VLBI. More than thirty super-
luminal components have been identified and their kinematics
and flux (and polarization) evolution have been measured and
reported in the literature. These components (knots) are con-
sistently ejected from a core (presumed to be stationary) and
move away from it with apparent superluminal speeds (~4—20c;
Jorstad et al. 2004, 2017; Jorstad & Marscher 2016, 2005;
Homan et al. 2003; Wehrle et al. 2001; Carrara etal. 1993;
Unwin et al. 1989; Chatterjee et al. 2008; Larionov et al. 2008;
Qian 2012). Correlations between the ejection of superluminal
components and the outbursts in optical/IR, X-ray and y-ray
bands in 3C279 have been intensely investigated, providing
important information (e.g., Chatterjee et al. 2012; Abdo et al.
2010; Jorstad et al. 2011). Jorstad et al. (2011) observed that the
two most prominent events in the y-ray light curve that occurred
in the period December 2008—April 2009 and in Autumn 2010,
coincide with the passage of two superluminal knots K2 and
K3 through the mm-core!, at which time the flux and fractional

' Knots K2 and K3 were designated as knots C27-C29 in Jorstad et al.
(2017).
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polarization of the core increased. The knots have apparent
speeds of 16.3+2.0c and 19.7+2.0c, respectively. Apparent
superluminal motion results from relativistic motion of the knots
at small viewing angles and the flux density or luminosity of
the knots is strongly Doppler boosted. Thus, the determination
of their intrinsic flux (luminosity) and variation is only possible
when their Doppler factor is measured (e.g., Qian et al. 1996;
Steffen et al. 1996; Hovatta et al. 2009).

2. Clues for jet precession

VLBI monitoring observations have revealed jet swings and
changes of ejection directions of superluminal components in
several blazars (e.g., Stirling et al. (BL Lac, 2003); Bach et al.
(2005); Lobanov & Roland (3C345, 2005); Savolainen et al.
(3C273, 2006); Agudo et al. (NRAO 150, 2007); Qian et al.
(3C345, 2009; B1308+328, 2017; PG 1302-102, 2018). While
the physical origin of this phenomenon is not clearly understood,
it may be important for studying the formation of relativistic
jets and the relation to the supermassive black hole/accretion
disk systems in their centers. For blazar 3C279 the ejection
position angle of superluminal components has been observed
to change in a range of ~60° (between ~—90° and ~-150°
(e.g., Jorstad & Marscher 2005; Chatterjee et al. 2008; Qian
2013, 2012). Apparently, the distribution of the trajectory of
the knots is very complicated. It seems very difficult to judge
whether the jet swing is regular due to precession or irregu-
lar due to instabilities, or whether different mechanisms work
together. Based on the observed variations in apparent speed
and trajectory of the superluminal knots, Jorstad & Marscher
(2005) suggested that a jet precession model with a period
of ~31yr might explain the general behavior observed in
3C279.

In order to consistently understand the kinematic behavior
of the superluminal components in 3C279, Qian (2011, 2012,
2013) has proposed a specific precessing nozzle model (sce-
nario) for model-fitting the kinematic features of 16 superlu-
minal knots (including knots C4, and C9—C16) and found that
a precessing nozzle model with a period of ~25yr could con-
sistently interpret their kinematics if trajectory curvatures at
different core separations for different knots are taken into
consideration. However, there were seven superluminal knots
(including knots C5a, C6, C7, and C17) that could not be fitted
into this one-jet precessing nozzle scenario. It was once specu-
lated that they might be assigned to another independent group
of knots that were ejected from another jet; that is, 3C279 might
have a double-jet structure and a black hole binary scenario was
envisaged (Qian 2013). Later on, we found that knots K2 and
K3 reported by Jorstad et al. (2011) with ejection position angles
of ~—135° were not consistent with the prediction by the one-
jet precessing nozzle model either. It seemed to need a second
jet (or a double-jet scenario) to explain the unusual kinematic
behavior of these knots if their kinematic features were caused
by jet precession?>. However, at that time we could not esti-
mate the precession period of this putative second jet due to the
lack of sufficient data, which were available only for the period
~1991-2003.

Recently, Jorstad et al. (2017) have reported the 43 GHz
VLBI observations during the period 2007-2015, and the entire

2 Roland et al. (2013) attempted to explain the different trajectories
followed by the knot C5 and knot C10 in terms of a binary black hole
system.
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VLBI observation time range for 3C279 has now been extended
to more than 30 years. This is very helpful for studying its jet
precession behavior because the available observation data now
cover more than one period. And we can test the speculation
of a double-jet precession scenario conjectured by Qian (2013).
Moreover, Jorstad et al. demonstrated that the parsec-scale jet of
3C279 underwent a remarkable change of direction (at 43 GHz
(7mm)) in late 2010 when the extremely bright superlumi-
nal knot C31 was ejected; the knot appeared at PA ~-210°,
nearly transverse to the usual direction of the jet ~—130°
(Jorstad & Marscher 2005; Chatterjee et al. 2008; Lister et al.
2013). This “jet PA jump” was also reported by Lu et al. (2013),
based on VLBI observations at 230 GHz (1.3 mm) in 2011.
The 43 GHz VLBI observations during the period 2007-2015
have registered nine new superluminal components (C24-C32),
which can be used to further investigate the entire kinematic
behavior that occurred in 3C279 and to test the double-jet
scenario for 3C279. Interestingly, we find that the kinematic
features of six of the nine knots (C27-C32) cannot be inter-
preted in terms of the one-jet scenario. Combined with the
knots C5a, C6, C7, and others, a sufficient number of knots
can now be used to determine the precession period of the
second jet and to test the double-jet precession scenario spec-
ulated in Qian (2013). The unusual behavior of knot C31
in the one-jet scenario can now be naturally explained as a
result of the knot-ejections from the two jets along different
directions.

In this paper the kinematic features of the thirty-one super-
luminal knots observed in 3C279 during the period 1981-2015
are model-fitted in terms of a double precessing jet nozzle
model. The main results are as follows: (1) the 31 knots may
be divided into two groups, A and B: group A consists of 18
knots (C3, C4, C7a, C8, C9, C10-C16, C21-C26) and group
B consists of 13 knots (C5a, C6, C7, C17-C20, C27-C32);
(2) 3C279 may have a double-jet structure, jet-A and jet-B:
the knots of group A are ejected from the nozzle of jet-A,
and the knots of group B are ejected from the nozzle of jet-
B; (3) the two jet-nozzles are oriented in different directions
in space with different cone widths; (4) the two jets may pre-
cess with the same precession period of ~25yr (16.3 yr in the
source frame) along the same direction; (5) all the knots move
along precessing parabolic trajectories within certain core sep-
arations and different knots have trajectory curvatures at differ-
ent core separations; (6) the kinematic features of the knots of
both groups are consistently model-fitted by the respective jet
precession models including trajectory, core separation versus
time, and apparent velocity. Their kinematic parameters (view-
ing angle, Lorentz factor, and Doppler factor) are derived;
(7) the double-jet scenario proposed in this paper may be
regarded as an alternative explanation of the kinematic behav-
ior of 3C279. In this scenario, knot C31 is ascribed to group
B and is well fitted by the precessing nozzle model for jet-B
(see Fig. 10); its unusual ejection position angle can be natu-
rally explained; and (8) 3C279 may have a binary supermas-
sive black hole in its center, which produces two relativistic
jets causing complex structure and evolution on parsec scales
and violent activity across its electromagnetic spectrum from
radio to y-ray bands.

In the following we present the details of this work. The
observation data used for the model-fittings are collected
mostly from Jorstadetal. (2017, 2004), Chatterjee et al.
(2008), Marscher & Jorstad (2011), Unwinetal. (1989),
Abraham & Carrara (1998), Carrara et al. (1993), Larionov et al.
(2008), Homan et al. (2003) and Wehrle et al. (2001).

3. Working assumptions

In the following we apply the precessing jet nozzle model
proposed by Qian et al. (1991, 2009) to model-fit the kinemat-
ics of the superluminal components observed in 3C279 dur-
ing the period 1981-2015. This model has been applied to
study the jet kinematics and precession in several blazars (e.g.,
3C345, 3C454.3, NRAO 150, 3C279, B1308+326, PG 1302-
102; see Qian 2011, 2012, 2013, 2016; Qian et al. 2009, 2014,
2017, 2018). The precessing nozzle model contains a number of
assumptions: (1) superluminal components are ejected from the
jet nozzle and move along the jet axis, which has a parabolic
or helical pattern; (2) the jet axis precesses around a fixed pre-
cession axis with a certain period, sweeping a jet cone; (3) the
innermost trajectories of the knots are assumed to follow a pre-
cessing common trajectory and their outer trajectory may deviate
from the common trajectory pattern at different core separations,
and trajectory curvatures should be taken into consideration; (4)
the distribution of the isolated knots sequentially ejected at dif-
ferent times by the nozzle reveals the structure and evolution of
the entire jet (jet-body) seen on VLBI maps. We note that our
precessing nozzle model is different from the usual precessing
jet model, where the whole jet (not just the nozzle) precesses.
BL Lacertae is a good example having a precessing jet nozzle
(Stirling et al. 2003); (5) in addition to the ejection of super-
luminal components, magnetized plasmas may also be ejected
from the nozzle and surrounding disk regions, forming swirling
sheaths around the jet cones; and (6) in this paper we assume
that the precessing jet axis has a parabolic shape and we adopt a
precession period of 25 yr, as suggested in Qian (2013).

4. Formalism of the model

In order to investigate the source kinematics on parsec scales and
the distribution of trajectory of the superluminal components, we
introduce a special geometry where five coordinate systems are
introduced: (X, Yy, Z,),(X,, Y, Zp), (X,Y,Z), (X',Y',Z"), and
(¥, y’,7"). The geometry of the model is shown in Fig. 1. The
Y,(Yp)-axis points toward the observer, and the planes (X, Z,)
and (X, Z,) define the plane of the sky with the X,-axis point-
ing toward the negative right ascension and the Z,-axis toward
the north pole. The angle between the Y,(Y,)-axis and the Z(Z’)-
axis is €, describing the viewing angle of the precession axis
Z(Z'). The angle between the X,,-axis and X(X,)-axis is ¢. Thus,
the precession axis is defined with respect to the observer system
(X, Y, Z,) by the parameters (e, ¥).

We assume that the jet axis locates in the plane (X’,Z’)
and is described by a function r((z¢), which is assumed to have a
parabolic form, following Asada & Nakamura’s observations of
the radio galaxy M87 and modeling results (Asada & Nakamura
2012; Nakamura & Asada 2013; Polko et al. 2010, 2013, 2014)
ro = az", (H
where a and x are constants. The angle w between the plane
(X,Z) and plane (X’,Z’) represents the precession phase of the
jet axis around the Z(Z’)-axis. In the most general case super-
luminal knots could move helically around the precessing jet
axis and thus should be described by the parameters (A, ¢) in the
coordinate system (x’, y’, 7"), where the z’-axis is along the tan-
gent to the jet axis and the plane (x',y’) is perpendicular to the
local jet axis. Here ¢ represents the phase of the helical motion
and A represents the amplitude. Both are functions of arc-length
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to observer

Fig. 1. Geometry of the precession model, adopted and generalized
from Qian et al. (1991, 2017, 2018). Five coordinate systems are intro-
duced. In the observer’s system (X,, Yy, Z,), the knot motion is defined
by parameters (€, ¥, w, a, and x) or (€, ¥, w, ry, and p).

so along the jet axis:

S0 = fﬂ V1 + (dro/dzo)?dzo. 2
0

The axial distance zo(=Z) and A(sg) are measured in units of mil-
liarcseconds (mas) and the phases w and ¢ are measured in units
of radians. In this paper we do not consider the helical motion of
the superluminal components and thus we assume A = 0 and only
consider their motion along the precessing jet axis (parabolic tra-
jectory pattern).

In this simplified case, knots move along the jet axis, and
their coordinates (X, ¥, Z)=(X}, Y;, Z;) and the coordinates of the
precessing jet axis (X, Y;, Z;) are

X(ro, w) = rocos w, 3)
Y (ro, w) = rosinw, (€]
Zj = 20. (5)

When the parameters €, ¥, a, x, and ' (bulk Lorentz factor of
the knot) are set, the kinematics of the knot (projected trajectory,
apparent velocity, Doppler factor, and viewing angle as functions
of time) can then be calculated. The formulas are described as

X1 (20, w) = X (29, w)cosy — [zosine — Y;(zp, w)coselsing,  (6)
Y, (20, w) = Xj(20, w)sing + [zosine — Y ;cose]cosy, @)
introducing the functions
1
dx\* (dr\*]?
A =arctan||— ] +|— 8
[(dm) (dZO) } ®
and
dy
A, = arctan| —|, 9
r [dzo] ©)
-1/2
dx\* (ar\’
cosA, = |1+ (_) . (_) (10)
dzo dzg

We can then calculate the viewing angle 6, apparent transverse
velocity 8., Doppler factor d, and the elapsed time T (at which
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Fig. 2. Sketch of the double-jet scenario: the projected cone of the pre-
cessing jet-A (northern jet; solid lines) and the projected cone of the
precessing jet-B (southern jet; dashed lines). Numbers denote the corre-
sponding precession phases for the trajectories. w = 6.0rad and 3.0 rad
approximately denote the edges of the cones. Red circles and violet
squares are the data points for knots C31 and C7a, respectively.

the knot reaches distance zj) as

6 = arccos[cos A(cos € + sinetan Ap)], (11)
1
"= peosay .
Ba = %, (13)
20
T= fo i (14)

z is redshift, 8 = v/c, v is the spatial velocity of knot, and I =
(1- ,82)’1/ 2 is the Lorentz factor.

We note that in the scenario of the precessing jet noz-
zle model described above, the precessing common trajectory
is defined in the coordinate system (X, Y, Z,) and is described
by the parameters a, x, and w. With respect to the observer’s
system (X, Y,,,Z,) the trajectory is defined by the parameters
(a, x, w, €, ¥). Generally, changes in any parameter or their com-
bination will introduce the change of the trajectory pattern in the
observer’s system. In particular, in the following model-fitting
of the kinematics of the superluminal components, changes in
parameter ¢ will be applied to study the knots’ trajectory cur-
vatures in their outer jet regions, while in their innermost jet
regions parameter i will be assumed to be constant to demon-
strate their motion following a precessing common trajectory. In
these cases the changes in ¢ imply their outer trajectory rotating
about the viewing axis Y. We note that angle € is assumed to be
a constant.

It is emphasized here that our precession model is mainly
used to fit the innermost trajectory of the knots and their ejec-
tion position angles. Due to non-ballistic motions near the core
their ejection position angles are quite different from the average
position angles measured within ~1 mas of core separation (e.g.,
Lister et al. 2013; Chatterjee et al. 2008).

As we have argued, 3C279 may have a double-jet structure
and the source kinematics may be explained in terms of a double-
jet precession scenario. A sketch is shown in Fig. 2 to describe
the assumed double-jet structure that contains two jets desig-
nated as jet-A and jet-B. We give the model-fitting results for
the superluminal components of jet-A and those of jet-B.

In this paper we adopt the concordant cosmological model
(ACDM model) with Q,, = 0.27, Q,; = 0.73, and Hubble con-
stant Hy = 70kms~' Mpc™' (Spergel et al. 2003). Thus, for
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3C279, z = 0.538, its luminosity distance Dy, = 3.096 Gpc
(Hogg 1999; Pen 1999), and angular distance Ds = 1.309 Gpc.
Angular scale 1 mas = 6.35 pc and proper motion of 1 mas yr~!
is equivalent to an apparent velocity of 31.81c, where c is the
speed of light.

5. Selection of model parameters

In order to model-fit the kinematics of the superluminal knots in
terms of our precessing nozzle model, we need to select two sets
of model parameters:

— Geometric and kinematic parameters, which include param-
eters € and i defining the orientation of the jet axis; param-
eters a and x defining the precessing common parabolic
trajectory; and the Lorentz factor for each of the knots.
Based on the observed kinematic features of the knots we can
deduce a preliminary set of these parameters. For example, if
the viewing angle of the jet is given, then (i) the shape of the
precessing common trajectory (parameters a and x) can be
roughly determined from the observed shapes of the knots’
tracks; (ii) from the observed (approximate) symmetric dis-
tribution of the trajectories of the knots, the position of the jet
axis and its spatial orientation (i) can be estimated; and (iii)
the Lorentz factors of the knots can be estimated from their
observed apparent velocities. The selection of these parame-
ters is not unique, and largely depends on the viewing angle
of the jet (or parameter €). They are selected through trial
model-fittings of the kinematics of the knots, using the for-
malism described in Sect. 4. Since different viewing angles
selected for the precession axis would cause different projec-
tion effects and thus result in different geometric and kine-
matic parameters, we should choose an appropriate value for
parameter €. In this paper we take € = 0.0230rad = 1.32°,
which is consistent with the values obtained by VLBI mea-
surements (Hovatta et al. 2009; Jorstad & Marscher 2005).

— Parameters that describe the kinematic behavior of the

knots changing with time: the ejection times 7, of the
knots and the precession period 7p,. Although the geomet-
ric and kinematic parameters are not uniquely selected,
the model ejection times ty and the precession period
T, are strictly constrained by the observed ejection
times and the observed distribution of the trajectories.
We can select the second set of model parameters as fol-
lows. The observed ejection times derived from the VLBI
measurements can be used as the approximate values for the
model ejection times. Usually, the observed ejection time
of a knot is derived by extrapolating its core separation
to zero by linear regression. If trajectories are non-radial,
this method could induce significant errors. The precession
period can be estimated from the distribution of the knot’s
trajectory and their ejection times. So we can also derive
these parameters through trial model-fittings.

6. Model-fitting of jet-A kinematics

Through trial model-fittings we found that jet-A ejected 18
superluminal components (C3, C4, C7a, C8-C16, C21-C26),
which can be consistently model-fitted in terms of the precession
nozzle scenario with a precession period of 25yr. The model
parameters have been selected and are shown in Table 1. The
ejection time 7, of the knots is calculated with the following
formula,

to = 1996.89 — (w — 4.15)T, /2, (15)

Table 1. Model parameters of the precessing nozzle scenario for jet-A
(northern jet).

Parameter jet-A

T, 25yr

€ 0.0230rad = 1.32°
W 0.50rad = 28.65°
a 0.0342[mas]*7?

X 0.25

Notes. The table lists: precession period T, jet orientation parameters
€ and y, parameters for the common parabolic trajectory a and x.

where 1996.89 is the ejection epoch of knot C9 having preces-
sion phase 4.15 rad. The precession period T}, = 25 yr.

6.1. Modeling results for jet-A

The model parameters for jet-A are are given in Table 1: Jet ori-
entation parameters, € = 0.0230rad (=1.32°) and ¢ = 0.50rad
(=28.65°); parameters defining the common parabolic trajectory
shape, a = 0.0342 [mas]®”> and x = 0.25; precession period,
T, =25yr

The overall distribution of trajectory of the knots is shown
in Fig. 3. The modeled parameters (precession phase w, ejection
epoch 7y, range of modeled bulk Lorentz factor I') and the VLBI
measured ejection epoch # vy are summarized in Table 2. We
describe the model-fitting results for each of the knots, includ-
ing the fits to the trajectory, core separation versus time, mod-
eled apparent velocity, viewing angle, modeled bulk Lorentz
factor, and Doppler factor, which are shown in Figs. 4-7 and
A1-AT.

We use two criteria to judge the validity of our approach
to the model-fitting of the source kinematics: (1) In the model-
fitting of the knot’s trajectory, we show two additional fitting
model trajectories calculated for precession phases w + 0.63 rad
and w — 0.63rad (corresponding to ejection times #y + 2.5yr
and 7y — 2.5yr). We found for all the knots that most of
their observation data points are located within the position
angle range defined by the two trajectories, indicating that
the precession period was determined within an uncertainty of
+2.5yr. (2) In the model-fitting of the knot’s trajectory, we
also show two additional precessing common trajectories cal-
culated for precession phases w + 0.63rad and w — 0.63 rad.
For some knots we found that a number of their observa-
tion data points are located within the position angle range
defined by the two trajectories, indicating their innermost tra-
jectory have been observed to follow the precessing common
parabolic trajectory. These knots are designated by the sym-
bol “+” in Table 3. For for some knots, however, there are no
observation data points located within the position angle range
defined by the two precessing common trajectories, indicat-
ing that more observations are needed to confirm whether their
innermost trajectory follows the precessing common parabolic
trajectory. These knots will be designated by the symbol “~” in
Table 3.

It is noted here that (i) in the figure panels for model-fitting
of the knots’ trajectories the black lines denote the modeled
trajectory for ejection epoch f, fitting the observed trajectory,
and the red lines denote the corresponding precessing common
trajectory. These two trajectories only coincide within certain
separations, implying curvatures of the observed trajectories in
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Table 2. Precessing nozzle model for jet-A with a period of 25 yr.
Knot ¢ w(rad) r 10,VLBI Reference
C3 1971.60 271+4.23 8.5-11 1972.6 1.1 Unwin et al. (1989)
Cc4 1984.68 27+0.94 14.3 1984.68 £0.3 Wehrle et al. (2001)
C7a 1994.67 4.71 10.5 1994.67 +£0.5 Jorstad & Marscher (2005)
C8 1995.70 4.45 10.3 1996.10 £0.31 Jorstad & Marscher (2005)
Cc9 1996.89 4.15 17.5 1996.89 +0.12  Chatterjee et al. (2008)
C10  1997.24 4.06 16.0 1997.24 £0.16  Chatterjee et al. (2008)
Cl1 1997.59 3.97 16.0 1997.59 £0.11 Chatterjee et al. (2008)
Cl12 199848 3.75 21-19 1998.56 +0.09  Chatterjee et al. (2008)
C13  1998.88 3.65 17-20.5 199898 £0.07 Chatterjee et al. (2008)
Cl4  1999.40 3.52 17.5-23  1999.50+0.09 Chatterjee et al. (2008)
C15 1999.76 3.43 19 1999.85+0.05 Chatterjee et al. (2008)
Cl16  2000.15 3.33 17-25 2000.27 £0.05 Chatterjee et al. (2008)
C21  2004.67 2.20 26-21 2004.75+£0.05 Chatterjee et al. (2008)
C22  2005.09 2.09 18-15.7 2005.18 £0.06 Chatterjee et al. (2008)
C23  2006.23 1.80 30-22 2006.41 +£0.15 Larionov et al. (2008)
C24  2006.87 1.64 24-14 2006.90 £0.11 Jorstad et al. (2017)
C25 2007.07 1.590 16-19 2007.09 £0.09 Jorstad et al. (2017)
C26  2007.09 1.587 11.5 2007.10£0.14  Jorstad et al. (2017)

Notes. The table lists: modeled ejection epoch #,, precession phase w, range of bulk Lorentz factor I'; VLBI measured ejection epoch f vy g and

references.

the outer jet regions; (ii) since we assume that the precessing
common trajectory has a parabolic form and we take trajectory
curvature in outer jet regions into consideration, the motion of
the knots needs to be modeled as accelerated or decelerated
along the trajectories (modeled Lorentz factor changes along
the trajectory), leading to acceleration or deceleration of the
apparent motion; (iii) the modeled viewing angle of a knot also
changes along the trajectory, and changes very rapidly at sep-
arations near the core; and (iv) the modeled apparent veloc-
ity usually changes along the trajectory. This feature of the
modeled velocity should be kept in mind when comparing it
with the VLBI measured velocity: VLBI measurements usu-
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ally give average values for observed apparent velocities within
certain core separations (e.g., within 1mas; Chatterjee et al.
2008).

6.1.1. Knot C3

The model-fitting results are shown in Fig. 4.

Modeled ejection epoch f5 = 1971.60, precession phase
w 10.51rad (=27 + 4.23). Its innermost trajectory
within core separation 0.40 mas (corresponding axial distance
Z = 15mas = 95.3pc) is modeled to follow the precessing
common parabolic trajectory, and its inner kinematics can be
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explained in terms of the precessing nozzle model (i = 0.50rad;
the red dashed line in the upper left panel), but no observa-
tion data is available to confirm this. Its outer trajectory (r,, >
0.40 mas) can be interpreted by introducing trajectory curva-
tures defined by changes in y: for Z = 15-32mas y(rad) =
0.5 + 0.25(Z-15)/(32—-15); for Z = 32-90mas yY(rad) =
0.75-0.05(Z-32)/(90-32); and for Z > 90mas ¢ = 0.70rad.
The model of the entire trajectory is shown by the black dashed
line.

The motion is required to be modeled as acceler-
ated: for Z<32mas I'=8.5; for Z=32-90mas ['=8.5 +
2.5(Z-32)/(90-32); and for Z > 90 mas I'=11.0. The modeled
apparent velocity is consistent with the VLBI measured value
3.8 +0.6c (Unwin et al. 1989).

6.1.2. Knot C4

The model-fitting results are shown in Fig. 5.

Modeled ejection epoch #y = 1984.68, precession phase
w = 7.22rad (=27 + 0.94), bulk Lorentz factor I" = const. = 14.3.
Within core separation r,, < 0.85 mas (corresponding axial dis-
tance Z = 40mas = 254 pc) the knot can be modeled to fol-
low the precessing common parabolic trajectory (¢ = 0.50rad;

red dashed line in the upper left panel). Beyond r,, > 0.85 mas
its trajectory can be interpreted by introducing slight curva-
tures: for Z = 40—-80mas y(rad) = 0.5-0.05(Z—40)/(80—-40);
for Z > 80mas ¢y = 0.45rad. The model of the entire tra-
jectory is shown by the black dashed line in the upper left
panel.

This knot is a very good example; its entire observed tra-
jectory (prior to 1998.2) can be approximately fitted in terms of
the precessing nozzle model; that is, knot C4 almost follows the
precessing common parabolic trajectory, extending to the axial
distance Z = 254 pc (core separation r,, = 0.85 mas).

The modeled apparent velocity is well consistent with the
VLBI measured average value 7.9 +0.6 ¢ (Homan et al. 2003)
and 7.5 +£ 0.2 ¢ (Wehrle et al. 2001).

In the upper left panel of Fig. 4, the green and blue lines
represent the fitting model trajectories calculated for precession
phases w + 0.63 rad (corresponding to ejection times fy + 2.5 yr)
and most of the data points are within the position angle range
defined by the two trajectories, indicating that the precession
period was determined within an uncertainty of +2.5yr. In the
bottom right panel, the green and blue lines represent the pre-
cessing common trajectories calculated for precession phases
w + 0.63 rad; a number of the data points are within the position
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angle range defined by the two trajectories, indicating that its
innermost trajectory has been observed to follow the precessing
common parabolic trajectory. Thus, knot C4 is designated by
symbol “+” in Table 3.

6.1.3. Knot C7a

The model-fitting results are shown in Fig. 6.

Modeled ejection epoch f 1994.67, precession phase
w 4.71rad, Lorentz factor I' =const.=10.5. Within core
separation r, < 0.24mas (corresponding axial distance Z
8 mas =50.8 pc) the knot is modeled to follow the precessing
common trajectory (y = 0.50rad; red dashed line in the upper
left panel) and its kinematics can be well explained in terms of
the precessing nozzle model. Beyond r, = 0.24 mas its trajec-
tory can be fitted by introducing changes in parameter y: for
Z = 8-30mas y(rad) = 0.5+0.13(Z-8)/(30-8); for Z > 30 mas
¥ = 0.63 rad. The model of the entire trajectory is shown by the
black dashed line.

The modeled apparent velocity is consistent with the VLBI
measured value 5.0+0.3c¢ (Homan et al. 2003; Wehrle et al.
2001; Jorstad et al. 2004).

In the upper left panel of Fig. 6, the green and blue lines
represent the fitting model trajectories calculated for precession
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phases w + 0.63rad and all the data points are within the posi-
tion angle range defined by the two trajectories, indicating that
the precession period was determined within an uncertainty of
+2.5 yr. In the bottom right panel, the green and blue lines rep-
resent the precessing common trajectories calculated for preces-
sion phases w + 0.63 rad and most of the data points are within
the position angle range defined by the two trajectories, indi-
cating that its innermost trajectory was observed to follow the
precessing common parabolic trajectory. Knot C7 is marked by
the symbol “+” in Table 3.

6.1.4. Knot C8

The model-fitting results are shown in Fig. 7.

Modeled ejection epoch 7y = 1995.70, precession phase w =
4.45rad, Lorentz factor I' = const. = 10.3. The observed trajec-
tory within core separation r, < 0.072 mas (corresponding axial
distance Z = 1.5mas=9.53pc) is modeled to follow the pre-
cessing common trajectory (Y = 0.50 rad; red dashed line in the
upper left panel of Fig. 7) and its kinematics can be understood
in terms of the precessing nozzle model. Beyond 7, = 0.072 mas
its trajectory can be explained by introducing changes in param-
eter : for Z = 1.5-3.0 y(rad) = 0.5 + 0.15(Z-1.5)/(3-1.5);
for Z 3—T7mas y(rad) 0.65-0.07(Z-3)/(7-3); for
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Z = T7-15mas y(rad) = 0.58 + 0.20(Z-7)/(15-7); for Z >
15mas ¢ = 0.78rad. The entire observed trajectory can be
well fitted by the model (black dashed line in the upper left
panel).

The modeled apparent velocity is consistent with the VLBI
measured value 5.4 + 0.7 ¢ (Chatterjee et al. 2008).

In the upper left panel of Fig. 7, the green and blue lines
represent the fitting model trajectories calculated for precession
phases w + 0.63 rad and all the data points are within the posi-
tion angle range defined by the two trajectories, indicating that
the precession period was determined within an uncertainty of
+2.5 yr. In the bottom right panel, the green and blue lines rep-
resent the precessing common trajectories calculated for preces-
sion phases w + 0.63rad and a number of the data points are
within the position angle range defined by the two trajectories,
indicating that its innermost trajectory was observed to follow
the precessing common parabolic trajectory. Knot C8 is desig-
nated by symbol “+” in Table 3.

Knots C4, C7a, and C8 have similar kinematic features, ver-
ifying the 25 yr precession period with their innermost trajecto-
ries following the precessing common parabolic trajectory. More
model-fitting results are shown in Figs. A.1-A.7, which demon-
strate that the kinematic features for more knots can be well fitted
in terms of the precessing nozzle model.

knot C7 is marked by symbol “+” in

Xn (mas) Table 3.

6.1.5. Knot C9

The model-fitting results are shown in Fig. A.1 (first 6 panels,
from top left to bottom right).

Modeled ejection epoch #y = 1996.89, precession phase
w 4.15rad, Lorentz factor I' =const.=17.5. Within core
separation r, = 0.083rad (corresponding axial distance Z =
2mas = 12.7pc) its motion is modeled to follow the precess-
ing common trajectory ( = 0.50rad; red dashed line in the
first panel of Fig. A.1) and its kinematics can be interpreted in
terms of the precessing nozzle model. Beyond r,, = 0.083 mas
its outer trajectory (from r, = 0.2 mas—2mas) can be well fit-
ted by introducing changes in parameter y: for Z = 2—8mas
Y(rad) = 0.5 + 0.2(Z-2)/(8-2); for Z = 8—-80mas Y(rad) =
0.70 — 0.15(Z-8)/(80-8); for Z > 80mas ¢ = 0.55rad. The
entire modeled trajectory is shown by the black dashed line.

The modeled apparent velocity is consistent with the VLBI
measured value 12.9 + 0.3 ¢ (Chatterjee et al. 2008).

6.1.6. Knot C10

The model-fitting results are shown in Fig. A.1 (last six panels).
Modeled ejection epoch ty = 1997.24, precession phase w =
4.06 rad, Lorentz factor I' = const. = 16.0. Within core separation
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r, = 0.082mas (corresponding axial distance Z = 2mas
12.7 pc) its observed trajectory can be modeled to follow the
precessing common trajectory (¢ = 0.50rad; red dashed line
in the 7th panel of Fig. A.1) and its kinematics can be inter-
preted in terms of the precessing nozzle model. Beyond this sep-
aration its outer trajectory can be fitted by introducing changes
in parameter i (or trajectory curvatures): for Z = 2—15mas
Y(rad) = 0.5 + 0.25(Z-2)/(15-2); for Z = 15-65mas ¥ =
0.75-0.35(Z-15)/(65-15); for Z > 65mas ¢y = 0.40rad. The
entire observed trajectory is well fitted by the model (black
dashed line).

The modeled apparent velocity is consistent with the VLBI
measured average value 9.9 + 0.5 ¢ (Chatterjee et al. 2008).

6.1.7. Knot C11

The model-fitting results are shown in Fig. A.2 (first 6 panels,
from top left to bottom right).

Modeled ejection epoch ¢, 1997.59, precession phase
w 3.974rad, Lorentz factor I'=const. = 16.0. Within core
separation r, = 0.067 mas (corresponding axial distance Z =
2mas = 12.7pc) its trajectory can be modeled to follow the
precessing common trajectory (¢ = 0.50rad; red dashed line
in the first panel of Fig. A.2) and its kinematics can be inter-
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jectory has been observed and knot C8
is marked by symbol “+” in Table 3.

N R
0.2
Xn (mas)

preted in terms of the precessing jet model. Beyond this sep-
aration its outer trajectory can be interpreted by introducing
changes in parameter ¢ (trajectory curvatures): for Z = 2—9 mas
Y(rad) 0.5 + 0.3(Z-2)/(9-2); for Z 9-40y(rad)
0.8-0.45(Z-9)/(40-9); for Z > 40mas Y 0.35rad.
The entire modeled trajectory is shown by the black dashed
line.

The modeled apparent velocity is consistent with the VLBI
measured average value 10.1 + 1.2 ¢ (Chatterjee et al. 2008).

6.1.8. Knot C12

The model-fitting results are shown in Fig. A.2 (last six panels).
Modeled ejection epoch #y = 1998.46, precession phase
w = 3.755rad. Its inner path within core separation 0.05 mas
(corresponding axial distance Z = 1.0 mas = 6.4 pc) follows the
precessing common trajectory (v = 0.5rad) and its inner kine-
matics can be well explained in terms of the precessing nozzle
model. However, for explaining its outer path (r, > 0.05 mas)
changes in the parameter i are required: for Z 1-5 mas
Y(rad) = 0.5 + 0.05(Z-1)/(5-1); for Z > Smas ¢ = 0.55rad.
For explaining its separation versus time, a deceleration of its
motion is required: for Z < 1.0mas I' = 21; for Z = 1-5mas
I'=21-2(Z-1)/(5-1);for Z > Smas " = 19.
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Table 3. Jet-A: core separations (r,) and corresponding axial dis-
tances (Z) within which the knots move along the precessing common
trajectory.

Knot r,(mas) Z(mas) Z(pc) Status
C3 0.40 15 953 -
C4 0.85 40 254 +
C7a 024 8 50.8 +
C8 0.072 1.5 9.53 +
C9 0.083 2 127 -
C10 0.082 2 127 +
Cll  0.067 2 127 -
C12  0.05 1.0 6.4 +
C13 0.15 5.0 32 +
Cl4 0.14 5.0 32 +
Cl15 0.14 5.0 32 +
Cl6 0.13 5.0 32 +
C21  0.03 2.0 127 -
Cc22 0.04 3.0 19 +
c23  0.17 10 64 +
C24 0.28 15 95.3 +
c25 0.17 10 64 +
C26 0.13 8 51 -

Notes. Status designated by symbol “+” denotes that the knot’s inner-
most trajectory has been observed to follow the precessing common
trajectory and symbol “—” denotes that the knot’s innermost trajectory
following the precessing common trajectory has not been observed (no
observation data available).

The modeled apparent velocity is consistent with the VLBI
measured average value 16.9 + 0.4 ¢ (Chatterjee et al. 2008).

As shown in the last panel of Fig. A.2 its innermost trajectory
has been observed to follow the precessing common parabolic
trajectory. Knot C12 is designated by symbol “+” in Table 3.

6.1.9. Knot C13

The model-fitting results are shown in Fig. A.3 (first 6 panels,
from top left to bottom right).

Modeled ejection epoch f, = 1998.88, precession phase
w(rad) = 3.65. Its inner path within core separation r, =
0.15 mas (axial distance Z = 5 mas = 32 pc) follows the precess-
ing common trajectory (¢ = 0.5 rad) and its inner kinematics can
be explained in terms of the precessing nozzle model. However,
for explaining its outer path (r, > 0.15mas) changes in ¢ are
required: for Z(mas) = 5-20¢ = 0.5 + 0.1(Z-5)/(20-5); for
Z > 20mas ¢ = 0.60rad. For explaining its separation versus
time, an acceleration of its motion is required: for Z < 5mas
I' =17, for Z = 5-10mas I' = 17 + 3.5(Z-5)/(10-5); for
Z > 10mas I"=const. =20.5.

The modeled apparent velocity is consistent with the VLBI
measured average value 16.4 + 0.5 ¢ (Chatterjee et al. 2008).

As shown in the 6th panel of Fig. A.3, its innermost tra-
jectory has been observed to follow the precessing common
parabolic trajectory and knot C13 is designated by symbol “+”
in Table 3.

6.1.10. Knot C14

The model-fitting results are shown in Fig. A.3 (last six
panels).

Modeled ejection epoch 7y = 1999.40, precession phase
w = 3.52rad. Its inner path within core separation r,, = 0.14 mas
(axial distance Z = 5mas = 32 pc) follows the precessing com-
mon trajectory (¢ = 0.5rad) and its inner kinematics can be
interpreted in terms of the precessing nozzle model. However,
for explaining its outer path (r, > 0.14 mas) changes in ¢ are
introduced: for Z = 5—13 mas y(rad) = 0.5+0.12(Z-5)/(13-5);
for Z > 13mas ¢ = 0.62rad. In order to explain its separation
versus time, an acceleration of its motion is required: for Z <
SmasT = 17.5;forZ =5-13mas T = 17.5+ 5.5(Z-5)/(13-5);
for Z > 13mas T = 23.

The modeled apparent velocity is consistent with the VLBI
measured average value 18.2 + 0.7 ¢ (Chatterjee et al. 2008).

As shown in the last panel of Fig. A.3, its innermost tra-
jectory has been observed to follow the precessing common
parabolic trajectory and knot C14 is designated by symbol “+”
in Table 3.

6.1.11. Knot C15

The model-fitting results are shown in Fig. A.4 (first 6 panels,
from top left to bottom right).

Modeled ejection epoch #p = 1999.75, precessing phase
w = 3.43rad. Its inner path within core separation 0.14 mas
(axial distance Z = 5mas = 32 pc) follows the precessing com-
mon trajectory (¥ = 0.5rad) and its inner kinematics can be
interpreted in terms of the precessing nozzle model. However,
in order to interpret its outer path (r, > 0.14 mas) changes in
the parameter ¢ are introduced: for Z = 5-20mas y(rad) =
0.5 + 0.16(Z-5)/(20-5); for Z > 20mas ¢ = 0.66rad. To
explain its separation versus time, a uniform motion is assumed:
I'=const. = 19.

The modeled apparent velocity is consistent with the VLBI
measured average value 17.2 +2.3 ¢ (Chatterjee et al. 2008).

As shown in the 6th panel of Fig. A.4, its innermost tra-
jectory has been observed to follow the precessing common
parabolic trajectory and knot C15 is designated by symbol “+”
in Table 3.

6.1.12. Knot C16

The model-fitting results are shown in Fig. A.4 (last six
panels).

Modeled ejection epoch fy = 2000.17, precession phase
w = 3.33rad. Its inner path within core separation 0.13 mas
(axial distance Z = S5mas = 32pc) follows the precessing
common trajectory (¢ = 0.50rad) and its inner kinematics can
be interpreted in terms of the precessing nozzle model. How-
ever, for explaining its outer path (r, > 0.13 mas) changes in
¥ (or trajectory curvatures) are introduced: for Z = 5—12 mas
Y(rad) = 0.5 + 0.2(Z-5)/(12-5); for Z > 12mas ¢ = 0.70rad.
In order to fit its separation versus time, an acceleration of its
motion is required: for Z < Smas I' = 17; for Z = 5-12 mas
I'=17+8(Z-5)/(12-5); for Z > 12mas I" = 25.

The modeled apparent velocity is consistent with the VLBI
measured average value 16.9 + 3.5 ¢ (Chatterjee et al. 2008).

As shown in the last panel of Fig. A.4, its innermost tra-
jectory has been observed to follow the precessing common
parabolic trajectory and knot C16 is designated by symbol “+”
in Table 3.

We note that the kinematics of knots C13, C14, C15, and
C16 are similar: their trajectory curvatures occur at similar sep-
arations of ~0.14 mas (corresponding axial distance Z ~ 32 pc).
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6.1.13. Knot C21

The model-fitting results are shown in Fig. A.5 (first 6 panels,
from top left to bottom right).

Modeled ejection epoch #y = 2004.65, precession phase
w = 2.20rad. Its inner path within core separation 0.03 mas
(axial distance Z = 2 mas = 12.7 pc) can be understood to follow
the precessing common trajectory (¢ = 0.50rad) and its inner
kinematics can be interpreted in terms of the precessing nozzle
model. However, for explaining the observed outer path (r,, >
0.03 mas) changes in parameter ¢ (or trajectory curvatures) are
introduced: for Z = 2—6 mas ¥(rad) = 0.50+0.40(Z-2)/(6—-2);
for Z > 6 mas ¥ = 0.90 rad. To explain its separation versus time,
a deceleration of its motion is required: for Z < 1.5mas I' = 26;
forZ = 1.5-2.0mas I' = 26-5(Z-1.5)/(2—1.5); for Z > 2 mas
Ir=21.

The modeled apparent velocity is consistent with the VLBI
measured average value 16.7 + 0.3 ¢ (Chatterjee et al. 2008).

6.1.14. Knot C22

The model-fitting results are shown in Fig. A.5 (last six
panels).

Modeled ejection epoch #y, = 2005.08, precession phase w =
2.092rad. Its inner path within core separation r, = 0.04 mas
(axial distance Z = 3 mas = 19 pc) can be understood to follow
the precessing common trajectory (¢ = 0.5rad) and its inner
kinematics could be explained in terms of the precessing noz-
zle model. However, for explaining its observed outer trajectory
changes in parameter ¢ (or trajectory curvatures) are introduced:
for Z = 3—12mas y(rad) = 0.50-0.32(Z-3)/(12-3); for Z >
12mas ¢ = 0.18 rad. In order to explain its core separation ver-
sus time, a deceleration of its motion is required: for Z < 1.5 mas
I'=18;forZ=15-25masI = 18-2.3(Z-1.5)/(2.5-1.5); for
Z>3masI =15.7.

The modeled apparent velocity is approximately con-
sistent with the VLBI measured average value 124 +1.2c
(Chatterjee et al. 2008).

As shown in the last panel of Fig. A.S, its innermost tra-
jectory has been observed to follow the precessing common
parabolic trajectory and knot C22 is designated by symbol “+”
in Table 3.

6.1.15. Knot C23

The model-fitting results are shown in Fig. A.6 (first 6 panels,
from top left to bottom right).

Modeled ejection epoch #y = 2006.26, precession phase w =
1.80rad. Its inner trajectory within core separation r, = 0.17 mas
(Z = 10 mas = 64 pc) follows the precessing common trajectory
pattern (¢ = 0.50rad). Its outer trajectory is curved and changes
in parameter ¥ (or trajectory curvatures) are introduced: for Z =
10—30 mas y/(rad) = 0.50—-0.05(Z—10)/(30-10); for Z > 30 mas
¥ = 0.45rad. Its motion is assumed to be decelerated: for Z <
1.5mas ' = 30; for Z = 1.5-3.0 T = 30-8(Z-1.5)/(3.0-1.5);
forZ >30T =22.

The modeled apparent velocity is consistent with the VLBI
measured average value 16.5+2.3c (Chatterjee et al. 2008;
Larionov et al. 2008).

As shown in the 6th panel of Fig. A.6, its innermost trajec-
tory has been observed to closely follow the precessing common
parabolic trajectory and knot C23 is designated by symbol “+”
in Table 3.
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Table 4. Model parameters of the precessing nozzle scenario for jet-B.

Parameter jet-B

T, 25yr

€ 0.0230rad = 1.32°
W 1.15rad = 65.90°
a 0.0670[mas]°7

by 0.25

Notes. The table lists: precession period 7, jet orientation parameters e
and ¢, parameters a and x for defining the precessing common parabolic
trajectory.

6.1.16. Knot C24

The model-fitting results are shown in Fig. A.6 (last six
panels).

Modeled ejection epoch 7y = 2006.88, precession phase
w = 1.64rad. Its inner trajectory within core separation r, <
0.28 mas (axial distance Z = 15mas = 95.3pc) follows the
precessing common trajectory (¢ = 0.5rad) and its inner
kinematics can be well fitted by the precessing nozzle model.
However, in the outer trajectory region (core separation r, >
0.28 mas, Z > 15 mas) trajectory deviations from the precessing
common trajectory or trajectory curvatures are introduced: for
Z = 15-30mas y(rad) = 0.5 + 0.2(Z-15)/(30-15); for 30-65
Yy(rad) = 0.7-0.3(Z-30)/(65-30); for Z > 65 mas ¢ = 0.4rad.
Deceleration of its motion is assumed to fit its separation ver-
sus time: for Z < 15mas I' = 24; for Z = 15-30mas I' =
24-10(Z-15)/(30-15); Z > 30mas I = 14.

We note that the observed trajectory of knot C24 is a good
model-fitting example, which shows that the observation data
points (within core separation r,, =~ 0.4 mas) cluster around the
precessing common trajectory (the red line in the last panel of
Fig. A.6) and its kinematic behavior (ejection epoch, ejection
position angle, and its initial trajectory) closely follows the pre-
cessing jet nozzle model.

The modeled apparent velocity varies with time promi-
nently, but is consistent with the VLBI measured average value
14.7 +£ 0.9 ¢ (2007-2008; Larionov et al. 2008).

We note that both knots C23 and C24 are very good exam-
ples, for which a great number of data points are clustered
around the precessing common trajectory, showing that their
innermost trajectories have been firmly observed to follow the
precessing common parabolic trajectory pattern.

6.1.17. Knot C25

The model-fitting results are shown in Fig. A.7 (first 6 panels,
from top left to bottom right).

Modeled ejection epoch 7y = 2007.09, precession phase
w = 1.590rad. Its inner trajectory within core separation r,, =
0.17 mas (axial distance Z < 10mas = 64 pc) follows the pre-
cessing common trajectory (¢ = 0.5rad) and its inner kinemat-
ics can be well fitted by the precessing nozzle model. How-
ever, in its outer trajectory region (Z > 10mas) trajectory
deviations from the precessing common trajectory or trajec-
tory curvatures are introduced: for Z = 10-30mas y(rad) =
0.50 + 0.25(Z-10)/(30-10); for Z = 30-65mas yY(rad) =
0.75 — -0.20(Z-30)/(65-30); for Z > 65 mas = 0.55 rad. For
explaining its core separation versus time, an acceleration of its
motion is assumed: for Z < 10mas I" = 16.0; for Z = 10—-30 mas
I'=16+3(Z-10)/(30-10); for Z >30T = 19.
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Table 5. Model parameters of the precessing nozzle model with a period of 25 yr for jet-B.

Knot ¢, w(ad) T 10,VLBI Reference

C5a 1990.88 7.62 16-15 1990.88 +0.30  Wehrle et al. (2001)
C6 1992.15 7.30 1614 1992.09+0.15 Webhrle et al. (2001)
Cc7 1993.34 7.0 12-14  1993.26 +0.15 Wehrle et al. (2001)
C17 200090 5.10 4-12 2000.96 +0.12  Chatterjee et al. (2008)
C18 2001.36 4.98 5-8.5 2001.40+£0.16  Chatterjee et al. (2008)
C19 200277 4.62 3-11.5 2002.97+0.12 Chatterjee et al. (2008)
C20 2003.29 4.50 4-11 2003.39+0.10 Chatterjee et al. (2008)
C27 2008.79 3.12 15-19  2008.79 +0.08 Jorstad et al. (2017)
C28  2009.28 3.00 15-17  2009.28 +£0.13  Jorstad et al. (2017)
C29 2009.87 2.85 13-20  2009.87 +£0.15 Jorstad et al. (2017)
C30 2010.70 2.64 15-18 2010.70+0.06 Jorstad et al. (2017)
C31 2010.94 2.58 13-16  2010.94 +0.21 Jorstad et al. (2017)
C32 201047 2.70 11-13  2010.47+0.23 Jorstad et al. (2017)

Notes. The table lists: modeled ejection epoch fy, precession phase w, Lorentz factor, and VLBI-measured ejection epoch #y vy g1 and references.

The modeled apparent velocity is consistent with the VLBI
measured average value 12.3 +0.43 ¢ (Jorstad et al. 2017).

Knot C25 is another good example, showing that its inner-
most trajectory has been firmly observed to follow the precessing
common parabolic trajectory pattern (see 6th panel of Fig. A.7).

6.1.18. Knot C26

The model-fitting results are shown in Fig. A.7 (last six panels).

Modeled ejection epoch ty = 2007.10, precession phase w =
1.587 rad. Its inner trajectory within core separation 0.13 mas
(axial distance Z = 8mas = 51pc) follows the precessing
common trajectory (¢ = 0.5rad) and its inner kinematics can
be understood in terms of the precessing nozzle model (but
no observation points there). Its outer trajectory region (r,, >
0.13mas or Z > 8mas) trajectory deviations from the com-
mon trajectory or trajectory curvatures are introduced: for Z =
8—18mas y(rad) = 0.50 + 0.43(Z-8)/(18-8); for Z > 18 mas

¥ = 0.93 rad. For explaining the core separation versus time, the
Lorentz factor is assumed to be constant: I' = 11.5.

The modeled apparent velocity is consistent with the VLBI
measured average value 4.87 +0.48 ¢ (Jorstad et al. 2017).

‘We note that the data on knots C25 and C26, which were not
available before, are newly included here (Qian 2013). It can be
seen that for knot C25 a number of data points (within core sep-
aration r,, = 0.17 mas) are clustered around the precessing com-
mon trajectory (the red line in the 6th panel of Fig. A.7), and its
kinematic behavior (ejection epoch, ejection position angle, and
the initial trajectory) is observed to be consistent with that pre-
dicted by the model, and thus really help to verify our precessing
nozzle model.

6.2. Brief summary of jet-A

We have presented the model-fitting results of the kinematic
features of the superluminal components (18 in total) of jet-A.
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tently well fitted (or simulated) in terms of the precessing nozzle
model with a precession period 25 + 2.5 yr. Their Lorentz factor,
Doppler factor, and viewing angle are also derived (see Table 2
and explanations for individual knots in Sect. 6.1). In Table 3 the
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Fig. 9. Model-fitting results of the kine-
matics for knot C30. In the bottom pan-
els the modeled relations between its
observed position angle vs. core separa-
tion (left) and vs. time (right) are shown.
The black lines denote the fitting model
and the red lines indicate the precess-
ing nozzle model. The black line and
the red line coincide only at their ini-
tial parts near the core due to the trajec-
tory curvatures in the outer jet regions.
We note that the first data point (X, =
—-0.46mas, Z, = —-0.074mas) is cor-
rectly located on the precessing com-
mon parabolic trajectory.

(1) Asshown in Figs. 4-7 and A.1-A.7, most of the observation
data points are within the position angle range defined by
the two modeled trajectories calculated for #y + 2.5 yr (the
green and blue lines) and thus the precession period was
determined within an uncertainty of ~ + 2.5 yr (~10% of the

range of distances from the core, within which their observed tra- (2) As shown in Table 3, 11 knots designated with symbol “+”

jectories can be fitted by the precessing common trajectory, are

summarized.

The chief results can be summarized as follows:
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(occupying ~70%) are observed having their initial paths

along the precessing common trajectory: knots C4, C7a, C12,
C13, C14, C15, C16, C23, C24, and C25 are good examples.
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Fig. 10. Model-fitting results of the
kinematics for knot C31. Bottom pan-
els: the modeled relations between its
| ‘ 80k observed position angle vs. core separa-
120k b tion (leff) and vs. time (right) are shown.
~ ~ The black lines denote the fitting model
@ 000G --C- E ines indi i
g 7 GO 1 g el and the red lines indicate the precessing
2 -180- 7 o nozzle model. The black line and the red
5 < g line coincide only at their initial parts
2 a0l / i 20 near the core due to the trajectory cur-
£ i ] £ or 1 vatures in the outer jet regions. We note
/ 1 that several data points within core sep-
-300{- - t aration r,, < 0.3 mas are located close to
B S B & R— B0 oz hoi3 a0 2015 216 the precessing common parabolic trajec-
Core separation (mas) Epoch (yr) tory.
Knot C4 is observed to have the longest core separation found through model simulations by decomposing the com-
(~40mas = 250 pc) following the precessing common tra- plex kinematic ingredients;
jectory. These consistent modeling results may argue strongly (4) In a few cases the modeled Lorentz factors and apparent
for the validity of the precession nozzle scenario for jet-A; velocities vary along the trajectories. For the entire group
(3) The modeled trajectory curvatures occur at very different of knots of jet-A, the modeled Lorentz factor ranges from

core separations from 0.03 mas to 0.85 mas (or radial dis-
tance Z from 6.4 pc to 250 pc). This indicates that the knots
have various trajectory shapes and a very complex trajectory
distribution. This explains why the regular precession behav-
ior of 3C279 is so difficult to be searched and can only be

9 to 25, the modeled Doppler factor from 20 to 35, and
the modeled viewing angle from ~1.22° to ~1.48°; all
these values are generally consistent with those obtained
from the VLBI measurements (Lister et al. 2013; Jorstad et al.
2017, 2004; Jorstad & Marscher 2005; Homan etal. 2003;
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Lister & Marscher 1997; Chatterjee et al. 2008; Larionov et al.
2008; Wehrle et al. 2001).

7. Model-fitting of jet-B kinematics

In the last section we discussed the model-fitting results of
the kinematics for jet-A, containing 18 superluminal compo-
nents (C3, C4, C7a, C8—C16, and C21-C26). As we argued in
Sect. 2, to understand the kinematics in 3C279 on parsec-scales,
a double-jet scenario may be needed. We designate the second
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precessing common parabolic trajectory.

jet as jet-B, which precesses with the same precession period
of 25 yr and ejects superluminal components. Here we present
the model-fitting results of the kinematics for the knots of this
second jet.

The superluminal knots of jet-B are divided into two groups,
group-1 and group-2: Group-1 contains seven superluminal
components (C5a, C6, C7, and C17-C20), and group-2 contains
six knots (C27-C32) which were all measured after 2008 and
will be mainly used to test the precessing jet nozzle model for
jet-B and the entire double-jet scenario.
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Table 6. Core separations r, within which the knots of jet-B follow the
precessing common trajectory.

Knot r,(mas) Z(mas) Z(pc) Status
C5a  0.045 1.0 6.4 -
C6 0.061 5.0 31.8 +
Cc7 0.18 10 63.5 +
C17  0.069 0.5 3.2 +
C18 0.049 0.2 1.27 +
C19 0.044 0.1 0.64 +
C20 0.050 0.2 1.27 +
C27  0.091 2.0 127 -
Cc28 0.12 4.0 254 -
C29 0.055 0.5 3.2 -
C30 0.096 4.0 254 +
C31  0.30 15 95.3 +
C32 031 15 95.3 +

Notes. Status designated by the symbol “+” denotes that the knot’s
initial trajectory has been observed to follow the precessing common
trajectory and symbol “—" denotes the knot’s innermost trajectory fol-
lowing the precessing common trajectory has not been observed (no
observation data available).

The model parameters of the precessing nozzle model for
jet-B are chosen as follows (for both groups). Parameters for
defining the orientation of jet-B: ¢ = 1.32° = 0.0230rad and
Y = 1.15rad = 65.90°; parameters for the parabolic trajectory
shape: a = 0.0670[mas]’”> and x = 0.25; precession period
T, = 25 yr. They are listed in Table 4. The value of y for jet-B is
different from that for jet-A, indicating its different orientation in
space (Fig. 2). The value of a is also different from that for jet-A,
denoting its different parabolic shape of the precessing common
trajectory.

The ejection epochs of the knots are calculated from their
precession phases,

fo = 1993.34 — (w - 7.00)T, /27, (16)

where 1993.34 is the ejection epoch for knot C7 having a preces-
sion phase w = 7.00rad and T}, = 25 yr, the precession period of
the second jet.

The trajectory distribution of the knots are shown in four
panels of Fig. 8: for knots C5a-C7, C17-C20, C27-C29, and
C30-C32. They reveal some trends of clustering of the knot tra-
jectories.

The modeled ejection epoch fy, corresponding precession
phase w and Lorentz factor I', and the VLBI measured ejection
epochs fy vy pr are summarized in Table 5.

We describe the model-fitting results for each knot, includ-
ing the fits to the trajectory, core separation versus time, and
apparent velocity. The modeled viewing angle, Lorentz factor,
and Doppler factor are also given. The fitting results are shown
in Figs. 9-11 and B.1-B.7.

As before, we will use two criteria to judge the validity
of our approach to the model-fitting of the source kinematics:
(1) in the model-fitting of the knot’s trajectory we show two
additional fitting model trajectories calculated for precession
phases w + 0.63rad and w — 0.63rad (corresponding to ejec-
tion times # + 2.5 yr and 9 — 2.5 yr). We found for all the knots
that most of their observation data points are located within the
position angle range defined by the two trajectories, indicating
that the precession period was determined within an uncertainty
of £2.5yr; (2) in the model-fitting of the knot’s trajectory we

also show two additional precessing common trajectories cal-
culated for precession phases w + 0.63rad and w — 0.63 rad.
We found for some knots that a number of observation data
points are located within the position angle range defined by
the two trajectories, indicating their innermost trajectory has
been observed to follow the precessing common parabolic tra-
jectory. These knots will be designated by the symbol “+” in
Table 6. However, for some knots there are no data points located
within the position angle range defined by the two trajecto-
ries, indicating more observations needed to confirm whether
their innermost trajectory following the precessing common tra-
jectory. These knots will be designated by the symbol “~” in
Table 6.

It is noted here that (i) in the panels for the model-fitting
of the trajectories, the black dashed lines indicate the model-
fitting of the observed trajectory for ejection epoch #y. The red
dashed line denotes the precessing common trajectory. These
two lines coincide only within certain core separations, imply-
ing the curvature of the observed trajectory in the outer jet
regions; (ii) since we assume that the precessing common tra-
jectory has a parabolic form and we take trajectory curvatures
in the outer jet regions into consideration, in a few cases the
motion of the knots is modeled as accelerated or decelerated
along the trajectories (or the modeled Lorentz factors increase
or decrease along the trajectory), resulting in prominently vary-
ing apparent velocity along the trajectories (e.g., for knots C24
and C16); (iii) the modeled viewing angle of a knot changes
along its trajectory and it changes very rapidly near the core
due to the assumed parabolic form of the trajectory. In partic-
ular, the position angles of the knots also change very rapidly
with separations near the core. The most remarkable exam-
ples are knots C27-C29 (see Figs. B.5-B.7) and C30-C32 (see
Figs. 9-11); (iv) moreover, since the knot’s trajectory is assumed
to have a parabolic form, the modeled apparent velocity for
the knot is a bit higher than that measured by VLBI measure-
ments. When comparing the modeled apparent velocity with
the VLBI measured apparent velocity, this feature of the mod-
eled apparent velocity should be kept in mind: VLBI measure-
ments usually give an average value of the observed apparent
velocity within certain separations (e.g., within r, = 1mas,
Chatterjee et al. 2008).

7.1. Model-fitting results for group-1 knots of jet-B

Group-1 includes six knots (C5a, C6, C7, C17, C18, C19, and
C20), most of which were studied in the previous work (Qian
2013) and thought to belong to a second jet. Here we confirm
this prediction through detailed model-fitting of their kinematics
combined with the analysis of the kinematics of knots C27—
C32. The model-fitting results for group-1 knots are shown in
Figs. B.1-B.4.

7.1.1. Knot C5a

The model-fitting results are shown in Fig. B.1 (first 6 panels,
from top left to bottom right).

Modeled precession phase w = 7.62rad and the correspond-
ing ejection epoch 7y = 1990.88. Its inner trajectory within core
distance 0.045 mas (corresponding axial distance Z = 1.0 mas =
6.4 pc) follows the precessing common trajectory (¢ = 1.15rad)
and its inner kinematics can be explained in terms of the pre-
cessing model. Its outer jet kinematics can be interpreted by
introducing changes in parameter ¢: for Z = 1.0-5.0mas,
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Y(rad) = 1.15-0.35(Z-1)/(5-1); for Z = 5-50mas y(rad) =
0.80—-0.20(Z-5)/(50-5); for Z > 50, ¢ = 0.60rad. In order
to explain its core separation versus time, a slight decelera-
tion of its motion is required: for Z < 1.0mas I' = 16; for
Z = 1.0-50mas I' = 16—(Z-1)/(5-1); for Z > 5.0mas
Ir=1s.

The modeled apparent velocity is approximately consistent
with the VLBI measured average value 6.8 + 1.0 ¢ (Wehrle et al.
(2001)).

In the first panel of Fig. B.1, the green and blue lines rep-
resent the fitting model trajectories calculated for precession
phases w + 0.63 rad and most of the data points are within the
position angle range defined by the two lines, indicating that
the precession period was determined within an uncertainty of
+2.5yr. In the 6th panel, the green and blue lines represent the
precessing common trajectories calculated for precession phases
w £ 0.63rad and no data points are within the position angle
range defined by the two lines, indicating that more VLBI obser-
vation data are needed to confirm whether its innermost trajec-
tory follows the precessing common trajectory. Thus, knot C5a
is designated by symbol “— " in Table 6.

7.1.2. Knot C6

The model-fitting results are shown in Fig. B.1 (last six
panels).

Modeled precession phase w = 7.30rad and the corre-
sponding ejection epoch #, = 1992.15. Its inner path within
core separation 0.061 mas (corresponding axial distance Z =
Smas = 31.8pc) follows the precessing common trajectory
(y = 1.15rad) and its inner kinematics can be interpreted in
terms of the precessing nozzle model. Its outer jet kinematic
features can be explained by introducing changes in parame-
ter ¥ (or trajectory curvatures): for Z = 5-20mas y(rad) =
1.15-0.30(Z-5)/(20-5); for Z = 20-40mas Y(rad) =
0.85-0.05(Z-20)/(40-20); for Z > 40mas y¥(rad) = 0.80.
In order to fit its core separation versus time, a decelera-
tion of its motion is required: for Z < Smas I' = 16; for
Z = 5-20mas I' = 16-2(Z-5)/(20-5); for Z > 20mas
I=14.

The modeled apparent velocity is a bit higher than the
VLBI measured average value 5.8 +0.4c (Wehrle et al. 2001)
due to its initial trajectory curvature having been taken into
consideration.

In the 7th panel of Fig. B.1, the green and blue lines rep-
resent the fitting model trajectories calculated for precession
phases w + 0.63rad and most of the data points are within the
position angle range defined by the two lines, indicating that
the precession period was determined within an uncertainty of
+2.5yr. In the last panel, the green and blue lines represent the
precessing common trajectories calculated for precession phases
w + 0.63rad and a few data points are within the position angle
range defined by the two lines, indicating that its observed inner-
most trajectory approximately follows the precessing common
parabolic trajectory.

7.1.3. Knot C7

The model-fitting results are shown in Fig. B.2 (first 6 panels,
from top left to bottom right).

Modeled precession phase w = 7.00rad, the corre-
sponding ejection epoch 7y = 1993.34. Its inner path
within core separation 0.18 mas (corresponding axial distance
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Z = 10mas = 63.5pc) follows the precessing common tra-
jectory ( = 1.15rad) and its inner kinematics can be fit-
ted by the precessing nozzle model. Its outer kinematic fea-
tures can be interpreted by introducing trajectory curvatures

described by changes in parameter : for Z = 10-15mas
Y(rad) = 1.15-0.15(Z-10)/(15-10); for Z = 15-30mas
Y(rad) = 1.0-0.25(Z-15)/(30-15); for Z > 30mas ¢y =

0.75 rad. In order to fit its core separation versus time, an accel-
eration of its motion is required: for Z < 10mas I' = 12; for
Z = 10-15mas I' = 12 + 2(Z-10)/(15-10); for Z > 15 mas
Ir=14.

The modeled apparent velocity is consistent with the
VLBI measured average value 5.0+0.4c (Wehrle et al.
2001).

In the first panel of Fig. B.2, the green and blue
lines represent the fitting model trajectories calculated for
precession phases w + 0.63rad and most of the data points are
within the position angle range defined by the two lines, indicat-
ing that the precession period was determined within an uncer-
tainty of £2.5 yr. In the 6th panel, the green and blue lines rep-
resent the precessing common trajectories calculated for preces-
sion phases w=+0.63 rad and a few data points are within the posi-
tion angle range defined by the two lines, indicating its innermost
trajectory has been observed to follow the precessing common
parabolic trajectory.

We note that knots C5a, C6, and C7 are ejected in a narrow
range of precession phase 7.62—7.00 rad. Thus, they have similar
kinematic properties.

7.1.4. Knot C17

The model-fitting results are shown in Fig. B.2 (last six
panels).

Modeled ejection epoch fy = 2000.90, the correspond-
ing precession phase w = 5.10rad. Its inner path within core
separation 0.069 mas (corresponding axial distance Z = 0.5 mas
= 3.2pc) follows the precessing common trajectory (Y =
1.15rad) and its inner kinematics can be interpreted in terms of
the precessing nozzle model. For explaining its outer path (r, >
0.069 mas) trajectory curvatures are introduced and described
by changes in parameter ¢: for Z = 0.5-1.0mas (rad) =
1.15-0.20(Z-0.5)/(1-0.5); for Z = 1.0-30.0mas y(rad) =
0.95-0.2(Z-1)/(30-1); for Z > 30.0mas ¢ = 0.75rad. In
order to explain its core separation versus time, an accelera-
tion of its motion is required: for Z < 0.5mas I' = 4; for
Z =05-1.0mas T =4+ 8(Z-0.5)/(1.0-0.5); for Z > 1.0 mas
Ir=12.

The modeled apparent velocity is consistent with the
VLBI measured average value 6.2+0.5c¢ (Chatterjee et al.
2008).

Similarly to knot C7, its innermost trajectory has been
observed to follow the precessing common parabolic trajectory
(see the last panel of Fig. B.2).

7.1.5. Knot C18

The model-fitting results are shown in Fig. B.3 (first 6 panels,
from top left to bottom right).

Modeled ejection epoch fy = 2001.36, precession phase
w = 498rad. Its inner trajectory within core separation
0.049 mas (corresponding axial distance Z = 0.2 mas = 1.27 pc)
follows the precessing common trajectory (¢ = 1.15rad)
and its inner kinematics can be interpreted in terms of the
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precessing nozzle model. In order to explain its outer path,
trajectory curvatures are introduced and described by changes
in parameter ¢: for Z = 0.2—1.8mas y(rad) = 1.15 +
0.13(Zz-0.2)/(1.8-0.2); for Z = 1.8-10.0mas ¢(rad) =
1.28-0.20(Z-1.8)/(10—1.8); for Z > 10.0mas ¥ = 1.08rad.
For explaining its separation versus time, an acceleration of
its motion is required: for Z < 02mas I' = 5; for Z =
0.2-1.8mas I' = 5 + 3.5(Z-0.2)/(1.8-0.2); for Z > 1.8 mas
I'=28.5.

The modeled apparent velocity is consistent with the VLBI
measured average value 4.4 + 0.7 c (Chatterjee et al. 2008).

Similarly to knot C7 its innermost trajectory has been
observed to follow the precessing common parabolic trajectory
(see the 6th panel of Fig. B.3).

7.1.6. Knot C19

The model-fitting results are shown in Fig. B.3 (last six
panels).

Modeled ejection epoch #y = 2002.77, precession phase
w = 4.62rad. Its inner path within core separation 0.044 mas
(corresponding axial distance Z = 0.Imas = 0.64pc) fol-
lows the precessing common trajectory (¢ = 1.15rad) and its
inner kinematics can be understood in terms of the precess-
ing nozzle model. For explaining its outer trajectory (r, >
0.044 mas) changes in parameter i are introduced to describe
the trajectory curvatures: for Z = 0.1-1.3mas y(rad) =
1.15-0.45(Z-0.1)/(1.3-0.1); for Z = 1.3-30mas y(rad) =
0.70 + 0.1(Z-1.3)/(30-1.3); for Z > 30mas ¢ = 0.80rad.
To explain its core separation versus time, an acceleration of
its motion is required: for Z < O.lmas I' = 3; for Z =
0.1-1.3mas I' = 3 + 8.5(Z-0.1)/(1.3=0.1); for Z > 1.3 mas
r=115.

The modeled apparent velocity is consistent with the
VLBI measured average value 6.5+0.6c (Chatterjee et al.
2008).

Similarly to knot C7, its innermost trajectory has been

observed to follow the precessing common trajectory (see last
panel of Fig. B.3).

7.1.7. Knot C20

The model-fitting results are shown in Fig. B.4.

Modeled ejection epoch #y = 2003.29, precession phase
w = 4.50rad. Its inner trajectory within core separation
0.050 mas (corresponding axial distance Z = 0.2mas =
1.27pc) is modeled to follow the precessing common trajec-
tory (¥ = 1.15rad) and its inner kinematics can be inter-
preted in terms of the precessing nozzle model. For explain-
ing its outer path (r, > 0.050mas), trajectory curvatures are
introduced and described by changes in parameter y: for Z =
0.2-1.0mas y(rad) = 1.15-0.20(Z-0.2)/(1-0.2); for Z =
1-3mas y(rad) = 0.95 + 0.10(Z-1)/(3-1); for Z > 3 mas
Y = 1.05rad. In order to fit its separation versus time, an accel-
eration of its motion is needed: for Z < 0.2mas I' = 4; for
Z =02-1.0masT =4+ 7(Z-0.2)/(1.0-0.2); for Z > 1.0 mas
r=11.

The modeled apparent velocity is consistent with the
VLBI measured average value 6.0+0.5c (Chatterjee et al.
2008).

Similarly to knot C7, its innermost trajectory has been
observed to follow the precessing common parabolic trajectory.

We note that knots C17-C20 are ejected in a narrow range of
precession phase 5.10—4.50rad. Thus, we found that they have
similar kinematic properties.

7.2. Modeling results for group-2 knots of jet-B

Group-2 includes six knots (C27-C32), which were measured
during the recent period 2008-2015. The model-fitting and anal-
ysis of the kinematic behaviors are critical for testing our double-
jet scenario for 3C279 (Qian 2013). In particular, knots C30,
C31, and C32 are observed to be ejected at ~—210°, which
is almost perpendicular to the usual ejection position angle
~ — 130°. This unusual behavior of knots C30-C32 and the
similar trajectory shapes of knots C27-C32 may provide sig-
nificant evidence for the existence of a second jet. We find
that the six knots are ejected in a narrow range of precession
phase w = 3.1-2.7rad (during a ~1.7 yr time-interval) and their
kinematics, combined with that of the group-1 knots, can be
consistently interpreted in terms of a precessing nozzle model
for jet-B with a precession period of 25 yr. The model-fitting
results are shown in Figs. B.5-B.7 (C27-C29) and in Figs. 9-11
(C30-C32).

7.2.1. Knot C27

The model-fitting results are shown in Fig. B.5.

Modeled ejection epoch 7y = 2008.79, precession phase
w = 3.12rad. Its inner path within core separation 0.091 mas
(corresponding axial distance Z = 2mas = 12.7pc) is mod-
eled to follow the precessing common trajectory (¢ = 1.15rad,;
but no observation data is available) and its inner kinematics
can be understood in terms of the precessing nozzle model.
For explaining its observed outer trajectory (r, > 0.09 mas)
changes in parameter i are introduced to describe the trajectory
curvatures: for Z = 2-3mas y(rad) = 1.15-0.7(Z-2)/(3-2);
for Z = 3-20mas y(rad) = 045 + 0.12(Z-3)/(20-3); for
Z > 20mas y(rad) = 0.57. In order to explain its separation ver-
sus time, an acceleration of its motion is required: for Z < 2 mas
I'=15;forZ =2-3mas T = 15+ 4(Z-2)/(3-2); for Z > mas
I'=19.

The modeled apparent velocity is approximately consis-
tent with the VLBI measured average value 11.39+0.66c¢
(Jorstad et al. 2017).

In the last two panels of Fig. B.5, the modeled relations
of its position angle versus core separation and versus time
are shown, revealing the rapid and large change in its position
angle near the core. Although there is no data available to con-
firm it, this behavior is consistent with those observed in knots
C30-C32.

7.2.2. Knot C28

The model-fitting results are shown in Fig. B.6.

Modeled ejection epoch #y = 2009.28, precession phase
w = 3.00rad. Its inner trajectory within core separation 0.12 mas
(corresponding axial distance Z = 4mas = 25.4pc) is mod-
eled to follow the precessing common trajectory (¢ = 1.15rad)
and its inner kinematics can be understood in terms of the pre-
cessing nozzle model. For explaining its outer trajectory (r,, >
0.12mas or Z > 4mas) changes in parameter Y are intro-
duced to describe the trajectory curvatures: for Z = 4-5.5 mas

Y(rad) = 1.15-0.75(Z-4)/(5.5-4); for Z = 5.5-11mas
Y(rad) = 0.40-0.20(Z-5.5)/(11-5.5); for Z = 11-40mas
Yrad) = 0.2 + 0.37(Z-11)/(40-11); for Z > 40mas ¢ =
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0.57 rad. In order to explain its separation versus time, an accel-
eration of its motion is required: for Z < 4mas I' = 15; for
Z = 4-55mas T = 15 + 2(Z-4)/(5.5-4); for Z > 5.5mas
r=17.

The modeled apparent velocity is approximately consis-
tent with the VLBI measured average value 9.83+0.26c¢
(Jorstad et al. 2017).

In the last two panels of Fig. B.6, the modeled relations of its
position angle versus core separation and versus time are shown,
revealing the rapid and large change in its position angle near
the core. Although there is no observation data available to con-
firm it, this behavior is consistent with those observed in knots
C30-C32.

7.2.3. Knot C29

The model-fitting results are shown in Fig. B.7.

Modeled ejection epoch #y = 2009.87, corresponding preces-
sion phase w = 2.86rad. Its inner path within core separation
0.055 mas (axial distance Z = 0.5mas = 3.2pc) is modeled
to follow the precessing common trajectory (¢ = 1.15rad) and
its inner kinematics can be understood in terms of the precess-
ing nozzle model. For explaining its observed outer path (r, >
0.055 mas or Z > 0.5 mas) changes in parameter i are required to
describe the trajectory curvatures: for Z = 0.5—1.0 mas ¢/(rad) =
1.15-1.08(Z-0.5)/(1-0.5); for Z > 1.0mas ¢ = 0.07rad. In
order to explain its core separation versus time, an acceleration
of its motion is required: for Z < 0.5mas ' = 13; for Z =
0.5-1.0masI’ = 13+7(Z-0.5)/(1-0.5);forZ > 1.0 masI" = 20.

The modeled apparent velocity is approximately consis-
tent with the VLBI measured average value 13.15+0.2¢c
(Jorstad et al. 2017).

In the last two panels of Fig. B.7, the modeled relations of its
position angle versus core separation and versus time are shown,
revealing the rapid and large changes in its position angle near
the core. Although there is no observation data available to con-
firm it, this behavior is consistent with those observed in knots
C30-C32.

We note that knots C27, C28, and C29 have trajectory shapes
and kinematics in the outer regions similar to those observed
for knots C30, C31, and C32 (see Figs. 9—11) and thus their
innermost jet kinematics may be regarded as being fitted by the
precessing nozzle model. Particularly, the VLBI observations
did not register their highly curved trajectory near the core and
they might be incorrectly regarded as ejected at position angles
~ —135°, which differ from the ejection position angles of knots
C30-C32 by ~100°, causing a “false” jump of the jet position
angle. Of course, more VLBI observations in future are required
to solve this issue.

7.2.4. Knot C30

The model-fitting results are shown in Fig. 9.

Modeled ejection epoch #; = 2010.70, precession phase
w = 2.64rad. Its inner path within core separation 0.096 mas
(corresponding axial distance Z = 4mas = 25.4pc) is mod-
eled to follow the precessing common trajectory (i = 1.15rad)
and its inner kinematics can be understood in terms of the pre-
cessing nozzle model. For explaining its outer trajectory (r,, >
0.096 mas) changes in parameters y are introduced to describe
the trajectory curvatures (deviations from the common trajectory
pattern): for Z = 4 — 8 mas ¥(rad) = 1.15-0.70(Z-4)/(8—4);
for Z = 8-20mas y(rad) = 0.45 + 0.12(Z-8)/(20-8); for
Z > 20mas ¢ = 0.57rad. In order to explain its core separa-
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tion versus time, an acceleration of its motion is required: for
Z<4masT =15;forZ=4-8masI = 15+ 3(Z-4)/(8-4); for
Z>8masI =18.

We note that the first data point (X, = —0.46mas, Z, =
—0.074 mas) is located close to the modeling trajectory. This is
a very interesting and significant result, verifying the 25 yr pre-
cession period and the parabolic pattern adopted for the precess-
ing common trajectory. In bottom panels of Fig. 9, the modeled
relations of its position angle versus core separation and versus
time are shown, revealing the large and rapid changes in its posi-
tion angle near the core. The first data point (r, = 0.088 mas,
PA = —-212°) is located close to the precessing common trajec-
tory (red lines of Fig. 9, bottom panels).

The modeled apparent velocity is consistent with the VLBI
measured average value 12.56 +0.57 ¢ (Jorstad et al. 2017).

7.2.5. Knot C31

The model-fitting results are shown in Fig. 10.

Modeled ejection epoch fy = 2010.94, precession phase
w = 2.58 rad. Its inner trajectory within core separation 0.30 mas
(corresponding axial distance Z = 15 mas = 95.3 pc) is observed
to closely follow the precessing common parabolic trajectory
(¢ = 1.15rad). There are a great number of data points (20 in
total) located close to the precessing common trajectory, and
thus its inner kinematics can be nicely explained in terms of
the precessing nozzle model. For explaining its outer trajectory
(r, > 0.30mas) changes in parameter i have to be introduced to
describe the trajectory curvatures: for Z = 15-20 mas y(rad) =
1.15-0.22(Z-15)/(20-15); for Z > 20mas ¢ = 0.93rad. In
order to explain its core separation versus time, an accelera-
tion of its motion is required: for Z < 10mas I' = 13; for
Z = 10-15mas I' = 13 + 3(Z-10)/(15-10); for Z > 15mas
I'=16.

In the bottom panels of Fig. 10, the modeled relations of
its position angle versus core separation and versus time are
shown. Within a core separation r, < 0.3mas, there are a
great number of data points (20 in total) located close to the
precessing common trajectory, indicating that the precessing
common parabolic trajectory has been firmly observed. These
panels also reveal the large and rapid changes in its position
angle near the core, demonstrating the process of transition of
its position angle from ~-200° to ~—130°. The unusual ejec-
tion position angle of knot C31 at PA = ~-200° is almost
perpendicular to the usually observed jet direction (~—130°).
This behavior has been explained as being due to the change
in its jet direction sweeping across the line of sight (Lu et al.
2013). The modeling studies here demonstrate an alternative
interpretation. The kinematic properties of knot C31 can be
naturally explained in our double precessing nozzle scenario
with common parabolic trajectory shapes. In particular, the pre-
cession period of 25yr is verified from the model-fitting of
the kinematics of knot C31 combined with other knots of the
group-2.

The modeled apparent velocity is consistent with the VLBI
measured average apparent velocity 7.23 +0.40c given by
Jorstad et al. (2017).

7.2.6. Knot C32

The model-fitting results are shown in Fig. 11.
Modeled ejection epoch 7y = 2010.47, precession phase w =
2.70rad. Its inner trajectory within core separation r, = 0.31 mas
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(corresponding axial distance Z = 15mas = 95.3pc) can be
modeled to follow the precessing common parabolic trajectory
(¢ = 1.15rad). There are several data points located close to the
parabolic trajectory®. Thus, its inner kinematics can be under-
stood in terms of the precessing nozzle model. Because the com-
mon trajectory has a parabolic pattern near the core, its modeled
position angle rapidly changes with core separation. In order
to explain its outer trajectory (r, > 0.31 mas) changes in the
parameter i are introduced to describe the trajectory curvatures:
for Z = 15-20mas y¥(rad) = 1.15-0.22(Z-15)/(20-15); for
Z > 20mas ¢ = 0.93rad. To explain its core separation versus
time, an acceleration of its motion is required: for Z < 10 mas
I'=11;forZ =10-15T = 11 + 2(Z-10)/(15-10); for Z > 15
r=13.

The modeled apparent velocity is consistent with the VLBI
measured average apparent velocity 5.35+0.53c given by
Jorstad et al. (2017).

In the bottom panels of Fig. 11, the modeled relations of its
position angle versus core separation and versus time are shown,
which reveal the large and rapid changes in its position angle
near the core. The precessing common parabolic trajectory has
been firmly observed and the 25 yr precession period is verified.

We emphasize that the kinematic features of knots C27, C28,
C29, C30, C31, and C32, combined with those of knots C5a,
C6, C7, and C17-C20, can be consistently interpreted in terms
of the precessing nozzle model with a precession period of 25 yr.
This result seems very important, verifying the double-jet struc-
ture and the common parabolic trajectory pattern near the core
in blazar 3C279.

3 The deviation of these data points from the precessing common tra-

jectory might be due to uncertainties in VLBI image-modeling; its
entire trajectory was observed to be very similar to that of knot C30
and C31 and the three knots were ejected in a very narrow phase range
2.58rad (knot C31) to 2.70rad (knot C32). Thus, the innermost trajec-
tory of knot C32 (r, < 0.3 mas) should be regarded to be well fitted by
the precessing common trajectory.

7.3. Brief summary of jet-B

We have presented the model-fitting results of the kinematics
for the 13 superluminal components of jet-B. The kinematic fea-
tures of most of the knots are consistently fitted in terms of the
precessing nozzle model. The model-fitting of the kinematics
for knots C5a—C20 observed during the period 1991-2004 and
model-fitting of the kinematics for knots C27-C32 observed dur-
ing the period 2008-2015 have been unified into a precessing jet
nozzle scenario. This may be regarded as evidence for the exis-
tence of a second jet (jet-B). The double precessing nozzle sce-
nario with a 25 yr precession period (£2.5 yr) proposed in this
paper are validated. The parabolic pattern assumed for the pre-
cessing common trajectory is also verified, having been observed
in several knots.

In Table 6 are summarized the core separations within
which the precessing common trajectories were observed. Nine
(marked with symbol “+”) out of the 13 knots (occupying ~70%)
are observed to follow the precessing common trajectory in their
innermost jet regions (core separations range from 0.044 mas to
0.31 mas, or radial distance Z from 0.64 pc to 95 pc). For the
other four knots (marked with symbol “-) their innermost tra-
jectory could also follow the precessing common trajectory, but
this is not determined due to the lack of observation data at their
separations close to the core.

We note that the detailed kinematics, especially the detailed
tracks at core separations (0.1-0.5 mas, measured by 43 GHz
VLBI observations (Jorstad et al. 2017) for knots C27—C32 have
been proved to be very useful to determine the properties of
the second jet. The detailed tracks and kinematics measured
for knots C30—C32 are particularly important. Combined with
the model-fitting of the kinematics for knots C5a—C20, they
not only indicate the 25yr precession period for the second
jet (jet-B) and validate the parabolic pattern for the precess-
ing common trajectory, verifying our double precessing jet sce-
nario for 3C279, they also demonstrate the transition from
the precessing parabolic tracks (in the innermost regions) to
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trajectory curvatures (in the outer regions). The consistency
of the kinematics of the six knots (C27-C32, ejected in two
years) during a time interval of ~7 yr (2008-2015) may strongly
indicate that they are all ejected from jet-B independent of jet-
A. The remarkable change in the jet direction in late 2010
when knot C31 was ejected at position angle ~—200° can now
be explained as its ejection from jet-B with a position angle
very different from those usually ejected from jet-A. Its posi-
tion angle rapidly changed during the period 2010-2012 (or
in the separation range 0.1-0.3 mas) as shown in Fig. 10 (bot-
tom panels). This can be regarded as an alternative explana-
tion instead of the suggestion of a single jet (jet-A) sweeping
across the line of sight (Agudoetal. 2011, 2007;Lu etal.
2013).

In Figs. B.5-B.7 and Figs. 9-11, the model-fittings of the
position angle versus separation and versus time (last two pan-
els) for knots C27-C32 are shown. It can be seen that for knot
C30-C32 these model fits within separation r,, < 0.2—0.3 mas,
which indicates that the assumed parabolic trajectory pattern
is appropriate and confirms their highly curved trajectories.
For knots C27, C28, and C29 (Figs. B.5-B.7) there are no
data to confirm their highly curved trajectories. However, given
that all six knots are ejected within 1-2 years, the kinematic
behavior should be similar to that of knots C30—C32. This can
be seen in the similar behaviors shown in their similar r,-PA
relations.

8. Conclusion

We have analyzed and model-fitted the parsec-scale kinematics
of the 31 superluminal components observed in blazar 3C279
during a 34 yr period (1981-2015). Regular motion along the
precessing common trajectory in the innermost regions and the
trajectory curvatures at different separations are both taken into
account. We find that the kinematic properties of most of the
knots can be well interpreted in terms of the double precess-
ing jet scenario. However, for most of the knots their precession
common trajectories have been observed in the core separations
ry < 0.1-0.2 mas, thus higher resolution VLBI observations are
needed to closely monitor their kinematics near the core.
Several significant results can be summarized: (1) 3C279
may have a double-jet structure (designated jet-A and jet-B),
having different orientations in space. They both eject super-
luminal components and both jets precess with the same pre-
cession period of 25yr and along the same direction; (2) the
31 superluminal components can be divided into two groups,
which are ejected from jet-A and jet-B. The modeled position
angle versus ejection epoch (for separation 0.15 mas) is shown
in Fig. 12*, where the modeled relations for jet-A and jet-B are
superimposed and clearly demonstrate the ejection of superlu-
minal components from both jets at different position angles
at the same times, sometimes resulting in “illusions” of large
swings in jet direction; (3) for both jet-A and jet-B, the inner-
most kinematics of the knots can be model-fitted in terms of
the precessing nozzle model with the model parameters given in
Tables 1 and 4, respectively. Their outer kinematics can be inter-
preted by introducing trajectory curvatures described by changes
in the parameter i, as noted in Sects. 6 and 7 for the individual
knots. The model-fitting results include trajectory, core separa-
tion, and apparent velocity. Viewing angle and Lorentz/Doppler
factor are derived. Acceleration or deceleration of their motion

4 In the case of highly curved trajectories, we can only study the posi-
tion angle swing at a common separation (e.g., Qian et al. 2009).
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have been taken into account. By utilizing the derived Doppler
factor versus time for each of the knots, combined with multifre-
quency radio light curves, the intrinsic evolution of the knots and
their physical parameters can be investigated; (4) a double-jet
structure implies a binary black hole system existing at the cen-
ter of 3C279. The primary and the secondary supermassive black
hole both produce a relativistic jet, ejecting superluminal com-
ponents frequently. Since the two jets have the same precession
period of 25 yr, the precession of the jets may originate from
the modulation of the jet directions caused by the orbital motion
of the primary and secondary holes (Roos et al. 1993). In this
case the mass ratio (m/M) of the binary approximately equals
the ratio of the orbital velocities of the binary or the ratio of the
(projected) jet-cone widths. This is on the order of ~0.5 (Fig. 12;
right panels); (5) as shown in Figs. 2 and 12 (right panels), jet-B
has a much wider cone aperture than that of jet-A. Thus, jet-B
may be attributed to the secondary supermassive hole and jet-A
to the primary supermassive hole. Because the secondary has a
smaller mass, its orbital velocity should be larger than that of
the primary, implying that the modulation of the direction of the
secondary jet by its orbital motion should be larger. Moreover,
hydrodynamic/magnetohydrodynamic (HD/MHD) simulations
of cavity-accretion in binary supermassive black hole systems
have shown that gas-streams preferentially accrete onto the sec-
ondary (Tanaka 2013; Artymovicz & Lubow 1996; Cuadra et al.
2009; Shi et al. 2012), thus the secondary jet would be more
active than the primary jet. The optical and radio observations
by Cheung (2002) have confirmed this deduction; (6) Cheung
(2002) reported the detection of the optical synchrotron emission
from the kpc-scale radio jet of 3C279. This radio jet extends out
to ~5 arcseconds (15 GHz, VLA (Very Large Array)) at a posi-
tion angle of ~—155°, indicating its lifetime of ~10° yr at least.
Interestingly, this kpc-jet is just the extension of jet-B>, which we
have been looking for since 2013 (Qian 2013). Now we recog-
nize that the kpc-counterpart of jet-B has existed for at least ~10°
years and had already been observed in 1982 (de Pater & Perley
1983). In fact, jet-B itself had been observed as a milliarcsec-
ond jet in 1970s at position angle ~—150° (Pauliny-Toth et al.
1981; Cotton et al. 1979; Niell et al. 1975). We are now aware
of the existence of jet-B: just owing to its activity during 2008—
2015 ejecting superluminal components C25-C32 (Jorstad et al.
(2017)) and our model-fitting for the kinematics of the 13 knots
(C5a-C7, C17-C20, and C27-C32), showing that they are all
ejected from the precessing nozzle of jet-B. We further point
out that on pc-scales all the superluminal knots move along
parabolic trajectories with prominent curvatures with position
angles in the range of ~—120° to ~—130° (at core separations
>1 mas), but the kpc-jet (at PA ~ —155°) is extremely straight
with its position angle connected to the pc-jet axis (~—155°).
This may imply that these superluminal knots are moving along
helical trajectories of decreasing pitch angles on ~0.1-1kpc
around the pc-jet axis, i.e., the superluminal knots are aligned
(collimated) at kpc-scales. The orientation of the axis of the jet-
B cone has been present in space for ~10° yr with a long-term
stability. Obviously, the axis of the jet-B cone and the axis of
the kpc-jet may represent the spin axis of the secondary black
hole. The radio maps obtained by Cheung (2002) do not show

5 It is quite surprising and beyond our expectation that the axis of
the southern jet (jet-B) was derived from our model-fitting in terms
of a precessing double-jet scenario to be at PA~—157° (Fig. 2), almost
exactly equal to that of the kpc-jet measured by VLA Cheung (2002)
and de Pater & Perley (1983). This implies that our precessing double-
jet scenario and the model-fitting assumptions (and procedure) are valid
and effective.
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any trails of jet-A, indicating that its much weaker activity with
respect to jet-B may be due to the much lower accretion rate
onto the primary hole, as predicted by HD/MHD simulations of
cavity-accretion in binary systems®; and (7) the unusual behav-
ior of knot C31 (its ejection position angle being almost per-
pendicular to the position angle usually observed, Jorstad et al.
2017; Lu et al. 2013 can now be naturally explained (see upper
left and bottom left panels of Fig. 10). Knots C27-C32 should
have been ejected at position angles (~—200°) in 20082010, as
predicted by the precession model for jet-B with initial trajecto-
ries having a parabolic form near the core. Thus, the remarkable
change in the jet direction observed in late 2010 when knot C31
appeared may not imply a single jet sweeping across the line of
sight (Lu et al. 2013).

The chief results of this work can briefly be summarized as
follows: (1) blazar 3C279 may have a double-jet structure pro-
duced by a supermassive black hole binary; (2) regular jet pre-
cession may exist in 3C279 and both jets precess with the same
period of 25 yr. For a large number of the superluminal knots
(~70%) their ejection epochs have been model-fitted to confirm
this precession period within an uncertainty of +2.5yr; (3) the
superluminal knots may move along precessing common trajec-
tories having parabolic patterns in their innermost jet regions;
and (4) for a large percentage of the superluminal knots (~70%)
their innermost trajectory has been observed to follow the pre-
cessing common parabolic trajectory.

The double precessing nozzle model proposed as the inter-
pretation of the kinematic features on parsec scales in blazar
3C279 may be significant and useful for understanding the kine-
matics of other blazars. For example, searching double-jet struc-
tures in blazars (e.g., 3C345, 3C454.3, 3C273, and OJ287) may
be useful. Additional VLBI monitoring observations at higher
resolutions may be helpful to reveal the real mechanisms of
ejection of superluminal components, especially the processes
in the central hole—disk system around binary Kerr black holes.
Magnetohydrodynamic theories on the formation, collimation,
and acceleration of relativistic jets and jet-accretion-black hole
interaction in binary systems are very much required. If some
blazars are binary black hole candidates, then they will become
the objects used for the detection of gravitational waves (GW)
(Einstein 1916, 1918) by using future GW space observatories.
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Appendix A: Figures for northern jet (jet-A)
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Fig. A.1. Model-fitting results of the kinematic features for knot C9 (first 6 panels, from top left to bottom right) and for knot C10 (last six panels)
including trajectory, coordinates, core separation, apparent velocity, viewing angle, Lorentz factor, and Doppler factor. In the /st and 7th panels,
the green and blue lines represent the fitting model trajectories calculated for the precession phases w + 0.63rad. In the 6th and 12th panels,
the green and blues represent the precessing common parabolic trajectories calculated for the precession phases w + 0.63 rad. For knot C10 one
innermost data point is within the position angle range defined by the two lines, indicating that its innermost trajectory has been observed to follow
the precessing common parabolic trajectory.
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Fig. A.2. Model-fitting results of the kinematic features for knot C11 (first 6 panels, from top left to bottom right) and for knot C12 (last six panels)
including trajectory, core separation, coordinates, apparent velocity, viewing angle, Lorentz factor, and Doppler factor. In the Ist and 7th panels,
left panels, the green and blue lines represent the fitting model trajectories calculated for the precession phases w + 0.63 rad. In the 6th and 12th
panels, the green and blue lines represent the precessing common parabolic trajectories calculated for the precession phases w =+ 0.63 rad. For knot
C12 a few data points are within the position angle range defined by the two lines, indicating that its innermost trajectory has been observed to
follow the precessing common parabolic trajectory.
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Fig. A.3. Model-fitting results of the kinematic features for knot C13 (first 6 panels, from top left to bottom right) and for knot C14 (last six panels)
including trajectory, core separation, coordinates, apparent velocity, viewing angle, Lorentz factor, and Doppler factor. In the Ist and 7th panels,
the green and blue lines represent the fitting model trajectories calculated for the precession phases w + 0.63 rad. In the 6th and 12th panels, the
green and blue lines represent the precessing common parabolic trajectories calculated for the precession phases w + 0.63 rad. For both C13 and
C14 a few data points are within the position angle range defined by the two lines, indicating that their innermost trajectories have been observed
to follow the precessing common parabolic trajectory.
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Fig. A.4. Model-fitting results of the kinematic features for knot C15 (first 6 panels, from top left to bottom right) and for knot C16 (last six panels)
including trajectory, core separation, coordinates, apparent velocity, viewing angle, Lorentz factor, and Doppler factor. In the /st and 7th panels,
the green and blue lines represent the fitting model trajectories calculated for precession phases w + 0.63 rad. In the 6th and 12th panels, the green
and blue lines represent the precessing common parabolic trajectories calculated for precession phases w + 0.63 rad. For both C15 and C16 a few
data points are within the position angle range defined by the two lines, indicating that their innermost trajectories have been observed to follow
the precessing common parabolic trajectory.
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Fig. A.5. Model-fitting results of the kinematic features for knot C21 (first 6 panels, from top left to bottom right) and for knot C22 (last six panels)
including trajectory, core separation, coordinates, apparent velocity, viewing angle, Lorentz factor, and Doppler factor. In the /st and 7th panels,
the green and blue lines represent the fitting model trajectories calculated for the precession phases w + 0.63 rad. In the 6th and 12th panels, the
green and blue lines represent the precessing common parabolic trajectories calculated for the precession phases w + 0.63 rad.
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Fig. A.6. Model-fitting results of the kinematic features for knot C23 (first 6 panels, from top left to bottom right) and for knot C24 (last six panels)
including trajectory, core separation, coordinates, apparent velocity, viewing angle, Lorentz factor, and Doppler factor. In the Ist and 7th panels,
the green and blue lines represent the fitting model trajectories calculated for precession phases w + 0.63 rad. In the 6th and 12th panels, the green
and blue lines represent the precessing common parabolic trajectories calculated for precession phases w + 0.63rad. For both C23 and C24 a
number of data points are within the position angle range defined by the two lines, indicating that their innermost trajectories have been observed
to follow the precessing common parabolic trajectory.
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Fig. A.7. Model-fitting results of the kinematic features for knot C25 (first 6 panels, from top left to bottom right) and for knot C26 (last six panels)
including trajectory, core separation, coordinates, apparent velocity, viewing angle, Lorentz factor, and Doppler factor. In the /st and 7th panels,
the green and blue lines represent the fitting model trajectories calculated for precession phases w + 0.63 rad. In the 6th and 12th panels, the green
and blue lines represent the precessing common parabolic trajectories calculated for precession phases w =+ 0.63 rad.

Appendix B: Figures for southern jet (jet-B)
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Fig. B.1. Model-fitting results of the kinematic features for knot C5a (first 6 panels, from top left to bottom right) and for knot C6 (last six panels)
including trajectory, core separation, coordinates, apparent velocity, viewing angle, Lorentz factor, and Doppler factor. In the /st and 7th panels,
the green and blue lines represent the fitting model trajectories calculated for precession phases w + 0.63 rad. In the 6th and 12th panels, the green
and blue lines represent the precessing common parabolic trajectories calculated for precession phases w + 0.63 rad.
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Fig. B.2. Model-fitting results of the kinematic features for knot C7 (first 6 panels, from top left to bottom right) and for C17 (last six panels)
including trajectory, core separation, coordinates, apparent velocity, viewing angle, Lorentz factor, and Doppler factor. In the /st and 7th panels,
the green and blue lines represent the fitting model trajectories calculated for precession phases w = 0.63 rad. In the 6th and 12th panels, the green
and blue lines represent the precessing common parabolic trajectories calculated for precession phases w + 0.63 rad.
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Fig. B.3. Model-fitting results of the kinematic features for knot C18 (first 6 panels, from top left to bottom right) and for knot C19 (last six panels)
including trajectory, core separation, coordinates, apparent velocity, viewing angle, Lorentz factor, and Doppler factor. In the /st and 7th panels,
the green and blue lines represent the fitting model trajectories calculated for the precession phases w + 0.63 rad. In the 6th and 12th panels, the
green and blue lines represent the precessing common parabolic trajectories calculated for precession phases w + 0.63 rad.

All, page 29 of 31


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833508&pdf_id=21
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833508&pdf_id=22

A&A 621, A1l (2019)

0.6 i
F) 7
E L ~
04 - 4 A
g B g
g Q- =
: S
y B
s T =
Zo2f P i
3 -
//Od
__Po
.
oL L L L
2004 2005 2006
Epoch (yr)
—_ [l 30 T
ER
g0 o+ T Ko ]
k- 2 i recess)
g i k 5 i3 (recess)
éﬂzo? H 1] %707 e ] — 3.87rad (precess.)
3 i 5 2T 02
g [ 2 ] B
5 i 3 i £
E i S §
RS 4 10 0.4
S &
z =)
g ———————
FI R A n——
g 06
g
< B T oLt | L
2006 2004 2006 0 0.05 0.15 0.2

0.1
Xn (mas)

|
2005
Epoch (yr)

;
2005
Epoch (yr)

Fig. B.4. Model-fitting results of the kinematic features for knot C20 including trajectory, core separation, coordinates, apparent velocity, viewing
angle, Lorentz factor, and Doppler factor. Upper left panel: the green and blue lines represent the fitting model trajectories calculated for precession
phases w + 0.63 rad. Bottom right panel: the green and blue lines represent the precessing common parabolic trajectories calculated for precession
phases w + 0.63 rad.
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Fig. B.5. Model-fitting results of the kinematic features for knot C27 including trajectory, core separation, coordinates, apparent velocity, viewing
angle, Lorentz factor, and Doppler factor. In the first panel, the green and blue lines represent the fitting model trajectories calculated for precession
phases w + 0.63 rad. In the 6th panel, the green and blue lines represent the precessing common parabolic trajectories calculated for precession
phases w + 0.63 rad. In the last two panels the relations of the knot’s position angle vs. core separation and vs. time are shown.
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Fig. B.6. Model-fitting results of the kinematic features for knot C28 including trajectory, core separation, coordinates, apparent velocity, viewing
angle, Lorentz factor, and Doppler factor. In the first panel, the green and blue lines represent the fitting model trajectories calculated for precession
phases w + 0.63 rad. In the 6th panel, the green and blue lines represent the precessing common parabolic trajectories calculated for precession
phases w + 0.63 rad. In the last two panels, the relations of the knot’s position angle vs. core separation and vs. time are shown.
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Fig. B.7. Model-fitting results of the kinematic features for knot C29 including trajectory, core separation, coordinates, apparent velocity, viewing
angle, Lorentz factor, and Doppler factor. In the first panel, the green and blue lines represent the fitting model trajectories calculated for precession
phases w + 0.63 rad. In the 6th panel, the green and blue lines represent the precessing common parabolic trajectories calculated for precession

phases w + 0.63 rad. In the last two panels the relations of the knot’s position angle vs. core separation and vs. time are shown.
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