
A&A 653, A7 (2021)
https://doi.org/10.1051/0004-6361/202140583
c© ESO 2021

Astronomy
&Astrophysics

Possible evidence for a supermassive binary black hole in 3C454.3
S. J. Qian1,2, S. Britzen2, T. P. Krichbaum2, and A. Witzel2

1 National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, PR China
e-mail: rqsj@bao.ac.cn

2 Max-Planck Institut für Radioastronomie, Bonn, Germany

Received 16 February 2021 / Accepted 15 May 2021

ABSTRACT

Context. The kinematic behaviors of thirteen superluminal components observed at 43 GHz in blazar 3C454.3 are investigated and
model-fitted in terms of the precessing jet-nozzle scenario previously proposed.
Aims. In order to search for the possible precession of jet-nozzle and periodic ejection of superluminal components in 3C454.3, the
thirteen components are divided into the following two groups: group-A and group-B. Group-A consists of six components (B4, B5,
K2, K3, K09, and K14) and group-B consists of seven components (B1, B2, B3, B6, K1, K10, and K16).
Methods. For each component of group-A and group-B, the observed kinematic features (trajectory, core separation, coordinates, and
apparent velocity versus time) were model-fitted in terms of our precessing jet-nozzle scenario, and its kinematic parameters (bulk
Lorentz factor, viewing angle, apparent velocity, and Doppler factor versus time) were derived and compared with the observations.
Results. It is found that the superluminal components of group-A and group-B may be regarded to be produced by a double-jet system,
consisting of jet-A and jet-B which ejects the components of group-A and group-B, respectively. Both jets are likely precessing with
the same period of ∼10.5 yr (5.6 yr in the source frame) with modeled time coverages of ∼2 and ∼1.5 periods, respectively. The motion
of these components in the inner-jet regions (core separation .0.3–0.5 mas) is explained to follow a precessing common trajectory
respective for jet-A and jet-B. The recurrence of the curved trajectory for the pair of knots B6 and K10 exhibits a significant clue as
to periodicity.
Conclusions. The analysis and explanation of the entire kinematics of the thirteen superluminal components observed in 3C454.3 in
terms of our precessing jet-nozzle scenario might possibly imply that blazar 3C454.3 hosts a supermassive binary black hole, which
creates two precessing relativistic jets pointing closely toward us with small angles.
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1. Introduction

The blazar 3C454.3 (redshift z = 0.859) is one of the most
prominent and well-studied blazars. It is a flat-spectrum radio
quasar and an optically violent variable with large and rapid
polarized outbursts in radio and optical bands. It radiates across
the entire electromagnetic spectrum from radio and millimeter
through IR-optical-UV and X-ray to high-energy γ-rays. Long-
term and short-term monitoring observations reveal various vari-
ability timescales from hours, days, and even to years.

In recent years, coordinated observations in radio,
IR-optical-UV, X-ray, and γ-rays combined with very long
base-line interferometry (VLBI) observations have provided
important information, clarifying some physical issues, for
example the interpretation of its spectral energy distributions
at flaring and quiescent states and the relative location of γ-ray
and optical emitting regions in the jet.

Since 2005, the blazar 3C454.3 has shown remarkable flar-
ing activity at all frequencies from radio to γ-rays. In optical and
X-ray bands in May 2005, 3C454.3 showed an extremely bright
state from the near-infrared (NIR) to the hard X-rays, with the
optical flare reaching an optical magnitude mR(R-band) = 12 mag
(an unprecedented brightness level), which was followed by a
millimeter outburst and flux increase at high radio frequencies
(Raiteri et al. 2007; Villata et al. 2006; Fuhrmann et al. 2006).
However, in early 2006, a major millimeter flare was observed,
which is associated with a minor optical flare.

During the period 2007–2010, 3C454.3 exhibited extremely
strong and exceptional γ-ray (>100 MeV) activities and, in par-
ticular, it was observed to be the brightest γ-ray source in the sky
on 2009 December 2-3 and 2010 November 20 (a factor of∼2 and
∼6 brighter than the Vela pulsar, respectively; Donnarumma et al.
2009; Vercellone et al. 2009, 2010, 2011 and references therein).
Both γ-ray flares were associated with ejections of radio knots
(K09 and K10) observed by VLBI observations (Jorstad et al.
2013; see below)

Multiwavelength monitoring campaigns have been car-
ried out during periods of γ-ray flares, obtaining a large
amount of data from radio through optical and X-ray to
high-energy γ-rays. A large number of observational and the-
oretical works have been carried out, emphasizing the follow-
ing: the correlation (and time delays) between light curves at
different energy bands (especially between γ-rays and radia-
tions at radio and optical bands), spectral energy distribution
(SED), radiation mechanisms for γ-rays, extremely fast γ-ray
variability on <10hr timescales, the relation between γ-ray out-
bursts and the ejection of superluminal components on VLBI
scales, etc. These studies greatly deepen our understanding of
the generic properties of γ-ray blazars and clarify some theoret-
ical issues (e.g., Abdo et al. 2009, 2010, 2011; Ghisellini et al.
2007; Sikora et al. 2008, 2009; Marscher 2013; Foschini et al.
2011; Tosti 2007; Bonnoli et al. 2011; Bonning et al. 2009, 2012;
Donnarumma et al. 2009; Giommi et al. 2006; Finke & Dermer
2010; Pacciani et al. 2010; Pian et al. 2006; Ogle et al. 2011;
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Jorstad et al. 2017, 2013, 2010; Wehrle et al. 2012; Raiteri et al.
2011, 2008a,b, 2007; Striani et al. 2010; Villata et al. 2006, 2007,
2009; Vercellone 2012a,b; Vercellone et al. 2009, 2010, 2011,
2008, 2009).

As an extremely variable flat-spectrum radio quasar,
3C454.3 is one of the most prominent superluminal sources
and its superluminal components were firstly detected from
the 1981–1986 VLBI observations at centimeter wavelengths
(Pauliny-Toth et al. 1987; Pauliny-Toth 1998). They detected
some peculiar features on parsec scales: (1) superluminal bright-
ening of the core; (2) the coexistence of a stationary component
and superluminally moving components; (3) apparent accelera-
tion of knots; and (4) extremely apparent curvature of the tra-
jectory. These features could be understood now in terms of the
formation of stationary shocks or apparently stationary patterns
in a curved jet (e.g., Daly & Marscher 1988; Gomez et al. 1997;
Meier & Nakamura 2006). Britzen et al. (2013) investigated its
VLBI structure and evolution at 15 GHz during a ∼16 yr period
(1995.6–2011.5), finding a superluminally expanding ring struc-
ture. They also suggest that the ejection position angle swing
revealed by the superluminal components could be explained
in terms of periodic jet precessing and nutation. Qian et al.
(2014) tried to explain the kinematics (trajectory, core separa-
tion, coordinates, and apparent velocity versus time) of its nine
superluminal knots in terms of the precessing jet-nozzle sce-
nario (Qian et al. 1991, 2009, 2019) and to yield their kinematic
parameters (viewing angle, bulk Lorentz factor, and Doppler fac-
tor versus time).

Multifrequency monitoring campaigns conducted during the
period from approximately 2000–2010 strongly revealed that
the multifrequency outbursts across the entire electromagnetic
spectrum (from radio-optical-X-ray to high energy γ-rays) are
closely connected to the ejections of the superluminal compo-
nents. In particular, the correlation between the high energy γ-
ray outbursts and the ejection of superluminal components is
most remarkable (e.g., Jorstad et al. 2005, 2010, 2013, 2017;
Wehrle et al. 2012).

In this paper we would like to investigate the periodic or
quasi-periodic behavior in the ejection of superluminal compo-
nents in 3C454.3. The search for periodicity in the optical and
radio light curves of 3C454.3 has been done, for example, by Su
(2001) and Pyatunina et al. (2004). Kudryavtseva & Pyatunina
(2008) found the presence of a period 12.4± 0.6 yr by means
of analyzing the centimeter light curves with the discrete
auto-correlation function method. Qian et al. (2007) noticed the
double-bump structure in the centimeter light curves with a
quasi-periodicity of ∼12.8 yr and proposed a rotating double-jet
model to fit the centimeter light curves and the possible presence
of a black hole binary. This proposal seems instructive because
we show that the kinematic behavior of the superluminal com-
ponents could be explained in terms of a double precessing jet-
nozzle system as described below.

In fact, several years ago we speculated that 3C454.3 might
possibly host a double-jet system created by a supermassive
binary black hole in its nucleus because we had noticed the fol-
lowing observational facts.

– We noticed the double-bump structure in its centime-
ter light curves with a pair of outbursts (one strong and one
weaker) quasi-regularly separated in time and a quasi-periodicity
∼12.8 yr, which had exhibited for three periods (1965–2005;
Kudryavtseva & Pyatunina 2008; Qian et al. 2007).

– As pointed out by Jorstad et al. (2005), the moving com-
ponents in 3C454.3 should be separated into two groups because

rapid swings of the ejection position angle were observed. For
example, the difference between the ejection position angles of
knots B6 and B4 reaches ∼70◦, while the difference between
their ejection times is only ∼1.5 yr. We thought that this rapid
swing of the ejection position angle is difficult to be explained in
a single-jet scenario1.

– Later on, the VLBI observations performed by
Jorstad et al. (2013) allowed for them to find that another
pair of superluminal knots, K09 and K10, have a behavior
similar to that of the pair of knots B4 and B6. The difference
between their ejection times is ∼1.1 yr, while the difference
between their ejection position angles (measured by their first
data points) reaches ∼60◦. This pair also showed a rapid ejection
position angle swing.

– In particular, knot K10 has a strongly curved path within
a core separation ∼0.1 mas, which is very similar to that of knot
B6, possibly indicating that both knots, B6 and K10, could be
ascribed to a jet, while B4 and K09 could be ascribed to another
jet. We thought that the recurrence of a curved trajectory for
knots K10 and B6 may be a significant indication for period-
icity. We also noticed that the difference between the ejection
times of knots K10 and B6 and that for K09 and B4 are similar,
being ∼11 yr, which is only a bit shorter than that derived from
the analysis of the radio light curves of the source (Qian et al.
2007). Therefore 3C454.3 could have a period ∼11–12 yr of its
precessing jet nozzle, yielding the periodicity in the ejection of
superluminal knots.

However, at that time, we were not able to find a specific (or
concrete) model to disentangle the complex kinematic behav-
ior originating from a double jet system assumed for 3C454.3.
Fortunately, the data recently published on the knots K14 and
K16 (Liodakis et al. 2020; Weaver et al. 2019) are very useful
for testing the application of our double precessing jet scenario
assumed for 3C454.3.

In the following, we further analyze and model-fit the kine-
matics of the 13 superluminal knots of 3C454.3 in terms of our
precessing jet-nozzle scenario. We also discuss the suggestion of
a black hole binary system, producing the two relativistic jets.

In this paper we adopt the concordant cosmological model
(Λ cold dark matter (ΛCDM) model) with Ωm = 0.3, ΩΛ = 0.7,
and a Hubble constant of H0 = 70 km s−1 Mpc−1 (Spergel et al.
2003). Thus for 3C454.3, z = 0.859, its luminosity distance
is Dl = 5.483 Gpc (Hogg 1999; Ue-Li 1999), and the angu-
lar diameter distance is Da = 1.586 Gpc. The angular scale
1 mas = 7.69 pc and proper motion of 1 mas yr−1 are equivalent
to an apparent velocity of 46.58c.

We made use of the observation data collected from
the following works: Jorstad et al. (2001, 2005, 2010), and
Jorstad et al. (2013) for knots B1, B2, B3, B4, B5, B6, K1,
K2, K3, K09, and K10; Liodakis et al. (2020) for knot K14;
and Weaver et al. (2019) for knot K16. We made model-fits to
the kinematic behaviors of the knots and present the obtained
results in our figures. Generally, we did not mark the observa-
tional errors in the data points, but kept the typical observational
errors in coordinates ∼0.02–0.1 mas in mind. We propose new
criteria for judging the quality of model-fitting in a knot’s trajec-
tory and a period of jet-nozzle precession.

1 In blazar 3C345, a pair of knots, C4 and C5, have largely different
trajectories and ejection position angles, but both knots are ascribed to
the same jet (Qian, in prep.). Here, for blazar 3C454.3, the pair of knots
B4 and B6 are ascribed to different jets.
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Fig. 1. Geometry of the precession helical trajectory model. Superlumi-
nal knots move along a helical trajectory around the jet axis defined by
the function x0(z0) in the plane (X,Z), having an amplitude A(s0) and
phase φ(s0) defined in the coordinate system (x′, y′, z′). Through trans-
formation among the coordinate systems, the apparent trajectory and
the kinematic parameters (bulk Lorentz factor, Doppler factor, apparent
velocity, and viewing angle) of a knot can be derived from its spatial
trajectory and spatial kinematics by using the formulas given in Sect. 2.

2. Geometry and formalism

In order to investigate the kinematic behavior and distribution of
the trajectory of superluminal components in blazar 3C454.3 on
parsec scales in terms of our precessing jet-nozzle scenario, we
used a special geometry described as follows (also see Qian et al.
2017, 2019, 2009, 1991).

First, generally, we assume that the superluminal compo-
nents move along helical trajectories around the curved jet axis
(i.e., axis of the helix), as shown in Fig. 1.

Second, we used the coordinate system (Xn,Yn,Zn) to define
the plane of the sky (Xn,Zn) and the direction of the observer
(Yn), with the Xn-axis pointing toward the negative right ascen-
sion and the Zn-axis pointing toward the north pole.

Third, we introduced the coordinate system (X,Y,Z) and
located the curved jet axis in the plane (X,Z), where ε repre-
sents the angle between the Z-axis and Yn-axis and ψ is the angle
between the X-axis and Xn-axis. Thus parameters ε and ψ were
used to define the plane where the jet axis is located.

Fourth, we further introduced the coordinate system (x′, y′,
z′) along the jet axis, and we then could use parameters A(s0)
(amplitude) and φ(s0) (phase) to define the helical trajectory of
a knot, where s0 represents the arclength along the axis of helix
(or jet axis). The z′-axis is along the tangent of the jet axis.

Fifth, in general, we assume that the jet axis can be defined
by a function x0(z0) in the plane (X,Z). We assume the following
form for this function:

x0(z0) = p(z0)(z0
ζ) (1)

where

p(z0) = p1 + p2

[
1 + exp

(
zt − z0

zm

)]−1

(2)

here ζ = 2 and p(z0) = constant represent a simple parabolic
shape. We note that p1, p2, zt, and zm are constants that can be
chosen to define the curved jet axis (or the axis of the helix). The

arclength along the jet axis s0 is:

s0 =

∫ z0

0

√
1 +

(
dx0

dz0

)2

dz0. (3)

In our precession nozzle scenario, the amplitude (A(s0)) and
helical phase (φ(s0)) of the helical trajectory are specifically
defined for the jets (jet-A and jet-B). The initial phase φ0 = φ(t =
0) for a knot is assumed to be the precession phase of the
knot. Different knots have different helical trajectories described
by their initial phase φ0, which precesses during a precession
period.

We have described how to define the spatial helical trajectory
of a superluminal knot. Using the following formulas, we can
calculate the apparent kinematic parameters observed by VLBI
observations: trajectory Xn(Zn), coordinates Xn(t) and Zn(t), core
separation rn(t), apparent velocity βa(t) and viewing angle θ(t),
bulk Lorentz factor Γ(t), and Doppler factor δ(t).

The spatial helical trajectory of a knot can be described in an
(X,Y,Z) system as follows:

X(s0) = A(s0)cos φ(s0)cos η(s0) + x0 (4)

Y(s0) = A(s0)sin φ(s0) (5)

Z(s0) = A(s0)cos φ(s0)sin η(s0) + z0, (6)

where tan η(s0) =
dx0
dz0

. The projection of the helical trajec-
tory on the plane of the sky (or the apparent trajectory) is
represented by

Xn = Xpcosψ − Zpsinψ (7)

Zn = Xpsinψ + Zpcosψ (8)

where

Xp = X(s0) (9)

Zp = Z(s0)sin ε − Y(s0)cos ε. (10)

All coordinates and the amplitude (A) were measured in units of
milliarcseconds. We introduced the following functions

∆ = arctan

(dX
dZ

)2

+

(
dY
dZ

)2−
1
2

(11)

∆p = arctan
(

dY
dZ

)
(12)

∆s = arccos

( dX
ds0

)2

+

(
dY
ds0

)2

+

(
dZ
ds0

)2−
1
2

. (13)

And we could then calculate the viewing angle θ, apparent trans-
verse velocity βa, Doppler factor δ, and the elapsed time T, at
which the knot reaches distance z0, as follows:

θ = arccos[cos ε(cos ∆ + sin ε tan ∆p)] (14)

δ = [Γ(1 − βcos θ)]−1 (15)

βa = βsin θ/(1 − βcos θ) (16)
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Fig. 2. Jet-A: Modeled precessing common trajectory distribution
(upper panel) and the observed trajectories of knots B5, K09, and K14
for comparison (lower panel).

T =

∫ s0

0

(1 + z)
Γδvcos ∆s

ds0, (17)

where Γ = [1 − β2]−
1
2 –bulk Lorentz factor, β= v/c, and v is the

velocity of the knot.
In Sects. 3 and 4, we perform model-fits to the kinematics

of the superluminal knots ejected from jet-A and jet-B, respec-
tively. The aim is to use our precessing nozzle scenario to make
reasonable fits to the observed parameters of their observed
kinematic behavior (including the apparent trajectory, coordi-
nates, core separation, apparent velocity, bulk Lorentz factor, and
Doppler factor) and to determine the precession period of the jet
nozzles, yielding possible evidence for the existence of a super-
massive black hole binary in blazar 3C454.3.

3. Model-fitting of kinematics of superluminal knots
of jet-A

Investigating the kinematics of superluminal knots in blazar
3C454.3 in terms of our precessing nozzle scenario, we have
found that 3C454.3 might contain two relativistic jets, which
eject superluminal components, respectively. Both jet nozzles
precess with a period of ∼10.5 yr in a counterclockwise direc-
tion. We made model-fits to the kinematics of superluminal com-
ponents for both jets, respectively.

Knots B4, B5, K2, K3, K09, and K14 are assumed to be
ejected by the nozzle of jet-A. We show that their observed tra-
jectories can be fitted well with the precessing common trajec-
tory at the model-predicted precession phases.

In our scenario, the jet axis is defined in the (X,Y)-plane by
parameters (ε, ψ) and formulas (1) and (2) in Sect. 2. Here for jet-

A we assume2 that ε = 0.0126 rad (0.72◦), ψ=−0.1 rad (−5.73◦),
and p1 = p2 = 0. Thus the Z-axis is considered to be the jet axis.

The amplitude of the common helical trajectory is assumed
to be A = A0 sin(πz0/Z1), with A0 = 0.727 mas and Z1 = 240 mas.
The helical phase is assumed to be φ= constant≡ precession
phase φ0 = φ(t0) (t0 is the ejection time of a knot).

The parameters given above define the pattern of the spa-
tial helical trajectory for jet-A, which precesses to produce the
trajectory of individual knots at their corresponding precession
phases. The precession phase of a knot is related to its ejection
time as follows:

φ0( rad) = 4.58 +
2π
T0

(t0 − 1998.24), (18)

where T0 = 10.5 yr is the precession period of the jet-A nozzle.
When the parameters of the precessing nozzle scenario for

jet-A are given as described above, we can then perform model-
fitting of the observed kinematic behavior for each knot of jet-A
and derive its bulk Lorentz factor and Doppler factor.

It is noteworthy that the values selected for the model param-
eters and the associated functions are not statistical samples nor
unique. They are a specific and physically meaningful set of
working ingredients, which have been obtained through trial and
error over the past years, and can be applied to analyze the kine-
matics of superluminal knots in blazar 3C454.3 on VLBI scales.
Based on our precessing nozzle scenario, possible evidence for
double precessing relativistic jets and a binary black hole in
3C454.3 are tentatively discussed.

It is found that jet-A thus has a very small cone angle of
∼1.38◦ in space, but its projection in the plane of sky has a cone
angle of ∼60◦ (at a core separation of ∼0.2 mas)3 with its jet
axis at a position angle of ∼−84.3◦. Most of the superluminal
knots follow the precessing common trajectory defined above
at different core separations. The modeled precessing common
trajectory distribution for jet-A is shown in Fig. 2 (upper panel)
and the observed trajectories of knots B5, K09, and K14 are also
shown for comparison.

3.1. Model-fitting of the kinematics of knot B4

The model-fitting results for the kinematics of knot B4 are shown
in Fig. 3. In the model fitting, we assumed its precession phase
φ0 = 4.58 rad and corresponding ejection time t0 = 1998.24,
which is consistent with the ejection time 1998.36± 0.07 derived
by Jorstad et al. (2005).

It can be seen that its entire kinematics (trajectory, core
separation, and coordinates versus time) are well fitted within
Xn ∼ 0.9 mas. The kinematic quantities (apparent velocity, view-
ing angle, Lorentz factor, and Doppler factor) were derived.

In order to demonstrate the validity of model-fitting results,
two modeled trajectories (in magenta and blue) defined by pre-
cession phases of 4.58± 0.31 rad (0.31 rad corresponding to 5%
of the precession period, equivalent to 0.53 yr) are also shown
in Fig. 3 (in the top left panel). We recognize that the model-
fitting with the precessing common trajectory is effective if the
data points obtained by VLBI observations are well within the
region limited by the two lines. It can be seen that for knot B4,
most of the data points are located within this region, although
they are quite divergent4.
2 We note that all the parameters are appropriately selected, but not
unique.
3 This is due to the very small viewing angles of the trajectories.
4 Usually, observational errors in knot’s coordinates could be assumed
to be .0.05–0.1 mas.
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Fig. 3. Model fitting results for knot B4.

In order to explain the observed core separation rn(t), coor-
dinates Xn(t) and Zn(t), and apparent velocity βa, changes in its
bulk Lorentz factor Γ are assumed: for Z ≤ 20 mas, Γ = 22;
for Z = 20−30 mas, Γ = 22 + 2.7(Z − 20)/(30 − 20)5; and for
Z > 30 mas, Γ = 24.7. During the period from 1998.4–2000.6,
the bulk Lorentz factor Γ, the Doppler factor δ, the apparent
velocity βa, and the viewing angle θ vary over the following
respective ranges: [22.0→ 24.7], [35.6→ 39.2], [17.3→ 19.9]c,
and [1.26→ 1.18](deg.). Jorstad et al. derived those parameters
to be as follows: Γ = 20.0, δ= 13.9, βa = 19.0± 1.1c, and θ= 3.9◦.
Obviously, our modeled apparent velocity is consistent with the
observed value, but the values derived for δ and θ by Jorstad et al.
(2005) are largely different from ours6. Therefore, the observed
kinematic behavior of knot B4 can be explained well in terms of
our precessing nozzle scenario with a precession period 10.5 yr
within core separation .0.9 mas (i.e., before ∼2000.60), equiva-
lent to a spatial distance of Zc,m ∼ 41.7 mas (or Zc,p ∼ 321 pc)
from the radio core.

5 Here, denominator (30–20) indicates the distance range from 20 mas
to 30 mas, so it is not written as 10.
6 Jorstad et al. (2005) derived δ and θ from flux variability timescales.

3.2. Model fitting of kinematics of knot B5

The model fitting results of the kinematics of knot B5 are shown
in Fig. 14. Its precession phase and ejection time are modeled
as φ0 = 4.69 rad and t0 = 1998.42, compared with 1999.04± 0.44
given by Jorstad et al. (2005).

Only five data points were available for its trajectory, but all
are exactly on the modeled precessing common trajectory. This is
good evidence for our precessing nozzle scenario for jet-A being
very successful. Its common trajectory was observed to extend to a
core separation of rn∼0.3 mas, corresponding to a spatial distance
of Zc,m ∼ 27.3 mas (or Zc,p ∼ 210 pc) from the core.

Its motion is accelerated. The bulk Lorentz factor is mod-
eled as follows: for Z ≤ 3 mas, Γ = 9.5; for Z = 3−16 mas,
Γ = 9.5 + 20.5(Z−3)/(16−3); and for Z > 16 mas, Γ = 30. During
the 1999.4–2000.4 period, its Lorentz factor Γ, Doppler factor δ,
apparent velocity βa, and viewing angle θ approximately vary
over the ranges of [11.0→ 30.0], [20.5→ 41.9], [5.0→ 27.5]c,
and [1.25→ 1.27](deg.), respectively. Thus we can see that the
observed kinematic behavior of knot B5 can be explained well
in terms of the precessing jet-nozzle model for jet-A.

3.3. Model fitting of kinematics of knot K2

Knots K2 and K3 may be a pair of superluminal ejections and
they are connected with the γ-ray outburst on 2007 July 24–30
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(Vercellone et al. 2010). For the model fitting of the kinematics
of knot K2, we considered the following two cases: t0 = 2007.49
and t0 = 2007.24.

3.3.1. Case 1: t0 = 2007.49

We adopted its ejection time t0 = 2007.49 as suggested
by Jorstad et al. (2010), corresponding to precession phase
φ0(rad) = 3.83 + 2π. The model-fitting results of the kinematics
of knot K2 are shown in Fig. A.2.

Deceleration in its motion is modeled. The bulk Lorentz fac-
tor is assumed to be as follows: for Z ≤ 3 mas, Γ = 18; for
Z = 3−7 mas, Γ = 18 − 3(Z − 3)/(7 − 3); for Z = 7−10 mas,
Γ = 15 − 6.5(Z − 7)/(10 − 7); and for Z > 10 mas, Γ = 8.5.

During the period from 2007.6-2009.6, the Lorentz factor
Γ, Doppler factor δ, apparent velocity βa, and viewing angle θ
vary over the ranges [18.0→ 8.5], [31.8→ 16.5], [11.5→ 2.8],
and [1.15→ 1.14](deg.), respectively. In general, these values
are consistent with those derived in other studies. Its observed
precessing common trajectory may extend to a core separa-
tion of rn ' 0.3 mas, corresponding to a spatial distance of
Zc,m ∼ 15.7 mas (or Zc,p ∼ 121 pc) from the core.

3.3.2. Case 2: t0 = 2007.24

Its ejection epoch is modeled as t0 = 2007.24 (φ0(rad) = 3.68 +
2π). Such an epoch may be regarded as an extreme case, to which
our scenario can be applied, corresponding to the beginning of
the associated optical flare (Jorstad et al. 2010)7.

The model fitting results are shown in Fig. A.3. It can be seen
that most data points of its trajectory are well inside the region
limited by the lines (in magenta and blue) defined by preces-
sion phases 3.68± 0.31 rad, indicating that its kinematic behavior
can still be explained well in terms of the precessing jet-nozzle
scenario.

Deceleration in its motion is modeled. The bulk Lorentz
factor Γ is assumed as follows: for Z ≤ 3 mas, Γ = 15; for
Z = 3−10 mas, Γ = 15 − 2(Z − 3)/(10 − 3); for Z = 10−15 mas,
Γ = 13 − 5(Z − 10)/(15 − 10); and for Z > 15 mas, Γ = 8.

During the period from 2007.6–2009.6, its bulk Lorentz
factor Γ, Doppler factor δ, apparent velocity βa, and view-
ing angle θ vary in the following ranges respectively:
[14.9→ 8.0], [27.8→ 15.6], [7.2→ 2.1]c, and [1.0→ 0.99](deg).
The observed trajectory reveals that its precessing common tra-
jectory may at least extend to a core separation of rn ∼ 0.3 mas,
corresponding to a spatial distance of Zc,p ∼ 133 pc (or Zc,m ∼

17.3 mas) from the core.

3.4. Model fitting of the kinematics for knot K3

We also considered two kinds of model fitting for the kinemat-
ics of K3 and chose different ejection times of t0 = 2007.61 and
2007.31.

3.4.1. Case 1: t0 = 2007.61

Jorstad et al. (2010) suggested the ejection time for knot K3
to be t0 = 2007.93± 0.10. However, in our scenario the pre-
cessing common trajectory corresponding to this ejection time
deviated from the observed trajectory too far, so we chose

7 It is noted that both the optical flares respectively associated with
knots K2 and K3 have slowly rising phases before reaching their flaring
peaks (Jorstad et al. 2010).

a different value of t0 = 2007.61 (φ0(rad) = 3.90 + 2π). The
model fitting results of the kinematic behavior are shown in
Fig. A.4.

Acceleration in its motion is modeled. The bulk Lorentz fac-
tor is assumed to be as follows: for Z ≤ 2 mas, Γ = 7.2; for Z =
2−3.5 mas, Γ = 7.2 + 4.8(Z − 2)/(3.5 − 2); and for Z > 3.5 mas,
Γ = 12.

During the period from 2008.4–2009.6, the Lorentz fac-
tor Γ, Doppler factor δ, apparent velocity βa, and view-
ing angle θ approximately vary over the following respec-
tive ranges: [7.2→ 12], [14.0→ 22.6], [2.04→ 5.50]c, and
[1.17→ 1.16](deg). Its precessing common trajectory may
extend to a core separation of rn'0.15 mas, corresponding to a
spatial distance of Zc,m ∼ 7.3 mas (or Zc,p ∼ 56.4 pc) from the
core.

3.4.2. Case 2: t0 = 2007.31

In our precessing nozzle scenario, t0 = 2007.31 is an extreme
case, which corresponds to the starting time of the associated
optical flare (Jorstad et al. 2010). The model-fitting results of
the kinematics of knot K3 are shown in Fig. A.5. It precession
phase and ejection epoch are modeled as φ0(rad) = 3.72 + 2π and
t0 = 2007.31.

It can be seen that most data points of its trajectory can be
well fitted by the precessing common trajectory when errors in
measurements are taken into account. Thus its kinematic behav-
ior can be explained well in terms of the precessing nozzle sce-
nario.

Its observed precessing common trajectory may extend to a
core separation of rn ∼ 0.15 mas, corresponding to a spatial dis-
tance of Zc,p ∼ 59.2 pc (or Zc,m ∼ 7.7 mas) from the core. Accel-
eration of its motion was observed and its bulk Lorentz factor is
modeled as follows: for Z ≤ 2 mas, Γ = 6.3; for Z = 2−3.5 mas,
Γ = 6.3 + 5.7(Z − 2)/(3.5 − 2); and for Z > 3.5 mas, Γ = 12. Dur-
ing the period from 2008.4–2009.6, its Lorentz factor Γ, Doppler
factor δ, apparent velocity βa, and viewing angle θ approxi-
mately vary over the following respective ranges: [6.3→ 12.0
], [12.3→ 22.7], [1.50→ 5.29]c, and [1.12→ 1.12](deg).

Here we would like to point out that the outburst observed at
multiple wavelengths in 2008 (during ∼2454600–2454850) was
not associated with any ejection with a superluminal component.
In the millimeter, optical, and γ-ray bands, it has multiple peaks
and in the radio band it only has a single peak. Thus it is not pos-
sible to connect the single radio peak with any of the millimeter,
optical, or γ-ray peaks. If the millimeter, optical, and γ-ray peaks
are caused by multiple sources along the curved jet with variable
Doppler factors in different regions, the single radio peak could
be integrated from the activities of the multiple sources. In this
case, the interpretation of the connection among the activities in
the γ-ray, optical, millimeter, and radio bands would need to be
further investigated (Vercellone et al. 2010; Raiteri et al. 2012;
D’Arcangelo et al. 2009; Krichbaum et al. 2008).

3.5. Model fitting of kinematics of knot K09

Before performing the model-fitting of the kinematic behav-
ior for knot K09, we would like to point out that its trajectory
has some peculiar features. In the trajectory section (coordi-
nate interval Xn = (0.15 mas, 0.23 mas), knot K09 moved along
a zigzag track which deviated southward from the average trace.
Thus we considered two models for making fits to its kinemat-
ics: one model includes the zigzag path and the other one does
not.
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Fig. 4. Model fitting results for knot K09:
Case 1.

3.5.1. Case 1: Model with zigzag trajectory section excluded

In this case, we assume the precession phase φ0 = 5.25 + 2π, cor-
responding to the ejection time t0 = 2009.86, which is exactly
consistent with what was derived by Jorstad et al. (2013). The
model-fitting results are shown in Fig. 4.

It can be seen that the observed trajectory and core separation
versus time are well model-fitted, except for the zigzag section.
Its bulk Lorentz factor is assumed to be Γ = constant = 16. Due to
the viewing angle almost being constant, θ∼= 1.25◦, its Doppler
factor and apparent velocity are derived to be δ ∼ 28.5 and βa ∼

10.0c, respectively. These values are extremely consistent with
those given by Jorstad et al. (2013): Γ = 15± 2, θ= 1.35± 0.2
(deg), δ= 27± 3, and βa = 9.6± 0.6c. Its observed precessing
common trajectory is assumed extending to a core separation of
rn ∼ 0.40 mas, equivalent to a spatial distance of Zc,p ∼ 141 pc
(or Zc,m ∼ 18.3 mas) from the core. Therefore, the kinematic
behavior of knot K09 can be well explained in terms of our pre-
cessing nozzle scenario.

In addition, we would like to suggest that the zigzag section
of its trajectory could be caused by disturbances in jet-B, which
might affect the VLBI modeling of the apparent motion of knot
K09. Thus the exclusion of the zigzag trajectory section in the
model-fitting may be valid.

3.5.2. Case 2: Model with zigzag trajectory section included

Here we also present the model-fitting results of the kinemat-
ics of knot K09 with the inclusion of the zigzag trajectory
section, which are shown in Fig. 5. Its precession phase and

ejection epoch are modeled as follows: φ0(rad) = 5.13 + 2π and
t0 = 2009.66, which is about ∼120 days before the peak of the
associated optical flare.

It can be seen that the observed trajectory is well fitted by
the precessing nozzle model with most data points being within
the region limited by the two lines (in magenta and blue) defined
by precession phases 5.13± 0.31 rad. The core-separation and
coordinates versus time are also well fitted (upper left and mid-
dle right panels in Fig. 5). Thus the kinematic behavior of knot
K09 can be fully explained in terms of the precessing nozzle sce-
nario for jet-A. Its observed precessing common trajectory may
be regarded as extending to rn ∼ 0.40 mas, corresponding to a
spatial distance of Zc,p ∼ 142.3 pc (or Zc,m ∼ 18.5 mas) from the
core.

The proper motion of knot K09 increases along the jet and
intrinsic acceleration is modeled as follows: for Z ≤ 10, Γ = 14.0;
for Z = 10−15 mas, Γ = 14.0 + 8.8(Z − 10)/(15 − 10); and for
Z > 15 mas, Γ = 22.8. During the period from 2009.8–2011.8,
its bulk Lorentz factor Γ, Doppler factor δ, apparent velocity
βa, and viewing angle θ approximately vary over the following
respective ranges: [14.0→ 22.8]; [25.6→ 36.9], [7.7→ 17.9]c,
and [1.24→ 1.22](deg).

3.6. Model fitting of kinematics of knot K14

We consider the following two cases: (1) K14 was ejected from
the radio core at t0 = 2013.76 and (2) K14 was ejected from the
optical core at 2013.76. The optical core is assumed to be at
coordinates (Xn =−0.039 mas and Zn =−0.022 mas).
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Fig. 5. Model fitting results for knot
K09: Case 2.

3.6.1. Case 1: K14 ejected from radio core, t0 = 2013.76

Its observation data were collected from Liodakis et al. (2020),
where the core separation rn(t) and the average position
angle PA = 61± 10 (deg) are given, implying a nonballistic
motion. The model-fitting results of the kinematics of knot
C14 are shown in Fig. 6. We assume that its precession
phase is φ0(rad) = 1.30 + 4π, corresponding to the ejection epoch
t0 = 2013.76.

It can be seen that the kinematic behavior of knot K14 can be
well explained in terms of the precessing nozzle model. Its pre-
cessing common trajectory was observed within rn ∼ 0.60 mas,
corresponding to a spatial distance of Zc,p ∼ 759 pc (or Zc,m ∼

98.7 mas) from the core.
Its motion is apparently accelerated with the apparent veloc-

ity increases from ∼15c to ∼27c during the period from
2014.6–2015.6, which is consistent with the average value
(22.09± 0.14)c given in Liodakis et al. (2020). Its bulk Lorentz
factor is modeled as follows: for Z ≤ 4 mas, Γ = 20.0; for
Z = 4−15 mas, Γ = 20 + 15(Z − 4)/(15 − 4); for Z = 15−20 mas,
Γ = 35 + 5(Z − 15)/(20 − 15); and for Z > 20 mas, Γ = 40.
During the period from 2014.6–2015.6, its bulk Lorentz factor
Γ, Doppler factor δ, apparent velocity βa, and viewing angle
θ vary over the following respective ranges: [40 = constant],
[77.2→ 69.7], [14.8→ 26.9]c, and [0.27→ 0.55](deg.). Thus its
apparent acceleration is due to its motion along a curved trajec-
tory, not due to intrinsic acceleration.

We point out that according to our precession nozzle model,
the ejection epoch t0 = 2013.76 was earlier than those given
by Traianou et al. (2018; t0 = 2014.3± 0.2) and Liodakis et al.
(2020; t0 = 2014.38± 0.04). However, it is near the starting time
of the associated optical flaring event with a slow rising phase
and thus the ejection epoch derived by us seems quite rea-
sonable because radio knot K14 could be the counterpart that
evolved from the optical knot producing the optical flare (a shock
through the optical core or injection of magnetized plasmas into
the jet). This is consistent with the suggestion that one shock
produces two flares: one optical and one radio knot ejection
(Liodakis et al. 2020). Moreover, both are associated with opti-
cal and γ-ray outbursts.

It is worth noting that the position angle range 61± 10 (deg)
is fully covered by the red and blue lines within core separation
rn ∼ 0.6 mas, thus its observed trajectory is well explained by
our precessing nozzle model.

3.6.2. Case 2: t0 = 2003.76, knot K14 ejected from the optical
core

The precession phase is the same, φ0 = 1.30 + 4π, but the sep-
aration from the optical core should be corrected by 0.045 mas
with respect to the radio core. In Fig. 7 we give the model-fitting
results, assuming that knot K14 was ejected from the optical core
(assumed at coordinates (−0.039 mas, −0.028 mas)) at ∼2013.76
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Fig. 6. Model fitting results for knot K14:
Case 1.

and moving through the radio core at ∼2014.3. The apparent
velocity and bulk Lorentz factor were similarly modeled.

Its bulk Lorentz factor is assumed as follows: for Z ≤ 4 mas,
Γ = 23.0; for Z = 4−15 mas, Γ = 23 + 12(Z − 4)/(15 − 4); for
Z = 15−20 mas, Γ = 35+5(Z−15)/(20−15); and for Z > 20 mas,
Γ = 40. During the period from 2014.6–2015.6, its Lorentz fac-
tor Γ, Doppler factor δ, apparent velocity βa, and viewing angle
θ vary over the following respective ranges: [40 = constant],
[76.8→ 68.3], [15.5→ 28.2]c, and [0.29→ 0.59](deg.). Thus its
apparent acceleration is due to its motion along a curved trajec-
tory, not due to intrinsic acceleration.

In summary we emphasize that the detection of knot K14
is of great significance for our precessing nozzle model for jet-
A, because the inclusion of its ejection at 2013.76 has extended
the time interval for the model fitting of the nozzle precession
in jet-A to ∼15 years, which is almost 1.5 times the precession
period.

3.7. A brief summary for jet A

Based on our precessing nozzle scenario, we have consistently
model-fitted the kinematic behaviors of six superluminal knots
(B4, B5, K2, K3, K09, and K14), which are assumed to be
ejected from jet-A. The detection of knot K14 is important,
extending the model-fit over a time interval of ∼15 years,
which is almost one and a half of the precession period
10.5 yr.

The model fitting results are summarized in Table 1, where
the following model parameters for jet-A are presented: pre-
cession phase φ0(rad), ejection time t0(year), extension of the
precessing common trajectory rn,c(mas), corresponding spatial
distances Zc,m(mas) and Zc,p(pc), bulk Lorentz factor Γ, Doppler
factor δ, apparent velocity βa(c), and viewing angle θ(deg).

It is worth noting that the concept of the precessing com-
mon trajectory allowed us to model-fit the trajectories of these
knots and their kinematic parameters consistently (Lorentz fac-
tor, Doppler factor, apparent velocity, and viewing angle versus
time) were derived. Thus the kinematic behaviors of the knots
can now be physically connected to the jet precession and the
properties of the central engine. These results may be helpful
to concretely study the physical parameter connection between
the ejection of radio knots and their associated optical and γ-ray
outbursts.

The extensions of precessing common trajectory for these
knots are quite different, extending from a spatial distance of
∼60 pc (K3) to ∼750 pc (K14). This result needs to be tested
using future VLBI observations.

4. Model fitting of the kinematics of jet B

Superluminal knots B1, B2, B3, B6, K1, K10, and K16 are
assumed to be ejected by the nozzle of jet-B. In our scenario,
the jet axis is defined in the (X,Y)-plane by parameters (ε,ψ) and
formulas (1) and (2) in Sect. 2. Here for jet-B, we assume the
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Fig. 7. Model fitting results for knot
K14: Case 2.

Table 1. Model parameters for the six superluminal knots (B4, B5, K2, K3, K09,and K14) of jet-A.

Knot φ0 t0 rn,c Zc,m Zc,p Γ δ βa θ

B4 4.58 1998.24 0.90 41.7 321 22.0→ 24.7 35.8→ 39.2 17.3→ 19.9 1.26→ 1.18
B5 4.69 1998.42 0.30 27.3 210 11.0→ 30.0 20.5→ 41.9 5.0→ 27.5 1.25→ 1.27
K2(1) 3.83+2π 2007.49 0.30 15.7 121 18.0→ 8.5 31.8→ 16.5 11.5→ 2.8 1.15→ 1.14
K2(2) 3.68+2π 2007.24 0.30 17.3 133 14.9→ 8.0 27.8→ 15.6 7.2→ 2.1 1.0→ 0.99
K3(1) 3.90+2π 2007.61 0.15 7.3 56.4 7.2→ 12.0 14.0→ 22.6 2.04→ 5.50 1.17→ 1.16
K3(2) 3.72+2π 2007.31 0.15 7.7 59.2 6.3→ 12.0 12.3→ 22.7 1.50→ 5.29 1.12→ 1.12
K09(1) 5.25+2π 2009.86 0.40 18.3 141 16.0(const.) 28.5 10.0 1.25
K09(2) 5.13+2π 2009.66 0.40 18.5 142 14.0→ 22.8 25.6→ 36.9 7.7→ 17.9 1.24→ 1.22
K14(1) 1.30+4π 2013.76 0.60 98.7 759 40 (const.) 77.2→ 69.7 14.8→ 26.9 0.27→ 0.55
K14(2) 1.30+4π 2013.76 0.60 98.7 759 40 (const.) 76.8→ 68.3 15.5→ 28.2 0.29→ 0.59

following8: ε = 0.0126 rad (0.72◦) and ψ= 0.20 rad (11.46◦).
ζ = 2, p1 = 0, p2 = 1.34 × 10−4mas−1, zt = 66 mas, and
zm = 6.0 mas. The amplitude of the common helical trajectory is
assumed to be A = A0[sin(πz0/Z1)]1/2, with A0 = 0.182 mas and
Z1 = 396 mas. The phase of the helical trajectory is assumed to

8 We note that all the parameters are appropriately selected, but not
unique.

be φ= φ0-(z0/Z2)1/2 with Z2 = 3.58 mas. Furthermore, φ0 = φ(t0)
is the precession phase of a knot, and t0 is its corresponding
ejection time.

The parameters given above define the pattern of the spa-
tial helical trajectory for jet-B, which precesses to produce the
trajectory of individual knots at their corresponding precession
phases. The precession phase of a knot is related to its ejection
time as follows:
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Fig. 8. Jet B: modeled distribution of precessing common trajectory
(upper panel) and the observed trajectories of knots B3, K1, and K10
for comparison.

φ0(rad) = 0.42 +
2π
T0

(t0 − 1994.46), (19)

where T0 = 10.5 yr is the precession period of the jet-B nozzle.
When the parameters of the precessing nozzle scenario for

jet-B are given as described above, we can then perform model-
fitting of the observed kinematic behavior for each knot of jet-B
and derive its bulk Lorentz factor and Doppler factor.

It is found that jet-B has a very small cone angle of ∼0.5◦ in
space, but its projection in the plane of sky has a cone aperture
of ∼36◦ with its jet axis at a position angle of ∼−101.5◦, which
differs from the position angle of jet-A by ∼17◦. The modeled
distribution of precessing common trajectories is shown in Fig. 8
(upper panel) and the observed trajectories of knots (B3, K1,
and K10) are also shown for comparison. We find that most of
the superluminal knots follow the precessing common trajectory
defined above at different core separations.

4.1. Model fitting of kinematics of knot B1

Superluminal knots B1, B2, and B3 were ejected from the core
at a similar position angle PA∼−80◦ (Jorstad et al. 2001). How-
ever, only knot B2 has been observed within a core separation
of ∼0.15 mas. Thus we have to use the trajectory of knot B2 as
a guide for making model-fitting of the kinematics for knots B1
and B3.

For knot B1, we assume the ejection time of t0 = 1994.46
derived by linear extrapolation of the core separation to
zero (Jorstad et al. 2001), corresponding to precession phase
φ0 = 0.42 rad. The model fitting results are shown in Fig. B.1.

Its precessing common trajectory was not observed and is
assumed to extend to rn ∼ 0.07 mas, corresponding to a spatial

distance of Zc,m ∼ 3.73 mas (or Zc,p ∼ 28.7 pc) from the core.
Beyond this core separation, a change in parameter ψ is intro-
duced to model-fit its outer trajectory as follows: for Z ≤ 5 mas,
ψ= 0.20 rad; for Z = 5−15 mas, ψ(rad) = 0.20−0.65(Z−5)/(15−
5); and for Z > 15 mas, ψ=−0.45 rad.

No acceleration is assumed and its bulk Lorentz factor
Γ = constant = 32.0. During the period from 1995.0–1995.5, its
Doppler factor δ, apparent velocity βa, and viewing angle
θ vary over the following ranges respectively: [50.4→ 58.9],
[26.2→ 17.3]c, and [0.93→ 0.53](deg).

4.2. Model fitting of the kinematics of knot B2

Its ejection time is assumed to be t0 = 1994.90, which is consis-
tent with what was derived by Jorstad et al. (2001), and preces-
sion phase is φ0 = 0.68 rad. The model-fitting results are shown
in Fig. 9.

Fortunately, the first data point plays a significant role, indi-
cating that its initial trajectory could be fitted by the precessing
nozzle model. But its observed trajectory beyond Xn ' 0.13 mas
could only be explained by introducing a change in parameter ψ:
for Z ≤ 5 mas, ψ= 0.20 rad; for Z = 5−15 mas, ψ(rad) = 0.20 −
0.35(Z − 3)/(15 − 5); and for Z > 15 mas, ψ=−0.15 rad.

Both acceleration and deceleration in its motion are assumed
in the model fitting. The bulk Lorentz factor is assumed as fol-
lows: for Z ≤ 5 mas, Γ = 17; for Z = 5−15 mas, Γ = 17 + 17(Z −
5)/(15 − 5); for Z = 15−20 mas, Γ = 34 − 6(Z − 15)/(20 −
15); and for Z > 20 mas, Γ = 28. During the period from
1995.2–1997.0, its Lorentz factor Γ, Doppler factor δ, appar-
ent velocity βa, and viewing angle θ vary over the follow-
ing ranges respectively: [17.0–(33.9)–28.0], [31.0–(52.8)–51.7],
[9.6–(28.3)–14.9]c, and [1.04–(0.50)–0.59](deg). Its observed
precessing common trajectory is assumed extending to about
core separation rn = 0.06 mas, which is equivalent to a spatial
distance of Zc,m ∼ 3.47 mas (or Zc,p ∼ 26.7 pc) from the core.

4.3. Model fitting of the kinematics of knot B3

The model fitting results of the kinematics of knot B3 are
shown in Fig. B.2. Its precession phase is φ0 = 1.10 rad and ejec-
tion time is t0 = 1995.60, consistent with what was derived by
Jorstad et al. (2001). Its kinematics can be well fitted in terms
of the precessing nozzle scenario and the observed precessing
common trajectory is assumed to approximately extend to a
core separation of 0.30 mas, which is equivalent to a spatial dis-
tance of Zc,m ∼ 18.7 mas (or Zc,p ∼ 143.8 pc) from the core.
Its bulk Lorentz factor is modeled as Γ = const. = 14.0. During
the period from 1996.5–1997.8, its Doppler factor δ, apparent
velocity βa, and viewing angle θ approximately vary over the
following ranges respectively: [26.4–26.6], [6.5–6.1]c, and
[1.01–0.94](deg). They almost stay constant.

4.4. Model-fitting of the kinematics of knot B6

The model fitting results for knot B6 are shown in Fig. 10. We
assume that its ejection time t0 = 1999.61, which is consistent
with what is given by Jorstad et al. (2005; t0 = 1999.80± 0.37),
and the corresponding precession phase φ0 = 3.50 rad.

Within Xn ' 0.5 mas, the observed curved trajectory was fit-
ted because the data points are all in the region defined by the
magenta and blue lines9. Similar initial trajectory curvature also

9 If the errors in coordinates of the first data point is assumed to be
∼0.05 mas.
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Fig. 9. Model fitting results for knot B2.

occurred in the motion of knot K10 (see below), indicating the
repeat performance of the phenomenon.

A remarkable feature observed for B6 is its accelerated
motion. We model-fit its bulk Lorentz factor as follows: for
Z ≤ 10 mas, Γ = 22; for Z = 10−20 mas, Γ = 22 + 13(Z −
10)/(20 − 10); and for Z > 20 mas, Γ = 35. During the period
from 1999.8–2001.3, its bulk Lorentz factor Γ, Doppler factor δ,
apparent velocity βa, and viewing angle θ vary over the respec-
tive ranges: [22.0, 35.0], [43.0, (57.1), 48.7], [6.4, 32.2]c, and
[0.39, 1.08](deg.). These values are well compared with those
derived by Jorstad et al.: Γ = 25.27, δ= 29.7, βa = 24.8± 2.5c,
and θ= 1.9◦.

Its observed precessing common trajectory is assumed to
extend to a core separation of rn ∼ 0.7 mas, which is equiva-
lent to a spatial distance of Zc,m ∼ 51.7 mas (or Zc,p ∼ 397.8 pc)
from the core.

The model fitting of the kinematics of knot B6 seems quite
successful, demonstrating that our precessing nozzle scenario is
valid for jet-B. Below we show that the successful model fit-
ting of the kinematics for knot K10 further verifies the assumed
double-jet scenario for 3C454.3 and the precessing nozzle model
for jet-B.

4.5. Model fitting of kinematics of knot K1

For the model-fitting of the kinematics of knot K1, we con-
sider two cases. First, its ejection time is assumed to be 2005.50

adopted from Jorstad et al. (2010), which corresponds to a pre-
cession phase of φ0 = 0.74 + 2π. This ejection time is after the
peaking of the associated optical flare. Second, the ejection time
is assumed to be t0 = 2004.29, corresponding to a precession
phase of φ0 = 0.02 + 2π. This ejection time is near the begin-
ning of the slowly rising phase of the associated optical flare
(Jorstad et al. 2010).

4.5.1. Case 1: Model fitting of kinematics of knot K1 with
t0 = 2005.50

The ejection time t0 = 2005.50 is after the peaking of the associ-
ated optical flare (Jorstad et al. 2010). The model-fitting results
are shown in Fig. B.3. In this case the observed trajectory departs
from the predicted precessing common trajectory (defined by
the region limited by the magenta and blue lines in Fig. B.3),
and we introduced the following changes in parameter ψ to
fit the observed trajectory: for Z ≤ 3 mas, ψ= 0.2 rad; for
Z = 3−5 mas , ψ(rad) = 0.2 + (Z − 3)(0.4 − 0.2)/(5 − 3); and
for Z > 5 mas, ψ= 0.40 rad. We assume its bulk Lorentz fac-
tor = constant = 12.0. During the period from 2006.0–2007.4,
its Doppler factor δ, apparent velocity βa, and viewing angle
θ vary over the following ranges respectively: [22.9→ 23.0],
[4.0→ 4.7]c, and [1.03→ 0.97](deg). Its observed precessing
common trajectory is modeled as extending to a core separa-
tion of rn'0.06 mas, which is equivalent to a spatial distance of
Zc,m ∼ 3.47 mas (or Zc,p ∼ 26.7 pc) from the core.
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Fig. 10. Model fitting results for knot B6.

4.5.2. Case 2: Model fitting of kinematics of knot K1 with
t0 = 2004.29

The ejection time t0 = 2004.29 is near the beginning of the slowly
rising phase of the associated optical flare, implying that the opti-
cal flare is possibly due to knot K1 passing through a station-
ary shock in the optical jet. In this case the observed trajectory
can be well fitted by the predicted precessing common trajectory.
This result seems important for investigating the connection of
its multiwavelength variability from radio and optical to high-
energy γ-rays.

The model fitting results are shown in Fig. B.4. Its motion
is modeled as accelerated. The bulk Lorentz factor is assumed
as follows: for Z ≤= 1.0 mas, Γ = 5; for Z = 1−5 mas, Γ = 5 +
(Z − 1)(12.5 − 5)/(5 − 1); and for Z > 5 mas, Γ = 12.5. Dur-
ing the period from 2006.0-2007.5, its Lorentz factor Γ, Doppler
factor δ, apparent velocity βa, and viewing angle θ vary over
the following ranges respectively: [8.6→ 12.5], [16.7→ 24.1],
[2.7→ 4.4]c, and [1.09→ 0.84](deg). Its observed precessing
common trajectory is assumed to approximately extend to a core
separation of rn ' 0.20 mas, which is equivalent to a spatial dis-
tance of Zc,m ∼ 11.5 mas (or Zc,p ∼ 88.2 pc) from the core.

Here we would like to point out that the millimeter outburst
associated with the ejection of knot K1 revealed a multiple-peak
structure (Krichbaum et al. 2008), similar to what was observed
in optical bands (Jorstad et al. 2010). Krichbaum et al. assem-
bled the millimeter-radio spectra at different times for this out-
burst, showing its complex spectral evolution, which would need

to be interpreted in connection with the evolution of the optical
emission because these spectra may be composed by the emis-
sions from different regions in the curved jet (Raiteri et al. 2012;
D’Arcangelo et al. 2009).

4.6. Model-fitting of the kinematics of knot K10

Superluminal knot K10 is an extremely important superluminal
component forourscenario.Andit isassociatedwithanexception-
ally strong high-energy (>100 MeV) γ ray outburst with its peak
flux density reaching six times the flux density of the Vela pulsar.

As we have mentioned that the curved trajectory of K10 almost
repeated thatofknotB6, exhibitingasignificant signal for the peri-
odicity in ejection of superluminal components in 3C454.3.

We consider the following two cases: (1) the ejection
time t0 = 2010.95, which is consistent with what is given in
Jorstad et al. (2013); and (2) the ejection time t0 = 2010.80, con-
cordant with the start of the associated optical flare. The observed
kinematics of knot K10 can be model-fitted well in both cases.

4.6.1. Case 1: t0 = 2010.95

The model-fitting results are shown in Fig. 11. It can be seen that
the entire kinematic behavior has been model-fitted very well by
our precessing jet-nozzle scenario.

– The ejection time of K10 is considered to be t0 = 2010.95
(corresponding precession phase φ0(rad) = 4.0 + 2π), which
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Fig. 11. Case 1: Model fitting results for
knot K10.

is fully consistent with 2010.95± 0.07 given in Jorstad et al.
(2013).

– According to Jorstad et al., knot K10 appears at a position
angle (PA) ≈−136◦ and then its trajectory curves into the
direction of PA≈−92◦. Our model fitting results give the
position angle =−138◦ (at a core separation of rn = 0.05 mas)
and PA =−91◦ (at rn = 0.4 mas). Thus our model completely
explains the curved trajectory of knot K10. Its observed pre-
cessing common trajectory is assumed to extend to a core
separation of rn ∼ 0.22 mas, which is equivalent to a spatial
distance of Zc,m ∼ 23.7 mas (or Zc,p ∼ 182.5 pc) from the core.

– For the period from 2011.1–2011.8, its bulk Lorentz factor
is modeled as Γ = 25.0 = const., compared with Γ = 26± 3
given in Jorstad et al.

– The corresponding Doppler factor δ varies in the range [47.9,
45.9], compared with 51± 4 given by Jorstad et al.

– Its apparent velocity βa varies in the range [4.9, 13.7], com-
pared with βa = 8.9± 1.7 given by Jorstad et al.

– We obtain its viewing angle θ varying in the range [0.47,
0.68](deg), compared with the value θ= 0.4◦ ± 0.1◦ given in
Jorstad et al.

Therefore, the kinematic parameters we modeled for K10 are
quite consistent with those given in Jorstad et al. (2013). Our
precessing nozzle scenario and the model-fitting results for knot
K10 are valid and effective.

4.6.2. Case 2: t0 = 2010.80

The model fitting results are shown in Fig. 12. It can be seen that
the observed kinematics of knot K10 can also be model-fitted

well. The modeled Lorentz factor Γ = constant = 22.5 is a bit
smaller than that taken for case 1 (Γ = 25.0). During the period
from 2011.10–2011.80, its Doppler factor δ, apparent velocity
βa, and viewing angle θ vary over the respective ranges: [43.8,
41.9], [7.2, 11.4]c, and [0.42, 0.69](deg). Its observed precessing
common trajectory is assumed to extend to a core separation of
rn ∼ 0.22 mas, equivalent to a spatial distance of Zc,m ∼ 23.5 mas
(or Zc,p ∼ 180.5 pc) from the core.

The full fitting of the kinematics of knot K10 with an ejection
time of t0 = 2010.80 may be meaningful because in some physi-
cal conditions radio knots can be regarded as the evolved coun-
terpart of optical knots. In fact, the ejection time t0 = 2010.95
was derived by linear extrapolation to zero separation from the
core, being a “mathematical solution”, while the ejection time
t0 = 2010.80 was derived from the connection between optical
and radio outbursts, being a “physical solution”. Here we show
that both solutions are possible.

However, its outbursts at 1 mm and optical wavebands simul-
taneously peaked at ∼2455520.657, which seems to imply that
knot K10 was ejected before 2010.95± 0.07 (2455543± 25).

4.7. Model fitting of kinematics of knot K16

Its observational data were collected from Weaver et al. (2019):
the core separation rn(t) and average position angle PA =−79± 1
(deg.). Thus K16 moves ballistically.

At first sight, the analysis of the kinematics of knot K16
was difficult because no observational data were available within
a core separation of ∼0.15 mas and no appropriate solution
could be found for fitting its observed trajectory. It was not
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Fig. 12. Case 2: Model fitting results for
knot K10.
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Fig. 13. Similarity of the trajectory sections of knot K16 and B2
between Xn = 0.15 mas and 0.25 mas. This comparison provides a rather
important clue, showing that the kinematic behavior of knot K16 should
be explained similarly to that of knot B2; an open circle corresponds to
K16 and an open triangle corresponds to B2.

clear whether knot K16 was associated with jet-A or jet-B.
However, we at last found that its trajectory section between
Xn(mas) = (0.15, 0.25) is well concordant with that of the
observed trajectory of knot B2, as shown in Fig. 13. This clue
was quite important and showed us that knot K16 should belong

to jet-B and its initial kinematic behavior should be fitted with
a precession phase of φ0 ' 0.68 + 4π and corresponding ejec-
tion epoch of t0 ' 2015.90, which is exactly equal to 1994.90 (t0
for knot B2) plus 21.0 yr (two precession periods). This result
is very instructive and encouraging when searching for the peri-
odicity in 3C454.3 through VLBI observations of superluminal
components.

The model-fitting results of the kinematics of knot K16 are
shown in Fig. 14. Its observed precessing common trajectory is
assumed to extend to ∼0.10 mas, which is equivalent to a spatial
distance of Zc,m ∼ 5.87 mas (or Zc,p ∼ 45.1 pc) from the core.

Its outer trajectory can be fitted by introducing changes in
parameter ψ: for Z ≤ 5 mas, ψ= 0.20 rad; for Z = 5–15 mas,
ψ(rad) = 0.20 − 0.35(Z − 5)/(15 − 5); and for Z > 15 mas,
ψ=−0.15 rad.

Its bulk Lorentz factor is modeled as follows: for Z ≤ 5 mas,
Γ = 17; for Z = 5–15 mas, Γ = 17 + 15(Z − 5)/(15 − 5); and for
Z > 15 mas, Γ = 32.

During the period from 2016.4–2017.2, the bulk Lorentz
factor increases from 18.7 to 32.0 and the modeled apparent
velocity βa varies over the range [11.3, (25.8, maximum), 21.6],
which is consistent with what is given by Weaver et al. (2019;
20.3± 0.8). However, our modeled Doppler factor δ varying over
the range [33.6–55.6] is much higher than what was derived from
the observed minimum variability timescale (∼2 hr) in Weaver
et al. (δ= 22.6). In our model, its viewing angle varies over the
range [1.03, 0.69](deg). Thus we reach the conclusion that the
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Fig. 14. Model fitting results for knot
K16.

Table 2. Model parameters for the seven superluminal components (B1, B2, B3, B6, K1, K10, and K16) of jet-B.

Knot φ0 t0 rn,c Zc,m Zc,p Γ δ βa θ

B1 0.42 1994.46 0.07 3.73 28.7 32 = const. 50.4–58.9 26.2–17.3 0.93–0.53
B2 0.68 1994.90 0.06 3.47 26.7 17–(33.9)–28 31.0–(52.8)–51.7 9.6–(28.3)–14.9 1.04–(0.50)–0.59
B3 1.10 1995.60 0.30 18.7 143.8 14 = const. 26.4–26.6 6.5–6.1 1.01–0.94
B6 3.50 1999.61 0.70 51.7 397.8 22.0–35.0 43.0–(57.1)–48.7 6.4–32.2 0.39–1.08
K1(1) 0.74 + 2π 2005.50 0.06 3.5 26.7 12.0 = const. 22.9–23.0 4.9–4.7 1.03–0.97
K1(2) 0.02 + 2π 2004.29 0.20 11.5 88.2 8.6–12.5 16.7–24.1 2.7–4.4 1.09–0.84
K10(1) 4.00 + 2π 2010.95 0.22 23.7 182.5 25.0 = const. 47.9–45.9 9.9–13.6 0.47–0.68
K10(2) 3.91 + 2π 2010.80 0.22 23.5 180.5 22.5 = const. 43.8–41.9 7.2-11.4 0.42–0.69
K16 0.68 + 4π 2015.90 0.10 5.87 45.1 18.7–32.0 33.6–55.6 11.3–(25.8)–21.6 1.03–0.69

kinematics of knot K16 can be explained well in terms of our
precessing nozzle scenario for jet-B with a precession period of
10.5 yr.

4.8. A brief summary for jet B

Seven knots (B1, B2, B3, B6, K1, K10, and K16) were ejected
from jet-B. Their kinematic behavior can be explained well and
model-fitted in terms of our precessing nozzle scenario for jet-B.
The model fitting results are summarized in Table 2, where the
following model parameters for jet-B are presented: precession
phase φ0(rad), ejection time t0(year), extension of the precess-
ing common trajectory rn,c(mas), corresponding spatial distances

Zc,m(mas) and Zc,p(pc), bulk Lorentz factor Γ, Doppler factor δ,
apparent velocity βa(c), and viewing angle θ(deg).

The most prominent features of jet B are the presence of two
pairs of knots, B6-K10 and B2-K16. In the case of pair B6-K10,
they have similar ejection position angles and similar curved ini-
tial trajectories with a difference in ejection times of ∼11.2 yr,
which is close to a precession period of 10.5 yr. In the case of
pair B2-K16, they have similar ballistic trajectories with a dif-
ference in ejection times of 21.0 yr, which is exactly equiva-
lent to two precession periods. We emphasize that this kind of
repeated occurrences of similar ejection position angles and tra-
jectory patterns are significant clues to find a precessing common
trajectory and a precession period of a jet nozzle.
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5. Discussion and conclusion

We have made use of our precessing nozzle scenario proposed
previously (e.g., Qian et al. 1991, 2009, 2019) to model-fit the
kinematic behavior of thirteen superluminal knots in blazar
3C454.3. The main results are as follows.

– We show that blazar 3C454.3 might host a supermassive
black hole binary, which produces two relativistic jets. Both
jet nozzles precess with the same period of 10.5 yr and eject
superluminal components steadily.

– In this case, the observed superluminal components may
be divided into the following two groups: group A (knots
B4, B5, K2, K3, K09, and K14) and group B (knots B1,
B2, B3, B6, K1, K10, and K16). The kinematics (trajec-
tory, coordinates, and apparent velocity versus time) of the
knots in group A and group B can then be well and consis-
tently interpreted in terms of the precessing nozzle models
for jet A and B, respectively. The kinematic parameters
(Lorentz factor, Doppler factor, and viewing angle versus
time) can be derived. Although for a few knots the model-
fittings may have some uncertainties due to the lack of
observational data, the kinematic behaviors of most knots
have been well model-fitted, especially for those associ-
ated with strong γ-ray outbursts, for example for knots K09
and K10.

– The key ingredient of our precessing nozzle scenario is the
assumption about the presence of the precessing common
trajectory. That is to say, all the superluminal knots move
along the common trajectory, which precesses and produces
the trajectory of individual knots ejected at different times
(or at different precession phases). Based on this assump-
tion, we then can consistently arrange the distribution of the
trajectory of the knots ejected at different times and model-
fit the kinematics of the superluminal knots and derive the
period of jet-nozzle precession.

– Interestingly, for the blazars and quasi-stellar objects (QSOs:
3C279, 3C454.3, OJ287, B1308+326, PG1302-102, and
NRAO 150), we have applied the precessing nozzle scenario
to interpret their VLBI kinematics and determine the periods
of their jet-nozzle precession. We find that the assumption of
a precessing common trajectory has been generally valid, but
the observed pattern and the extension of a precessing com-
mon trajectory are quite different for different sources and
different superluminal knots (readers can refer to Qian et al.
2019 and the references therein). Higher resolution VLBI
observations are needed to show if this assumption is still
valid within core separations <0.1 mas.

– This assumption could be based on the theoretical works
of relativistic magnetohydrodynamics for jet-formation that
magnetic effects in the acceleration and collimation zone
of relativistic jets are very strong, forming some very solid
magnetic structures and controlling the trajectory patterns
of moving superluminal knots ejected from the jet nozzle
(e.g., Vlahakis & Koenigl 2004; Blandford & Payne 1982;
Blandford & Znajek 1977; Camenzind 1990 and references
therein). Thus all the superluminal components in a blazar
can move along the same (or common) steady trajectory,
which precesses if the jet nozzle is precessing.

– By means of model-fitting of the kinematics of the superlu-
minal knots in blazar 3C454.3, we find that the precessing
common trajectory can be observed for different knots over
a range of core separation ∼(0.07 mas, 0.8 mas), correspond-
ing to a range of spatial distance from the radio core of ∼(50,
800) pc. Obviously, VLBI observations with higher resolu-

tions are required to confirm the observed common trajectory
extending inward to the core.

– In the process of model-fittings, we obtain the bulk Lorentz
factor Γ versus time for the superluminal knots attributed to
jet-A and jet-B: both intrinsic acceleration and deceleration
in motion are found. For jet-A and jet-B, the derived Lorentz
factor varies over ranges ∼[6, 40] and ∼[9, 32], respectively
(see Tables 1 and 2). These values are model-dependent,
but for the first time they provide some observational basis
to investigate the physics of the relativistic jets on differ-
ent scales in 3C454.3. Moreover, the derivation of Doppler
factor for these superluminal knots may have provided the
physical basis to investigate the mechanisms of their multi-
wavelength emission from radio and optical to high-energy
γ-rays.

– A prominent periodic phenomenon has been found in th ejec-
tion of superluminal components, being the recurrence of
knot ejections along similar position angles. The following
three pairs of knots remarkably show this effect: B2-K16,
B4-09, and B6-K10. In particular, the pair B6-K10 not only
reveals the similar curved trajectories, but it also shows their
ejection times differing by 11.34 yr, which is close to a pre-
cession period of 10.5 yr. The pair B2-K16 have a similar
trajectory and ejection times differing by 21 yr, exactly equal
to two precession periods.

– The recurrence of these distinct features as described above
may be important instructive signatures for recognizing jet-
nozzle precession in 3C454.3 and other blazars and would be
very helpful to analyze the physical processes (jet formation,
radiation, and motion of superluminal knots) in blazars. In
particular, the observed recurrence of trajectory patterns may
be the best piece of evidence for periodicity in blazars. In
addition, if the suggestion of the presence of supermassive
binary black hole systems in some blazars is confirmed, the
currently available physical concepts and observational data
analysis methods based on a single-jet scenario for studying
blazars will be greatly challenged.

– Based on the observed apertures of the precessing cones for
jet-A and jet-B, the mass ratio of the binary black hole can
be estimated to be q = m/M ∼ 0.3. Combining this mass
ratio with the known measurements of the hole mass M (e.g.,
Woo & Urry 2002; Gu et al. 2001), we can approximately
estimate the separation rpc between the binary holes and
the post-Newtonian parameter εn (Qian et al. 2017, 2018).
For M = (1.6−4.4) × 109M�, rpc = 2.1–2.9 and εn = (4.8-
9.4)× 10−3, which is approximately comparable with the
critical value εn = 0.01, indicating that the motion of the sec-
ondary hole is near relativistic. As in the case of OJ287, the
interpretation of VLBI kinematics in terms of our precessing
nozzle scenario may be helpful for deriving the parameters
of orbital motion in supermassive black hole binaries (Qian
2018).

On the whole, now we can understand the entire kinematics and
dynamics obtained by VLBI observations in 3C454.3, includ-
ing its peculiar features. First, a putative supermassive binary
black hole creates two relativistic jets (jet A and jet B). Sec-
ond, the two jets alternately eject superluminal components: Jet-
B (knots B1, B2, and B3)→ Jet-A (knots B4 and B5) → Jet-B
(knots B6 and K1) → Jet-A (knots K2, K3, and K09) → Jet-
B (knot K10) → Jet-A (knot K14)→ Jet-B (knot K16). This is
a very interesting phenomenon and will become a great chal-
lenge to physics of blazars if confirmed in future observations.
Third, the axes of jet-A and jet-B have different directions in
space and are defined by parameters (ε, ψ) (in radians): (0.0126,
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−0.1) and (0.0126, +0.20), respectively, referring to Fig. 1. Jet-A
has its apparent axis at a position angle of PA'−84◦ and jet-B
at PA'−101◦. Their nozzle-precessing cones have half opening
angles '30◦ (jet-A) and '10◦ (jet-B). The ejections of super-
luminal components in such wide cones lead to the wide dis-
tribution of the knots’ trajectories, as shown by knots R1, R2,
R3, and R4 observed at 15 GHz (Britzen et al. 2013). Fourth,
these knots and the associated shocks due to an interaction with
the surrounding interstellar medium apparently form a ring-like
structure (a prominent feature of 3C454.3) surrounding the core
(Britzen et al. 2012). Fifth, the trajectories of these knots on
the ring-like structure may have been reconverged at coordinate
Xn ' 3 mas, constructing a second nozzle to eject the magne-
tized plasmas which then move along the direction toward knots
Y and Z at core distances ∼10 mas (Qian et al. 2014). Sixth, due
to the formation of stationary shocks in the jets, the peculiar phe-
nomenon of “superluminal brightening and expanding” observed
by Pauliny-Toth et al. (1987), Pauliny-Toth (1998) can be well
understood, while superluminal components may be associated
with the traveling shocks, as is usually suggested. Seventh, the
superluminal components ejected from both the jets and their
evolution may become the main causes producing the extremely
complex and violent variability across the entire electromag-
netic spectrum from radio to high energy γ-rays and the periodic
behaviors in the light curves.

Our precessing nozzle scenario for blazar 3C454.3 is ten-
tative and needs to be tested by future VLBI observations
because the phenomena occurred in this blazar are exception-
ally complex. For example, as shown by Britzen et al. (2012),
the kinematic behavior of the superluminal components could
be affected (or governed) by several different ingredients: jet
precession and nutation, the rotation of knots, the formation of
both stationary and traveling shocks, the formation of a superlu-
minally expanding ring-like structure and jet recollimation and
reopening (Qian et al. 2014), and an interaction between a jet
and surrounding medium. In other blazars, similar complex phe-
nomena have been observed and investigated, for example, in
3C279 (Qian 2011, 2012; Qian et al. 2019) and OJ287 (Qian
2018, 2019a,b, 2020).

Until know we have shown that blazar 3C279 (Qian et al.
2019), OJ287 (Qian et al. 2018; Britzen et al. 2018), and
3C454.3 (this paper, Qian et al. 2007, 2014) could host putative
binary black holes. We have also made use of our precessing
nozzle scenario to interpret the kinematics of the superluminal
components in a few QSOs and determine their jet-nozzle pre-
cession periods, including, for example, the following: QSOs
3C345, B1038+326, PG1302-102, and NRAO 150 (Qian et al.
2009, 2017; Qian 2018, 2016).

We would like to point out that our precessing nozzle scenar-
ios for these blazars and QSOs are not only based on the model
fittings of available VLBI data, but they have also been veri-
fied by other observations. For example, in the case of OJ287,
Hodgson et al. (2017) found some evidence for the possible
presence of two ejection directions in OJ287. Particularly in
the case of 3C279, one of the double jets (jet-B; Qian et al.
2019), which had been predicted and searched for quite a long
time, had been found to be already observed much earlier
(Pauliny-Toth et al. 1987; Pauliny-Toth 1998; de Pater & Perley
1983; Cheung 2002).

These investigations may have confirmed the assumption
about the presence of the precessing common trajectory. More-
over, the proposed double precessing nozzle mechanism may
be a great challenge to blazar physics based on a single-
jet structure. Especially, in the case of blazar OJ287, there

could be a possibility that the quasi-periodicity of ∼12 yr
found in its optical light curve (Sillanpää et al. 1988, 1996;
Lehto & Valtonen 1996) might be interpreted in terms of a
double-jet mechanism (Qian et al. 2018; Qian 2019a,b, 2020;
also referring to Villata et al. 1998; Qian et al. 2007)10. Mag-
netohydrodynamic (MHD) theories for double-jet formation in
binary black hole systems involve very complex physical pro-
cesses (including the spin of holes, the accretion of mass and
magnetic fields, the formation of magnetospheres as well as the
effects of general relativity (Einstein 1916, 1918)). Thus the pro-
cesses producing quasi-periodicities in dual-jet systems have not
been widely studied (e.g., Shi et al. 2012; Shi & Krolik 2015;
Artymovicz & Lubow 1996; Artymovicz 1998; D’Orazio et al.
2013; Tanaka 2013 and references therein), although super-
massive black hole binaries have already been assumed as
a hopeful scenario to explain the quasi-periodic behavior
observed in blazar OJ287 (e.g., Artymovicz 1998). Particularly,
Shi & Krolik (2015) argued that in the MHD framework, cavity-
accretion rates can be raised to make both black holes producing
a jet and forming a double jet system.

In conclusion, we suggest that blazar 3C454.3 could host a
binary black hole system in its nucleus. Similar systems have
been suggested for blazar 3C279 (Qian et al. 2019) and blazar
OJ287 (Britzen et al. 2018; Qian et al. 2018). Although these
scenarios are only hypothetical and putative, not unique, and
have yet to be tested, they could be useful for understanding the
superluminal phenomena in blazars and for disentangling differ-
ent mechanisms and ingredients. Due to the consistency of the
model-fitting results of VLBI kinematics for three blazars, our
precessing nozzle scenario might be actually applicable.

As suggested by Vercellone et al. (2011) that for explain-
ing the extreme γ-ray variability and the spectral energy dis-
tributions observed in 3C454.3, an intriguing possibility is to
invoke the presence of a supermassive binary black hole as pre-
viously hypothesized in Qian et al. (2007). Here in this paper we
perhaps have really provided possible evidence for such a sys-
tem in 3C454.3. However, we should emphasize that this work
cannot exclude single-jet scenarios with or without a precess-
ing jet-nozzle and more observational data on the kinematics
in the innermost jet regions (especially at core separations of
rn < 0.05–0.1 mas) are needed to solve the issues.
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10 In a recent work, Qian (2020) investigated the polarization properties
of the quasi-periodic optical outbursts observed in 1984, 2007, and 2015
in OJ287 and demonstrate that they may originate from synchrotron
radiation (not from bremsstrahlung) due to the presence of large polar-
ization angle swings, which is consistent with the results for the 1984
outburst obtained by Holmes et al. (1984). Thus these optical outbursts
may likely be produced in its double relativistic jets. Kushwaha (2020)
recently argued that the bremsstrahlung of the 3 × 105 K gas bub-
ble as suggested in the impact-disk model (Valtonen et al. 2019) can-
not explain the NIR, optical, and UV spectral variations. It seems that
the various types of NIR and optical variations observed in OJ287
may likely be understood in terms of multi-emitting regions in its dou-
ble optical relativistic jet (e.g., Bonning et al. 2012, 2010; Raiteri et al.
2007; Villata et al. 2006; Sillanpää et al. 1996).
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Appendix A: Figures for knots B5, K2, and K3 of jet-A (Figs. A.1–A.5)
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Fig. A.1. Model-fitting results for knot B5.
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Fig. A.2. Model-fitting results for knot K2: Case 1.
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Fig. A.3. Model-fitting results for knot K2: Case 2.
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Fig. A.4. Model-fitting results for knot K3: Case 1.
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Fig. A.5. Model-fitting results for knot K3: Case 2.

Appendix B: Figures for knots B1, B3, and K1 of jet-B (Figs. B.1–B.4)

S.J. Qian et al.: Possible evidence for a supermassive binary black hole in 3C454.3
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Fig. B.1. Model-fitting results for knot B1.
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Fig. B.2. Model-fitting results for knot B3.

S.J. Qian et al.: Possible evidence for a supermassive binary black hole in 3C454.3
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Fig. B.3. Model-fitting results for knot K1: Case 1.
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Fig. B.4. Model-fitting results for knot K1: Case 2.
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