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Abstract NRAO 150 is a very special radio quasar in which prominenthbalfistic superluminal motion
has been observed in its inner-jet region. We apply mod@igi to the kinematics of the superluminal knots
(trajectory, distance from the core and apparent veloaity@rms of a helical precessing jet-nozzle model.
Five cases are considered in which the angle between theigediad the line of sight is assumed to¢fe
3°,1°,0.6° and0.12°, respectively. Itis shown that the superluminal compaosbave intrinsic acceleration
in the innermost regionsg 0.2 mas from the core). The phenomenon of precessing nozibetivay can
be understood on the basis of relativistic magnetohydradyatheories for relativistic jets.

Key words: radio continuum: galaxies — galaxies: jets — galaxies: kinics — galaxies: individual
(quasar NRAO 150)

1 INTRODUCTION precession or orbital motion in a binary black hole sys-
tem (e.g. Tateyama & Kingham 2004, Lobanov & Roland
NRAO 150 is a very bright radio to mm quasar at a high2005); (2) precession of the jet nozzle from which superlu-
redshift ¢ = 1.517), which was measured through near- minal components are ejected (e.g. Tateyama & Kingham
IR spectroscopic observation (detection of the &hd H3 2004, Stirling et al. 2003, Lister et al. 2003, Qian et al.
spectral lines) by Acosta-Pulido et al. (2010). On scale®014, Qian 2013, 2012, 2011; Qian et al. 2009, Qian
observable by very long baseline interferometry (VLBI), it et al. 1992, Steffen et al. 1995, Villata et al. 1998, Villata
displays a compact core-jet structure. Recently it has beef Raiteri 1999); (3) jet-disk instabilities causing errati
monitored at 86 and 43 GHz with sub-milliarcsecond resswings (e.g. Agudo 2009, Agudo et al. 2012, Lu et al.
olution by Agudo et al. (2007) during the period of 1997—-2013).
2007. They found this source to have remarkable proper- |n this paper, we will study the jet position angle
ties: (1) large misalignment af 100° between the mm-  swing (wobbling) in the quasar NRAO 150 by applying the
jet and the cm-jet (Fey & Charlot 2000); (2) in the in- precessing helical jet-nozzle model (suggested for blazar
ner region (less than-0.5mas) three superluminal com- 3C345 by Qian et al. 1992) to fit its VLBI-kinematics (tra-
ponents @1, @2 and @23) moving non-ballistically and  jectory, core-distance and apparent velocity of its thtee s
having very curved trajectories; (3) the three superluminaperluminal knots observed at a wavelength of 7mm by
components having extremely fast counterclockwise rotaagudo et al. 2007) and their kinematic parameters (bulk
tion of their position angle with a rate 6f6°-11° yr~';  Lorentz/Doppler factor and viewing angle) are derived.
(4) their apparent superluminal speeds are: total velocityhe precessing (helical or collimated) jet-nozzle modsl ha
between 2.3 and 3.2, and non-radial velocity between also been applied to fit the model for the ejection posi-
2.7c and 1.4. Thus NRAO 150 is an extreme case thattion angle swings observed in blazars 3C279 and 3C454.3
exhibits jet position angle swing and non-ballistic motion(Qian et al. 2009; Qian 2011, 2012, 2013; Qian et al. 2014).
which are worth studying in detail. Recently, Molina et al. When taking into account the rotation of the inner trajec-
(2013, 2014) carried out detailed multi-frequency VLBI tory of the knots around the jet-axis, this approach is help-
polarimetric observations between 2006-2010 and foungl| for studying the precession of the inner jet structure an
the toroidal field structure in the innermost regions of thethe extended intrinsic acceleration that occurred withen t
source. Combining the new and previous evidence, thejnner jet regions. The source NRAO 150 is another exam-
proposed an internal jet rotation model to explain the kineple of a precessing helical jet-nozzle, as discussed below.
matics of the superluminal knots with the jet being seen | this paper we will adopt the concordant cosmolog-
face-on. ical model withQ2, = 0.7, Q,, = 0.3 and Hubble con-
Jet position angle swings have been detected in a nunstantH, = 70km s Mpc~—! (Spergel et al. 2003). Thus
ber of blazars (e.g. 3C345, 3C279, 3C454.3,3C273,0J2&6r NRAO 150,z = 1.517, its luminosity distance is
and BL Lacertae) and their physical origin is not fully un- Dy, = 11.07 Gpc (Hogg 1999; Pen 1999) and angular dis-
derstood. A few mechanisms have been proposed to exanceD, = 1.748 Gpc. Angular scale 1 mas = 8.484 pc and
plain this phenomenon: (1) jet precession caused by diskproper motion of 1 mas yr' are equivalent to an apparent
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velocity of 69.%. In the galaxy frame, dis equivalentto  We give the formula for viewing anglg Doppler facton,

0.03622 mas yr'. apparent transverse velocity, and elapsed timé&j after
The plan of this paper is: Section 2 describes the forejection:

malism of the model; Section 3 gives the description of

helical trajectory; Section 4 gives the model-fitting apgli (1) Viewing angle

to kinematics; Section 5 describes the discussion and con-

clusions. 0 = arccos|cose(cos A +sinetanA,)],  (7)
where
2 FORMALISM OF THE MODEL IXN2 IV 21/
In order to develop our precession model for the superlu- A = arctan Kﬁ) + (ﬁ) } ’ (8)
minal ejection of the knots in NRAO 150, we first describe - . .
. . . ! Alisth le bet th tial velocit t d
the formalism (following Qian et al. 1992, 2009). Z—:a\sxiseae:lr:jg © between the spatial velocily vector an
dy
A, = arctan (ﬁ) , (9)

is the projection ofA on the {",2)-plane.
(2) Apparenttransverse velocity and Doppler factor

B _ cfsinf
Va=Cfa= 15— Beosd’ (10)
1
0= I'(1 — Beosb)’ (11)

where = 2, v is the spatial velocity of the knot and
Fig.1 Geometry of the model for fitting the kinematics of the  T'= (1 — 52)~1/2 is the Lorentz factor.

superluminal components in the quasar NRAO 150. (3) Elapsed time
The geometry of the model is shown in Figure 1, in T Z 142 4z (12)
which three coordinate systems are showk; ", 2), 0= o Ddvcos Ay 7

(Xp, Yy, Zp) and (X, Y, Z,,). AXxis Y,, is directed to-
ward the observer andX(,, Z,) defines the plane of the
sky with the axisX,, directed toward the negative right as- x dY \ 2 —1/2
cension and axi&,, the north pole (declination). Axi& A, = arccos [(ﬁ) + (ﬁ) + 1} - (13)
represents the jet-axis defined by parameters)). The
trajectory of a superluminal knot is described by cylindri-
cal coordinates4(Z), ®(Z), Z), whereZ is the distance
from the origin along the jet-axisl(Z) represents the am-
plitude of the knot's path andi(Z7) is the azimuthal angle
or the phase of the knot. When functioA$Z), ®(Z), ¢
and and bulk Lorentz factor" are given, the kinematics 3 DESCRIPTION OF HELICAL TRAJECTORY
of the_ kn.ot (trajectory, apparent vglocity, Doppler factorln the case of NRAO 150, we adopt the pattern of heli-
and viewing angle as functions of time) can be calculated.y; rajectory similar to that chosen for fitting the kinemat
The relevant formulas are listed as follows. ics of superluminal motion in quasar 3C345 (Qian et al.
X(Z,8) = A(Z)cos P, @) 2009). The amplitud94(Z_) and _phas@(Z) of the heli-
cal trajectory as a function of is taken as follows. We
Y(Z,®)=A(Z)sin®. (2) choose simple functions to describe the helical paths of
o _ ) the superluminal knots. Since the VLBI observations given
The projection of the trajectory on the sky plane is répreéyy Agudo et al. (2007) only show the kinematics beyond
sented by core distance-0.1mas, our model can only be used to fit
} " the kinematics of NRAO 150 after 1997.0. The functions
Xn(2,2) = Xp(Z, R)cos ) = Zp(Z, R)siny, - (3) A(Z) and®(Z) are chosen as follows.

Zn(Z,®) = X, (Z,®)siney + Z,(Z, ®)costp,  (4) ForZ < 0.03mas

where AZ) = aZ,
XP(Z7 (I)) = X(Zv (I)) ) (5) (14)

Z,(Z,®) = Zsine — Y (Z, ®)cose . (6) (Z) = By — ¢+ nRyZ

where

Herez is the redshift of NRAO 150.

All coordinates and amplitude are measured in units of mas
(milliarcsecond) an@ is measured in units of radian (rad).
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Fig.2 Fitting results fore = 3°: Amplitude A(Z) and phas@(Z); trajectory (X»., Z»), X»(t) andZ,(t) (respectively for Q1, Q2 and
Q3); and core distance.
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¢ is defined as the phase of ejection of the knot. Parameter concrete comparison between the results for different
R, introduced in the model describes the rotation of theviewing angles (e.g. intrinsic extended acceleration aad r
trajectory.®, anda are constants. quired Lorentz/Doppler factor at different radial distasp
ForZ > 0.03 mas could be made if necessary.
A(Z) = blsin(rz/2))"?, 4.1 Resultsfor e =3°
(15)
B(Z) = ®g— ¢ + n(Z/ZQ)l/Q . The parameters used for the model-fitting are:
7y =24 mas and/; = 1.8 mas. The amplitude and preces-
We will takea = 0.2512, b = 0.55mas,®, = 5.891rad sion phase functions are described by Equations (14) and
andR, = 4.992rad mas'. Parameterg; andZ, willbe  (15) as shown above. The respective model parameters for
chosen for different cases (corresponding to diffeegnt knots Q1, Q2 and Q3 are given as follows.
andn and¢ will be chosen for different knots. o
— Knot Q1: Ejection epocty =1994.04¢ = 4.0rad and
4 MODEL FITTING APPLIED TO KINEMATICS. n = 1. Initial intrinsic acceleration is required in order
to consistently fit the trajectory, core-distance and ap-
In this paper we will consider the possibility of whetherthe ~ parent velocity: forZ < 0.8 mas,I" = 1.5 + (4.0 —
kinematics of superluminal knots ejected from NRAO 150  1.5)Z/0.8 and forZ > 0.8 mas,I" = 4.0.
can be fitted by the precessing jet-nozzle model proposed— Knot Q2: Ejection epoch, = 1996.20¢ = 2.6 rad and
for explaining the jet position angle swings in blazars like 7 = 1. No intrinsic acceleration is assuméd= 3.7.
3C345, 3C454.3 and 3C279 (Qian et al. 2014, Qian 2013,— Knot Q3: Ejection epoch, = 1995.319¢ = 3.17rad
2012, 2011; Qian et al. 2009, Qian et al. 1992). We will  andn = 2.2 (more rotation than for knots Q1 and Q2).
apply 3-dimensional simulations of a helical trajectory fo Intrinsic acceleration is taken as: f8r< 0.5 masl’ =
fitting the curved trajectories observed in NRAO 150. We 1.5+ (2.7 — 1.5)Z/0.5 and forZ > 0.5 masI' = 2.7.
emphasize that an effective model should reasonably and - R
consistently fit the trajectory, core distance (or core sepa The fitting results are shown in Figures 2-3. Some

ration) and apparent superluminal speed. We have applie(H()pert'e_S can be mferrgd: For kno_ts Q:.L a.nd Q3 Intrinsic
model simulations for five cases that have different val-8Ccelerationis required in order to fit their kinematicseTh

ues ofe (the angle between the jet-axis and the line Oftrajectory, corg-distance anq apparent velocity are reaso

sight):e = 6°, 3°, 1°, 0.6° and0.12° (¢ = 1.6958 rad (arbi- ably and consistently well fitted for the three knots. The
fitted Lorentz factors are in the range ©2—4. The mod-

ed viewing angles are in the range86£20°. In this case

e precession period is derived to be 9.70yr.

trary)) in order to show the effects from different viewing
angles and various radial distance scales. The VLBI dat§:
(1997-2007, 43 GHz) for the superluminal knots observe
in NRAO 150 are taken from Agudo et al. (2007). This
dataset (acquired during 1997-2007) contains four conf-2 Resultsfor € =0.12°
ponents (Q0, Q1, Q2 and Q3) and knot Q0 was assum

to be the stationary core while components Q1, Q2 and Q | = 330mas and, = 18 mas. The amplitude and phase

exh!bned superluminal motions. In the jet rotation quel,functions are described by Equations (14) and (15) as
Molina et al. (2013, 2014) chose a new reference point as ;
N ) : Shown above. The respective parameters for knots Q1, Q2
the core position by assuming component QO is also supeL Q3 are given as follows
luminal. Since the dataset (only during 2006—2010) given '
by Molina et al. did not contain the data for the four com- _ knot Q1: Ejection epochi, = 1996.0,4 = 4.0rad,
ponents (during 1997-2007) after the change of the core  , = 1 The intrinsic acceleration is chosen as: for
position, we can only use the dataset givenby Agudoetal. 7 < 4omas,I' = 3.5 + (12.6 — 3.5)Z/4.0 and
(2007) for our model simulations for knots Q1,Q2and Q3. 7 - 4 omasI = 12.6.
However, this would not limit the implications of the simu-  _ knot Q2: Ejection epochy = 1996.30,¢ = 2.8 rad,
lations given here. We should point out that our method of n = 1. The intrinsic acceleration is chosen as: for
model simulation defined in terms of the helical precessing 7 < 3 0mas,I' = 3.8 + (12.3 — 3.8)Z/3.0; for
jet nozzle scenario (e.g. Qian etal. 1992, Qianetal. 2014) 7 - 3 omasI = 12.3.
is quite flexible and it would be not difficult to simulate the  _ knot Q3: Ejection epoch, = 1996.15,¢ = 3.40rad,

curved trajectories of the four components (Molina etal.  , = 2 3 (larger rotation rate than for Q1 and Q2).

e parameters used for the model fitting are:

2014) if related data are available. Intrinsic acceleration is assumed as: O 2.0 mas,
In the following we will show the results of our model- I'=3.1+(8.5—3.1)Z/2.0andforZ > 2.0mas,I
fitting. For clearly demonstrating the essential informati -85,
the fitting results of trajectory, core distance and appgaren
velocity are only shown for two cases< 3° and0.12°) as The model-fitting results are shown in Figures 4 and

an illustration. The fitting results for the other three sase 5. It can be seen that the trajectory, distance from the core
(e =6°, 1° and0.6°) are provided in the Appendixes. Thus and apparent velocity can be reasonably and consistently
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Fig. 3 Model-fitting results for = 3°: apparent total and radial velocity, modeled viewing aragid Lorentz/Doppler factor. There are
different values for the modeled viewing angle and bulk InbzéDoppler factor.

well fitted for the three knots by the model. The modeledsistently demonstrate that the extremely non-ballistic mo
Lorentz factors are in the range ##—13 and the Doppler tion of the superluminal component3{, Q- and@s) and
factors in the range 0£8-25. The modeled viewing angles the rapid rotation of their direction of ejection (or jet po-
are in the range 0£0.5°-3°. The precession period is de- sition angle swing on the the plane of the sky) can be in-
rived to be 1.57 yr (in the galaxy frame thisli$ yr). This  terpreted in terms of this scenario. In the model fitting we
case ¢ = 0.12°) might be regarded as an approximationintended to arrange the three compone@ts (2> andQs)
to the face-on viewing discussed by Molina et al. (2014)ejected in order of time with their phases satisfying the
We find that for all the three components (Q1, Q2 and Q3orresponding period of precession, although three compo-
initial intrinsic accelerations within radial distance®-  nents are just enough to derive a period. Thus our model-
4mas (or 17-34pc from the galaxy center) are requireditting results show that the superluminal knots observed
such that bulk Lorentz factof'] ranges from~4 to ~12;  in NRAO 150 could move along a common helical path
see Table 1. which precesses around the jet-axis and could exhibit a
regular (or quasi-periodic) behavior during the observing
period (~1997-2007). This might imply an enduring sta-
ble structure of a magnetic field very close to the central
We have used the precessing helical jet nozzle model prdslack-hole/accretion disk where the jet is formed, aceeler
posed by Qian et al. (1992, 2009, 2014) to apply modelated and collimated.
fittings to the kinematics of the superluminal knots Q1,  Additionally, we find that the model-fitting simula-
Q2 and Q3 observed in quasar NRAO 150. Their trajections require intrinsic acceleration of the knots. Table 1
tory (including (X,,, Z,), X.(t), Z,(t)), core-distance gives the fitting results of intrinsic acceleration of theots
and apparent velocity (including total and radial veloxity (Q1, Q2 and Q3) for the cases ef= 6°, 3°, 1°, 0.6°
are all reasonably and consistently well fitted. Their bulkand 0.12°, showing the radial distance of the accelera-
Lorentz factor, Doppler factor and viewing angle are de-ion regions and the range of resulting Lorentz factors.
rived (figs. 2 to 11). Intrinsic accelerations are required i It can be seen that for the cases 0.6° ande = 0.12°
the innermost regions (core separations (or core distqancesignificant intrinsic acceleration is required (Lorente-fa
<0.2mas). tor I" ranges from 3 to 6 and from 3 to 10 respectively)
The results for the five cases of the angle betweeand the acceleration region could extend~@0-30 pc.
the jet-axis and the line of sight € 6° to 0.12°) con-  Extended intrinsic acceleration of superluminal knots has

5 DISCUSSION AND CONCLUSION
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Fig.5 Fitting results fore = 0.12°. Apparent total and radial velocity, modeled viewing araydel Lorentz/Doppler factor are shown.

Table 1 Results on extended acceleration of the knots for cases=d#°, 3°, 1°, 0.6° and
0.12°: maximum (radial) distance of acceleration regidh.(x), initial and maximum Lorentz
factorT’; andl'nax respectively, and corresponding maximum Doppler factgry).

€ (deg) knot Zmax (PC) ry Pmax Omax
6 Q1 4.0 1.4 3.0 4.1
Q2 — 3.4 3.4 -
Q3 4.0 1.4 2.6 35
3 Q1 6.8 15 4.0 6.1
Q2 - 3.7 3.7 -
Q3 4.2 1.5 2.7 3.6
1 o1 17 30 55 9.8
Q2 25 3.8 5.5 9.6
Q3 17 3.1 3.6 6.2
0.6 Q1 17 3.0 6.5 12
Q2 25 3.8 6.6 12
Q3 17 3.1 4.6 8.3
0.12 Q1 34 35 12.6 24
Q2 25 3.8 12.3 23
Q3 17 3.1 8.5 16

been observed in blazars (e.g.) 3C345 and 3C279 and is For understanding the jet position angle swing ob-
predicted by some theories of relativistic magnetohydroserved in blazar 3C345, Qian et al. (1992, 2009) proposed
dynamics (MHD) related to the formation of relativistic a scenario with a precessing jet nozzle or precessing he-
jets (Vlahakis & Konigl 2004, Vlahakis 2006, Komissarov lical trajectory model, and the position angle swings ob-
et al. 2007, Tchekhovskoy et al. 2010). Thus our resultserved in blazars 3C279 (Qian 2012, 2013) and 3C454.3
from the model-fitting simulations on the kinematics of (Qian et al. 2014) can also be interpreted in this framework
the superluminal knots in NRAO 150 can be regarded aduring certain periods. However, position angle swings in
additional evidence for extended intrinsic accelerati@it blazars seem not to be a single phenomenon and long-term
occurred in the inner jets of blazars. regular swings could only be discerned in some cases.
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Based on their new multi-frequency polarimetric jet/disk instabilities; (3) sudden position angle jumps{o
VLBI observations, Molina et al. (2013, 2014) proposedsibly caused by a sudden change of the jet direction; (4) jet
a helical motion scenario to interpret the jet position angl oscillations caused by instabilities due to the interarctd
swing and non-ballistic motion observed in NRAO 150, the jet with its environment.
showing that internal rotation of the jet material arourel th Our model assumes the superluminal knots are mov-

jet axis (assuming the jet is viewed faced on) could be thg,g along a common helical trajectory which regularly pre-
cause of the swing and make it an alternative explanatiopesses around the jet-axis (i.e. a precessing helical gt no
for the position angle swing originating from instabilgie zje model). Both precession and helical motion have been
in the jet. The circular structure of the toroidal field compo investigated by many authors. Magnetohydrodynamical
nent observed in the innermost regions provides some eyneqries for the formation/acceleration/collimation ef-r
idence for the helical magnetic field structure there. Thewyivistic jets predict helical motion of knots and jet pre-
demonstrate that the helical trajectories of the knotsatoul ;ession caused by the supermassive black hole/accretion
hgve originqted at different distances from the jet axifiwit gigk system in the central engine (Vlahakis & Konigl 2004,
different helical patterns. Vlahakis 2006, Komissarov et al. 2007, Tchekhovskoy
Based on our previous model-fitting simulations on theet al. 2010, Camenzind & Krockenberger 1992, Steffen
jet position angle swings in blazars 3C345, 3C279 anct al. 1995, Schramm et al. 1993, Koenigl & Choudhuri
3C454.3, in our model we assume that all the observei985, Caproni & Abraham 2004, Liu & Melia 2002,
trajectories of the knots originated from a common heli-Lobanov & Roland 2005). Since the precessing nozzle
cal path which precesses around the (mean) jet axis, der precessing trajectory) model originally suggested for
in the scenarios proposed for explaining the position an3C345 by Qian et al. (1991) has also been applied to in-
gle swings observed in blazars 3C279 (Qian 2011, 2012erpret the position angle swings and pc-scale kinemat-
2013), 3C454.3 (Qian et al. 2014) and 3C345 (Qian et alics of the superluminal components observed in several
1992, Qian et al. 2009). Therefore, the precessing nozzlelazars: 3C345 (Qian et al. 1991, 2009); 3C454.3 (Qian
scenario we suggested could be applied to interpret thet al. 2014); 3C279 (Qian 2011, 2012, 2013); NRAO 150
ejection position angle swings and the rotation of the inne(this paper), the ejection of superluminal components by
trajectory in a few blazars (redshiftfrom ~0.5to~1.5) a precessing-nozzle could be a common phenomenon in
and extended intrinsic acceleration could also be studied.blazars. In fact in literature there are more blazars that ha

Therefore, both model-fitting results argue that the jethis behavior: e.g. 0J287 (Tateyama & Kingham 2004) and
position angle swing and non-ballistic motion observed inBL Lacertae (Stirling et al. 2003), at least during some pe-
this high-redshift quasar NRAO 150 may be due to helicaliods.
motion plus precession of the jet nozzle, not due to erratic  We would point out that this phenomenon could be
jet wobbling caused by instabilities in the jet and/or disk.understood in terms of the theories of relativistic MHD
Magnetic fields may play an important role in the dynam-for the formation-collimation-acceleration of relatitics
ics of the jet associated with NRAO 150. However, avail-jets (e.g., Blandford & Znajek 1977, Blandford & Payne
able observations in some blazars have revealed that ti®82, Li et al. 1992, Meier 1999, Vlahakis & Konigl 2004,
pattern of jet swing behavior could largely change duringvlahakis 2006, Komissarov et al. 2007, Tchehovskoy et
different periods, e.g. in 3C279 and 0J287 (the so calledl. 2010, Camenzind 1990, Camenzind & Krockenberger
“PA jump,” see Qian 2013, Lu et al. 2013, Tateyama & 1992, Steffen et al. 1995, Schramm et al. 1993, Konigl
Kingham 2004 and Agudo et al. 2012). The cause is stil& Choudhouri 1985, Caproni 2004, Liu & Melia 2002,
unclear. NRAO 150 is an exceptional source and it is imLobanov & Roland 2005).
portant to do further mm-VLBI monitoring to see whether  Fjrstly, studies of relativistic MHD (e.g., Blandford
this regular precessing helical motion with an extremelyg znajek 1977, Li et al. 1992, Vlahakis & Konigl 2004,
curved trajectory could continue to occur. Recently, geny/jahakis 2006, Millas et al. 2014) have shown that a
eral relativistic MHD simulations (e.g., McKinney et al. magnetic-nozzle could be formed in the disk-driven jet
2013, Dexter et al. 2014, Tchekhovskoy et al. 2014) shovy the rotating black-hole/disk magnetosphere and it is
that both jet precession and erratic jet wobbling couldocated near the classical fast magnetosonic point where
occur in the so-called “magnetically arrested disk” caseine flow remains Poynting flux dominated. Beyond this
largely depending on the state of the mass and magnetigoint the jet enters into the acceleration region until ap-
field accretion (including inversion of field direction) ent  yroaching the modified fast-magnetosonic point. Due to
the black hole. NRAO 150 might be an exceptional sourcghe classical fast-magnetosonic point being located in the
and it is important to make further mm-VLBI monitoring force-free region of the magnetosphere where the plasma
to see whether this regular precessing helical motion withs highly magnetized, both the magnetic field lines of the
extremely curved trajectory could continue to occur. jet (anchored in the innermost disk) and the magnetic noz-

Jet position angle swing may not be a single phezle would rotate rigidly with the disk (e.g., Macdonald &
nomenon and it could contain (at least) four component3horne 1982). As the normal of the disk is inclined to the
(ingredients): (1) long-term, quasi-periodic behaviarsp spin axis of the black hole with a small angle, its innermost
sibly caused by precession; (2) erratic swing caused bpart could be dragged to be precessing around the spin axis
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of the black hole by the Lense-Thirring effect (Qian et al. — Knot Q2: Ejection epoct, = 1996.0,¢ = 2.7rady =
2014). This explains the existence of the precessing nozzle 1. The Lorentz factof' = 3.4 (no initial bulk accelera-
and the periodic ejection of superluminal components in  tion).
blazars. — Knot Q3: Ejection epocty = 1994.60 (i.e. before knot
Secondly, because the jet is still magnetically domi-  Q2), ¢ = 3.4rad,n = 2.3 (larger rotation rate than
nated at the classical fast magnetosonic point and there is for Q1 and Q2). The initial bulk acceleration is de-
ample electromagnetic energy (Poynting flux) to be trans-  scribed as: (1) foZ < 0.47mas,I' = 1.4 + (2.6 —
formed to plasma kinetic energy, the jet could be greatly 1.4)(Z/0.47), (2) forZ > 0.47masI = 2.6.
accelerated beyond the classical fast-magnetosonic point o o
(or between the classical and modified fast magnetosonic 1 he model-fitting results are shown in Figures A.1 and
points). This is the so-called “extended bulk acceleration A4. For knots Q1 and Q3 intrinsic bulk acceleration is re-

in blazar jets. In this acceleration region the inertia @ th quired during the initial part of their trajectory. The tra-
plasma is strong and the electromagnetic fields are neithégctory (including (., Z,,), X, (t) and Z,,(t)), core dis-
degenerate nor force-free. The plasmas would flow on thEnce and apparent velocity (including both total and ra-
magnetic surfaces along their own streamlines which arélial velocity) are reasonably and consistently well fitted
distinct from the field lines and they have helical patternd?y the model. The bulk Lorentz factor is fitted in the range
with pitch angles different from that of the field lines. As ©f ~1.5-3.5. The period of precession is derived to be
widely studied, in the axisymmetric black-hole/disk mag-12-57yr. In this case the modeled viewing angle is in the
netosphere and the streamlines of the plasma flow are gef@nge 0f10°-30° which seems too large, because the re-
erally axisymmetric. Thus the components ejected fronfiuired bulk Lorentz factor seems too small and any inde-
the magnetic nozzle at different times would follow self- Pendent determination of the Lorentz/Doppler factor (e.g.
similar trajectories, illuminating their respective sine-  rom mm-flare activity) would be helpful.
Iings and creating their_ own channel/trajecto.ry (or magresyltsfor ¢ = 1°
netic tubes). This explains why the superluminal compo-
nents observed with VLBI move along a precessing com- The parameters used for the model-fitting ae:=
mon trajectory. 60 mas ands = 3mas. The amplitude and phase functions
Therefore we conclude that the precessing nozzle (traare described by Equations (14) and (15) as shown before.
jectory) model, which we have used to perform model-The respective model parameters for knots Q1, Q2 and Q3
fitting of the position angle swings and kinematics at pc-are given as follows.
scales observed in several blazars, can be understood in o
terms of the theory of relativistic MHD for relativistic gt~ — Knot Q1: Ejection epoch, = 1995.50¢ = 4.0rad and
That is, the phenomena observed at pc-scales with VLBl is 7 = 1. Intrinsic acceleration is assumed as: (1)4or
consistent with the black hole physics and relativistic mag ~ 2-:0masl’ = 3.0 + (5.5 — 3.0)2/2.0; (2) for Z >

netohydrodynamics for jet formation. 2.0masl’ = 5.5.
— Knot Q2: Ejection epocly = 1996.0,¢ = 2.8rad,n

= 1. Intrinsic acceleration is assumed as: (1) foK
3.0masT" = 3.8 + (5.5 — 3.8)7/3.0; (2) for Z >
3.0masl' =5.5.

Knot Q3: Ejection epochy = 1995.65,¢ = 3.64rad,

n = 2.3 (larger rotation rate than for knot Q1 and
Q2). Intrinsic acceleration is assumed as: (1) 4o

2.0masT" = 3.1 + (3.6 — 3.1)Z/2.0; (2) for Z >
Appendix A: MODEL FITTING RESULTS FOR 2.0masT = 3.6.
e =6°,1° AND 0.6°
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The fitting results are shown in Figures A2 and A5.
It can be seen that the trajectory, core distance and ap-
parent velocity are reasonably and consistently well fitted
The parameters used for the model-fitting afe:=  The modeled Lorentz factor is in the range~08-5 and
18 mas,Zs = 1.0 mas. the Doppler factor is in the range f5-10. The modeled
The amplitude and precession phase functions are d&iewing angle is in the range e#3°-8°. In this case the
scribed by Equations (14) and (15) shown above. The reprecession period is derived as 2.62yr.
spectlve model parameters for knots Q1, Q2 and Q3 B sultsfor ¢ = 0.6°
given as follows.

Resultsfor € = 6°

We chose the fitting parameters &s: = 100 mas and
— Knot Q1: Ejection epocly = 1993.4,¢ = 4.0rad,n  Z> = 5.0 mas. The amplitude and phase functions are de-
= 1. The bulk Lorentz factorl is chosen as: (1) for scribed by Equations (14) and (15) as shown before. The
Z <047masI' = 1.4+ (3.0 —1.4)(Z/0.47) (initial ~ respective model parameters for knots Q1, Q2 and Q3 are
bulk acceleration); (2) foZ > 0.47mas,I" = 3.0. given as follows.
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Fig.A.6 Fitting results fore = 0.6°. Apparent total and radial velocity, modeled viewing arayhel Lorentz/Doppler factor.

— Knot Q1: Ejection epochty = 1995.504 = 4.0rad,n
= 1. Intrinsic acceleration is chosen as: (1) for<
2.0masT’ = 3.0 + (6.5 — 3.0)Z/2.0; (2) for Z >
2.0masl" = 6.5.

— Knot Q2: Ejection epochy =1996.0,¢ = 2.8rady =
1. The intrinsic acceleration is chosen as: (1) foK
3.0masTl’ = 3.8 + (6.6 — 3.8)Z/3.0; (2) for Z >
3.0masl’ = 6.6.

— Knot Q3: Ejection epoch, = 1995.65 = 3.64,n =
2.3 (more rotation than for Q1 and Q2). Intrinsic ac-
celeration is assumed as: (1) far < 2.0masI’ =
3.1+ (4.6 —3.1)Z/2.0; (2) for Z > 2.0masl" = 4.6.

Resolution with VSOP-2: Astrophysics and Technologies, ed
Y. Hagiwara, E. Fomalont, M. Tsuboi, & M. Yasuhiro, 330
Agudo, I., Marscher, A. P., Jorstad, S. G., et al. 2012, ApJ,
747, 63
Agudo, I., Bach, U., Krichbaum, T. P., et al. 2007, A&A,
476, L17
Blandford R. D. & Znajek R. L., 1977, MNRAS, 179, 433
Blandford R. D., & Payne D. G. 1982, MNRAS, 199, 883
Camenzind M., 1990, Reviews in Modern Astronomy (Berlin:
Springer-Verlag), 3, 234
Camenzind, M., & Krockenberger, M. 1992, A&A, 255, 59
Caproni, A., & Abraham, Z. 2004, ApJ, 602, 625

The model fitting results are shown in Figures A3 andDexter J., McKinney J. C., Markoff S., Tchekhovskoy A., 2014
AB. It can be seen that the trajectory, core distance and MNRAS 440, 2185 (arXiv-1312.1691)
apparent velocity are all reasonably and consistently welFey, A. L., & Charlot, P. 2000, ApJS, 128, 17

fitted. The modeled Lorentz factor is in the range-&.5—
6.5 and Doppler factor in the range©B8—-12. The viewing
angle is derived to be in the range2st-6°. The precession
period is derived to be 2.62yr.
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